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Abstract

In this work, we have advanced shock wave induced stellar flare model (SWIF model)
which describes the nature of energetic events on star, mainly solar atmosphere. The SWIF
model, theoretical model, works for energetic events both at weak magnetic field region as well
as strong magnetic field region of stellar atmosphere. This advanced physical SWIF model has
two parts. The first part of the SWIF model which is independent of pre-existed magnetic field;
we named it shock wave induced flare on stellar, solar, quite region (SWIF-1SQR). The SWIF-
ISQR model well describes Nano flares and micro flares as well as the impulsive flares
theoretically. The second part of the SWIF model includes pre-existed force free magnetic field
integrated with fast magnetic reconnection (FMR) theory. Thus, the second part of the SWIF
model has been named as shock wave induced flare model on stellar, solar, active region (SWIF-
2SAR model). The SWIF-2SAR model profoundly defines the impulsive flares and even small
flares with high complexity nature of plasma dynamics.

The SWIF model enables us to predict the suddenly releasing of flare energy, formation
of coronal mass ejections (CMEs) as well as electromagnetic wave burst from small local region
on stellar atmosphere, specifically on the sun. Generally, the SWIF model articulates how flares,
CMEs and observable electromagnetic wave burst are created on weak and strong magnetic field
region of stellar atmosphere. The minimum electron current limit, which is occurred at small
region for formation of flares and CMEs, is approximated by J, = en,cs that is the sonic
electron current while the upper limit is J, ~ 103 en,c, at solar photosphere. Thus, the SWIF
model predicts electron current limits which are responsible for solar flares and CMEs in the
range of J, ~ 10° A to J, ~ 102 A during flare formation. The corresponding electron induced
magnetic field which provides flares and CMEs also anticipated as B ~ 10* G to B = 108 G in
radius of 100 m collapsing spherical cavity. When this compacted magnetic field is well
organized and exploded, a flare associated with CMEs and electromagnetic wave burst is looked.

Thus, the SWIF model predicts stellar fares and CMEs that are transpired ubiquitous
where plasma flows with velocity greater than background acoustic velocity is noteworthy. On
basis of SWIF model advancing, the flare electron runaway current is determined by strength of
velocity shock potential (VSP). Here, we investigate that the VSP triggers stellar (solar)
explosive events and that can be described by SWIF model, physical model.
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CHAPTER 1

1. INTRODUCTION

In this work, we investigate a new theoretical model, physical model, of stellar (Solar)
flares incorporated with fast magnetic reconnection (FMR) theory associated with Coronal Mass
Ejections (CMEs) at high conductivity and in-homogeneously magnetized stellar (Solar)
atmosphere. To develop the new model, we start from observational evidences that are obtained
from the solar atmosphere. The observational data are obtained from ground based and space
born telescopes that are carefully analyzed by solar scientists. The observational evidences we
used here, are obtained from NASA documentary resources, international journals and books. To
formulate our stellar flare model we use secondary observable data as evidences. Some of the
observational evidences that are obtained from secondary sources are explained in chapter 1 with
their full references (i.e., literature review). These observational evidences obtained from sun
enables us to raise a question, how solar flares can occur? Where solar flare and Coronal Mass
Ejection are existed? How can magnetic reconnection be fast through high conductivity plasma?
Those cited questions are answered in chapters 2, 3, and 4 at least in partial fulfillment of our
infant solar flares theoretical model. Moreover, this new model gives a new sight on modeling
solar explosive events, based on particle dynamics and particle-field interaction principle rather
than pure magneto-hydrodynamics theory of large scale system. The first chapter of this thesis,
chapter 1, incorporated the literature review which contains basic observational evidences and
mandatory concepts of plasma physics, shock physics and physical behavior of the star (sun).

The second chapter (chapter 2) theorizes the dynamical nature of stellar (solar) surface so
as to provide a preferable physical dynamics. And, answers that the solar flares and Coronal
Mass Ejections (CMEs) are existed everywhere on the solar atmosphere. Mainly, small solar
flares are created at weak magnetic field region of solar atmosphere independent of pre-existed
magnetic field. The SWIF model includes two stellar (solar) flare models, SWIF-1SQR model
and SWIF-2SAR model. The first SWIF-1SQR model is developed based on shock wave theory
and dynamical nature of solar surface plasma at solar quite region, for negligible effects of pre-
existed magnetic field. This first model supports the existence of CMEs behind of flare; it may

be unobservable flares at the deep photosphere. The third chapter (chapter 3) of this thesis
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explains the further development of SWIF-1SQR model that is the second theoretical model of

solar flares of strong magnetic field region.

The second model, SWIF-2SAR model well explains the intense solar flare followed by
huge CMEs at solar active region. The second model, SWIF-2SAR model is strongly
interconnected with the idea of fast magnetic reconnection (FMR) process through high
conductivity plasma fluid on solar atmosphere. The FMR process is theorized in chapter 4. The
main mechanism for formation of solar flares and FMR theory is formation of low density
plasma region coupled with the occurrence of strong density gradients and fast propagating
shock waves. This is well explained in chapters 2, 3 and 4. The flying Coronal Mass Ejecting
(CMEs) from solar atmosphere may create flares and accelerated particles can be emanated. The
oscillating magnetic flux tubes are a good sources of solar explosive events such as flares and

CMEs, is described in chapter 4 in connection with FMR theory.

In the 5™ chapter of this thesis, we validate our theoretical model by comparing with
other known theoretical flare models and space experiments. In general form the Validation of
the SWIF-1SQR model and SWIF-2SAR model is worthily explained the stellar (solar)
explosive phenomena in clear and simple way, see chapter 5. The minimum electron current
limit and maximum electron current limit is endorsed by comparing the predictable value of
SWIF-1SQR and SWIF-2SAR models with the standard and observed value of solar atmospheric
current. Validation of SWIF-1SQR and SWIF-2SAR models associated with CMEs also well
explained at the end of respective chapters with the help of some predictable value of fast

moving shock wave generated current.

The SWIF-1SQR and SWIF-2SAR models also explain predictable the radiation
spectrum frequency of non-thermal accelerated particles. Generally, the SWIF model is
constructed based on the observational evidences that are collected from the well know
representative young star, group of G2 star, that is the sun. Those collected observational data
have been carefully analyzed and interpreted by solar physicists, and are well organized, enables
us to construct a model that explains the nature of stellar flares associated with coronal mass
ejections (CMEs). The final chapter 6 gives conclusion and future work plane clue about the

developing new theorized model of solar flares.
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Objective of the research:

% To investigate the mechanism of stellar (solar) explosive events; flares and Coronal Mass

ejections (CMEs) at rare density plasma medium, stellar (solar) atmosphere.

% Knowing the secret of stellar (solar) explosive events enables us to investigate protection
methods from solar radiation hazards, the incoming radiation from space can cutoff
electronic communications (i.e., disrupt satellite’s function, electric power grid,

dangerous for astronaut and space voyage).

¢+ Predicting the occurrence time of stellar (solar) explosive events such as Flare radiation
and CMEs, when and where they are created, enables us to predict the space weather

condition

Methodology:

1. Identifying the problem : We have identified the problem after completing all
courses and the seminar works

2. Collecting necessary materials: we have collected all necessary materials such as
books, journals and soft wares from library, websites ...etc.

3. Formulation of the SWIF model: Using the collected materials we have
formulated the SWIF models associated with Coronal Mass Ejections (CMES)
theoretically. This model is advanced based on the shock wave theory and
dynamics of plasma fluid.

4. Validations of the SWIF model: After mathematical formulation, we have
validated the SWIF model by comparing with the universally accepted solar
observational evidences. Thus, the SWIF model explains the formation of stellar
(solar) flares as well as Formation of CMEs integrated with fast magnetic

reconnection (FMR) theory.
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1.1. Historical Back Ground Studying of Solar Dynamics

On age of human history, people have tried to describe the beautiful, amazing and
spectacular “ball of fire” that is the Sun on the sky. The beautiful star nourishes our planet we
live there. The Sun is the brightest object in our surrounding and we detect with our naked eye
and it provides enough light and heat energy that makes life on our planet possible. The
Egyptians used to worship the Sun, and on the back of the golden chair of Tutankamen is an
emblem that is very reminiscent of the shape of the corona. The Chinese thought an eclipse was
the effect of a dragon swallowing up the Sun, and so they used to employ an astronomer to shoot
the beast. The solar observation is dated back to ancient eclipse observations, which have been

reported from Chinese, Indian, Greek, Egyptian ... etc [1 - 3].

The existence of features on the Sun was known from the records of sunspots observed
by ancient astronomers with the naked eye; however, no systematic studies were made of such
features until a telescope was invented in the early 17th century. The Italian scientist Galileo
Galilei and the German mathematician Christoph Scheiner were among the first to make
telescopic observations of sunspots [4, 5]. In the 1670s the British astronomer John Flamsteed
and the French astronomer Gian Domenico Cassini calculated the distance to the Sun [6]. Sir
Isaac Newton set forth the role of the Sun as the center of attraction of the known planetary
system [7]. The sunspot cycle, a huge effect, was not discovered until 1843 by Samuel Heinrich
Schwabe [8]. Rudolf Wolf, the Swiss astronomer confirmed Schwabe’s discovery by searching
through previous reports of sunspots and established the period as 11 years [9]. Wolf also
introduced what is termed the Zurich relative sunspot number, a value equal to the sum of the
spots plus 10 times the number of groups, which is still used today [10]. Richard Christopher
Carrington of Britain, who built a private observatory and discovered the differential rotation and
the equator ward drift of activity during a sunspot cycle [11]. He also was the first to observe a
solar flare [12]. Photographic monitoring began in 1860, and soon spectroscopy was applied to
the Sun, so the elements present and their physical state could begin to be investigated. In the

early part of the 19th century, Fraunhofer mapped the solar spectrum [13].

At the end of the 19th century, spectroscopy carried out during eclipses revealed the
character of the atmosphere, but the million-degree coronal temperature was not established until
observations of coronal spectral lines were made in 1940 by the German astrophysicist Walter
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Grotrian [14]. Hale discovered the magnetic fields of sunspots by observing the splitting of their
spectral lines into a number of components; this splitting, known as the Zeeman Effect, occurs in
the presence of a strong magnetic field. By continuously studying the spots for two cycles, he
discovered, with the American astronomer Seth Barnes Nicholson, the law of sunspot polarities
[15]. Later, in 1953, the American father-and-son team of astronomers Harold and Horace
Babcock, working with the same instruments, developed the magnetograph, with which the polar
field was detected [16]. In the 1930s the French astronomer Bernard Lyot introduced the
coronagraph, which made possible spectral observations of the corona when the Sun is not in
eclipse, and the birefringent filter, which permitted two-dimensional monochromatic images
[17]. With the Lyot filter, cinematography of the solar activity of magnetic and velocity fields
became a reality. In the 1960s the American astronomer Robert Leighton modified Hale’s
spectroheliograph so that it could measure both velocities and magnetic fields and with it
discovered solar oscillations. After 1950, new observatories were established in areas that were
less cloudy. By 1960 astronomers realized that these sites not only had to be clear but that they
also had to have stable air. By locating observatories near lakes and by employing electronic
imaging and vacuum telescopes, astronomers were able to make new, higher-resolution
observations. In 1969 the movement began with the Aerospace Corporation Observatory and the
Big Bear Solar Observatory, both in California. Free of ground effects, these observatories
achieved a new level of stable images and were soon followed by lake-sited solar observatories
in India and China.

An entirely new dimension of solar studies was initiated by the space age. With one or
two exceptions, all of the important spectral lines from the chromosphere and corona are in the
ultraviolet, and since the photosphere is relatively weak in the ultraviolet, it is easy to disentangle
the images of the upper layer from the powerful visible radiation of the photosphere. Moreover,
satellites sampling the solar particles have the ability to monitor directly solar waves and
particles that do not reach the ground. However, the task is not easy. Ultraviolet optics demanded
special coatings and films, now charge-coupled devices, for observing. Special solar trackers
were required to keep the image steady, and good telemetry was needed for the large data flow.
For the corona, special coronagraphs were developed, with a series of occulting disks in front of
an ultraclean lens. For X-rays, a high rate of photon detections per unit time was required to
avoid early problems with pulse pile-up. The development of instruments to study the Sun also
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benefited the creation of satellites that explored beyond the solar system [18]. The U.S. Orbiting
Solar Observatory series of satellites (OSO 1-8, launched from 1962 to 1975) made the first
observations of X-rays and gamma rays from solar flares [19]. They also were the first to
observe gamma rays emitted from nuclear reactions in flares and to use an externally occulted

coronagraph to view coronal mass ejections (CMESs).

A huge advance in resolution came with Skylab, a manned U.S. space station that used
leftover hardware from the Apollo project. Skylab produced the first high-resolution images in
the ultraviolet lines as well as the first X-ray images of the corona. The Skylab images displayed
the coronal holes for the first time, and the timing of their disk passage showed their role as a
source of high-speed solar wind streams and geomagnetic disturbances. The next important
spacecraft was the U.S. Solar Maximum Mission (SMM), launched in 1980 [20]. New
technological developments permitted greatly improved data, particularly on the solar-cycle
dependence of the solar constant. Hard X-ray data could be obtained without saturation. In 1981
SMM’s attitude control system malfunctioned, and the SMM mission was suspended until 1984
when it was repaired by the space shuttle Challenger [21]. Japan launched two very successful
satellites, Hinotori and Yohkoh, in 1981 and 1991, respectively [22, 23]. Hinotori obtained the
first measurements of a super-thermal (3 x 10°-3 x 107K) cloud produced by solar flares,
which is the source of the soft X-ray burst accompanying all solar flares. Yohkoh produced
continuous images of the corona in soft X-rays, detected and located hard X-ray bursts, and
produced important soft X-ray spectra. The European Space Agency spacecraft Ulysses,
launched in 1990, was the first space probe to travel in a polar orbit around the Sun. It discovered
that the solar wind speed does not increase continuously toward the poles but rather levels off at
high latitudes at 750 km/s.

Nowadays, there are several satellites actively observing the Sun. The U.S. satellites
Solar and Heliospheric Observatory (SOHO) and Transition Region and Coronal Explorer
(TRACE), launched in 1995 and 1998, respectively, have produced many important results.
SOHO can observe the Sun continuously and among its many discoveries it has found that
sunspots are shallow and that the solar wind flows outward by waves in vibrating magnetic field
lines. TRACE is a powerful tool for exploring the chromosphere-corona interface and has found

that much of the heating in the corona takes place at its base. The Japanese spacecraft Hinode,
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launched in 2006, discovered magnetic waves in the solar chromosphere that drive the solar wind
[24]. The two spacecraft of the U.S. Solar Terrestrial Relations Observatory (STEREQO) mission,
also launched in 2006, form a 90° angle with the Sun in order to make stereoscopic images of it.
The U.S. satellite Solar Dynamics Observatory (SDO), launched in 2010, carries three
instruments that observe the Sun every 10-50 seconds to study changes that previously launched

satellites were not able to observe.

1.2. Observational Evidence on Solar Atmosphere

From observational evidences, we can understand that the solar atmosphere gives off
electromagnetic energy in many wavelengths, including visible light, radio waves, ultraviolet,
soft and hard X-rays, and more. The solar atmosphere also emits a stream of radiation in the
form of charged particles that make up the plasma of the solar wind couples with force free solar
magnetic field lines. Occasional outbursts from huge explosions on the Sun atmosphere (i.e.,
solar flares and CMESs) send space weather storms hurtling outward through our solar system to
interstellar space. Consequently, based on the observational view points, the sun is a source of
radiation energy and energetic particles during solar flares, source of solar winds, CMEs and
other local solar activities. Nearly static phenomena such as prominences, faculae and static
magnetic flux tubes are observed on solar surface for long time [25 - 27]. The intense solar

radiation during flares and CMEs hits the magnetically enveloped our Earth planet repeatedly.

However, only visible light and radio wave length spectrum reaches the Earth surface.
The Earth’s magnetic field prevents the high frequency electromagnetic radiations and energetic
particles from reaching Earth’s surface. Living creatures are inhabited on Earth’s surface and
protected them from dangerous solar electromagnetic radiation spectrum. During the interaction
between electromagnetic radiation and energetic particles with the Earth’s magnetic field, several
effects are produced (i.e., Earth’s magnetic storm, aurora ... etc) at outer layer of Earth’s
atmosphere [28, 29]. When the Earth’s upper layer of atmosphere is beaten by higher frequency
electromagnetic radiation and energetic particles, there could be an increasing in ionosphere
ionization process and disturbance of upper layer of Earth’s atmosphere. Particle radiation
spiraling down along our planet's magnetic field lines can damage satellites, disrupt
communications systems, and even short out our electrical power systems. As these radiating
particles collide with atoms in Earth's upper atmosphere, they sometimes produce the spectacular
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light shown called auroras the Northern pole Lights and Southern pole Lights observable with

our naked eyes about 80 km up to 250 km above north poles [30, 31].

Despite its apparently steady glow, the Sun is a churning mass of superhot plasma that
regularly produces powerful flares, CMEs and storms that can knock out power and
communication systems on Earth planet [32, 33]. The observable physical processes on the Sun
give rise to an ample variety of structures on different spatial scales that in several cases are very
small, with sizes probably below the resolution limit of existing telescopes [34], Thus, the
interpretation of solar phenomena requires the study of these structures, and consequently high
spatial resolution observations are necessary to understand the physics of dynamic star (Sun).
These observations must be complemented by an equally important high resolution spectroscopic
analysis, including polar-metric measurements to determine the magnetic field strength. Solar
images observed from the ground are degraded by the telescope and the Earth's atmosphere. The
atmosphere is usually considered as an isotropic turbulent medium, and its influence on the
image formation process is similar in effect to intercalating changeable and poor optics in the
optical path. Image degradation by atmospheric turbulence is a very complicated process but is
often described as the result of three separate contributions. These contributions are: A
defocusing effect or loss of sharpness in the structures, Global displacements of the image to
produce an agitation referred to as image motion and Distortion of the structures caused by
differential image motion in different parts of the image [35]. The last two contributions may be
present even in very sharp images. Observations made with telescopes operating outside the
terrestrial atmosphere are not affected by seeing and, in addition, are not restricted to the
relatively narrow spectral windows imposed by the selective transmissivity of the atmosphere.
Furthermore, access to instruments in space for maintenance, repair and upgrading is very
difficult. Hence, for the time being, interest in space telescopes is concentrated on overcoming
the spectral restrictions imposed by atmospheric transmissivity rather than on improving the

spatial resolution.

The expected mechanical energy which is responsible for solar atmosphere charming is
generated at the upper layer of photosphere and propagates to solar atmosphere where it is
dissipated. The propagating energy probably carries momentum that provides temporal and

spatial fluctuations of physical variables; see chapter 2, section 2.2.5 — 2.7.2. The study of 5
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minute non-radial solar surface oscillation and 3 minute non-radial solar atmosphere periodic
oscillation associated with energy flux change of compressive waves could not provide the
sufficient observable energy responsible for coronal heating [36, 37]. However, the energy flux
of compressive wave of photosphere may be enough to heat the lower and middle chromosphere
layer [38]. In some solar atmosphere studies, the network and spicules indicates that vertical

motions and the widespread plasma balance the energy flux.

The plasma up flow observed in spicules is balanced by the return down flow in the
network at transition region temperature [39 - 42]. We detect the optical radiation with our eye
that is emitted from the solar surface. The optical emission produced by Thomson scattering is
less intense in magnitude at the much tenuous plasma density region above the solar surface,
chromosphere and corona. The optical radiation produced above the solar surface is observable
when the sun is occulted during total solar eclipse and using Coronagraph. If we observe the sun
in other wavelengths, for instance in soft X-rays, hard X-rays, extreme ultraviolet (EUV),
ultraviolet (UV) or radio wavelengths, the brightest emission comes from the corona
corresponding to X-rays spectra , while the photosphere becomes invisible, just opposite to
optical wavelengths [43, 44]. A breakthrough of coronal observations was started with the space
age of rocket flights and spacecraft missions, which enabled soft X-ray and EUV observations
above the absorbing Earth’s atmosphere [45]. Friedman in 1963 has obtained the first crude X-
ray photograph of the Sun with a pinhole camera from rocket flight of NRL on 1960 April 19.
These rocket flights last typically about 7 minutes and thus allow only for short glimpses of
coronal observations [46]. Finally, the launch of Skylab, which operated from 1973 May 14 to
1974 February 8 initiated a new era of multi-wavelength solar observations from space. Skylab
carried a white light coronagraph, two grazing-incidence X-ray telescopes, EUV
spectroheliometers /spectroheliographs, and an UV spectrograph, recording approximately 32,

000 photographs during its mission (i.e., see the books of solar physics corona).

The first solar-dedicated space mission that operated a full solar cycle was the SMM,
launched on 1980 February 14 and lasting until orbit decay on 1989 December 2 [47]. The SMM
instrumental package contained a Gamma Ray Spectrometer (GRS) with an energy range of 10
keV-160 MeV, a Hard X-Ray Burst Spectrometer (HXRBS) in the energy range of 20-300 keV,
a Hard X-ray Imaging Spectrometer (HXIS) with moderate spatial resolution (8 pixels) in the
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energy range of 3.5-30 keV, two soft X-ray spectrometers, Bent Crystal Spectrometer (BCS),
1.7-32 A, and a  Flat Crystal Spectrometer (FCS), 1.4-22 A, an  Ultraviolet
Spectrometer/Polarimeter (UVSP) in the 1150-3600 A wavelength range, a white-light
Coronagraph/Polarimeter (CP) in the 4448-6543A wavelength range, and an Active Cavity
Radiometer Irradiance Monitor (ACRIM) in ultraviolet and infrared wavelengths. The SMM
made a number of scientific discoveries in observing some 12,000 solar flares and several
hundred CMEs [48, 49].

In April 1991, the Compton Gamma-Ray Observatory (CGRO) was deployed [50],
which was designed to detect gamma-ray bursts from astrophysical and cosmological objects,
but actually recorded more high-energy y-ray and hard X-ray photons from solar flares than from
the rest of the universe. In particular, the Burst And Transient Source Experiment (BATSE) with
its high sensitivity (with a collecting area of 2,000 cm? in each of the 8 detectors) in the energy
range of 25-300 keV, Fishman et al. 1989 delivered unprecedented photon statistics, so that
energy-dependent electron time-of-flight delays could be determined in solar flares down to
accuracies of a few milliseconds, and thus crucially contributed to a precise localization of
particle acceleration sources in solar flares. Also the Oriented Scintillation Spectrometer
Experiment (OSSE), Kurfess et al. 1998 provided crucial measurements of y-ray lines in the
energy range of 50 keV to 10 MeV in a number of large X-class flares. CGRO recorded a total of
some 8000 solar flares during its lifetime. The truck-heavy spacecraft was de-orbited by NASA

in May 2000 because of gyroscope malfunctions.

The great breakthrough in soft X-ray imaging of the solar corona and flares came with
the Japanese mission YOHKOH, which contained four instruments [51]: the Hard X-ray
Telescope (HXT) with four energy channels (14-23keV, 23-33 keV, 33-53 keV, and 53-93 keV)
and a spatial resolution of ~ 8, the Soft X-ray Telescope (SXT) with multiple filters sensitive to
temperatures of T >~ 1.5 MK, having a spatial resolution of 5” in full-disk images and 2.5” in
partial frames; a Wide-Band Spectrometer (WBS) containing soft X-ray, hard X-ray, and y-ray
spectrometers; and a Bent Crystal Spectrometer (BCS). YOHKOH provided a full decade of soft
X-ray images from the solar disk and from flares, revealing for the first time the geometry and
topology of large-scale magnetic field reconfigurations and magnetic reconnection processes in

flares. The satellite lost its pointing during a solar eclipse in December 2001 and reentered in
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September 2005 [52]. The next major solar mission to observe the Sun from inside out to 30
solar radii in the helio-sphere was the ESA/NASA jointly-built spacecraft SOHO, launched on
1995 December 2, and still being fully operational at the time of writing. Twelve instrument
teams with over 200 co-investigators participate in this mission. The SOHO spacecraft includes
the following 12 instrument packages: 3 instruments for helioseismology (GOLF, VIRGO,
SOI/MDI), 5 instruments for observing the solar atmosphere (SUMER, CDS, EIT, UVCS,
LASCO), and 4 particle detector instruments that monitor solar wind (CELIAS, COSTEP,
ERNE, SWAN) [49].

Fig.1.1a Location of satellite above Earth’s .Fig.%.lb Direc_tion of CMEs towards Earth
atmosphere, Credit: NASA direction, Credit: NASA

The Fig.1.1a shows the location of satellite above Earth surface so as to observe solar explosive
events, such as flares and CMEs with all kinds of spectrum. Fig.1.1b shows the emergence of
solar magnetic flux tubes and solar eruptive radiations and CMEs ejects to Earth atmosphere.

Electromagnetic radiation, particle radiation and CMESs create a storm at Earth’s atmosphere.

1.3. Physical Change of Visible Star

Based on observational evidences and theoretical hypothesizes, several researches have
been investigated that the solar radius and solar surface luminosities are changing on finite
period of time scale. The main mechanism for change of luminosity and radius is the energy
transformation or conversion interior of star. The star is a natural nuclear reactor laboratory.
During its evolution, Hydrogen gas is burning to Helium at high temperature. However,
performing of such nuclear reaction at solar core does not provide observable change on solar
surface. The observable change on solar surface luminosity and solar radius is connected to solar
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surface oscillation mechanism associated with evolution of magnetic fields. The main
mechanism for stellar activities is migration of electrons coupled with self-gravitating dynamic
plasma. Instantaneous migration of electron through high conductivity plasma generates
instantaneous electric field, shock wave propagation and heat production. At high density
plasma, the production of heat is controlled by collision and viscosity effects. However, at rare
density plasma, heat production is determined by field-field interaction and field-particle

interaction associated with production of shock waves at high conductivity plasma medium.

Interior of star, the highly conductivity plasma convection excites p-mode oscillations
that produce small effects on the solar irradiance and radius at 5 minute periods. The stellar
surface oscillation process is coupled with evolution of magnetic fluxes emerging from interior.
The formation and decay of convective cells at the solar surface produces small random change
in luminosity. Magnetic activity may influence the solar luminosity and plasma flow on solar
surface. The appearance of magnetic fields at the stellar surface causes a small change in
luminosity, because sunspots are darker and small scale magnetic fields brighter than the average
solar surface [15, 53, 54]. The periodic creation and destruction of magnetic field with in the

interior of Star implies temporal sinks and sources in the thermal energy of star.

The emerged magnetic field on solar surface controls the solar explosive events that
change the solar luminosity with in very small time. Magnetic field contributes visibly to the
solar output by their energetic activities in the atmosphere by dissipating magnetic activities
while eruption from below the surface is happened and by channeling energy across the
photosphere in mechanical form [55]. The production of magnetic field interior of star causes
expansion of stellar radius against the gravitational collapse. The generated magnetic field exerts
a pressure on solar surface from interior and is emanated in the form of magnetic flux. lonized
plasma may sink or emanate channeling the magnetic flux. A strong shock wave is produced
inside magnetic flux tubes and the flowing plasma is heated and flow along flux tubes, see

chapter 4, section 4.4.

1.4. Solar Atmosphere

The solar atmosphere is characterized by in-homogeneous distribution of magnetic field

through high conductivity plasma associated with nearly static and highly dynamic events, see
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chapter 1, section 1.5. The solar atmosphere has a unique feature, temperature distribution
increases radially outward as density distribution becomes rare. From observational evidences,
X-rays spectrum is generated most probably at the solar Corona [56]. The broad coronal
emission lines suggested that the sun is surrounded by order of 10°K temperature outermost
atmosphere. However, there is no theory that supports generation of X-rays spectrum at the rare

plasma density of solar atmosphere.

Nowadays, based on space born observational evidences, scientists believed that X-ray
emission is a common property of rotating stars in connection with force free magnetic field
above its thin convective envelopes. Such star is magnetically active, see chapter 3, SWIF-2SAR
model, the sun is a representative of active young star. This indicates that the stellar atmosphere
is characterized by highly conductive magnetized tenuous dense plasma that emanates all kinds
of spectrum. The X-ray observability of coronal complex magnetic structures depends both upon
the properties of the tenuous plasma and the space telescope, see chapter 1, section 1.2. At solar
atmosphere, the dominant physical factors are the plasma density and plasma temperature that
reflect heating, trapping and energy loss processes associated with inhomogeneous force free
magnetic field or non-potential magnetic field. The configuration of complex magnetic field
specifies the appearance of stellar atmosphere X-ray, EUV, radio, optical and other spectrums in-
homogeneity. The occurrence and radiative output of the X-ray solar atmosphere directly reflects
the cyclical variation of the photosphere magnetic activity [57]. Based on the temperature
distribution of stratified solar atmosphere, the atmosphere is classified in to four regions. These
are photosphere zone, chromosphere zone, Transition and corona.

/ Transition zone (8500 km)
VA
Chromosphere (1500 km) ; Prominence
4 Photosphere (500 km) 10,000 K
« Corona 1
1
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Fig.1.2a Solar wind emanated from Fig.1.2b Structure of solar atmosphere
corona. Credit: NASA and prominences, Credit: NASA
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The figures of Fig.1.2a and Fig.1.2b shows the solar atmospheric layer classification based on

temperature distribution associated with solar flares and prominences.

1.4.1. Photosphere

When we examine the star (Sun) in unfiltered light we are looking at the solar layer called the
photosphere. This is the layer from which most of the heat and light that we receive from the sun
originates due to Thomson scattering process before its final scape [58, 59]. It is sometimes
referred to as the solar surface, although the density of the gaseous hydrogen and helium gases at
the photosphere is only about 0.01 of the sea-level atmospheric density on Earth. On looking at
the photosphere, we can see up to four different types of static features. These are, in order of
ease of observation: sunspots, faculae, granulation and super-granulation, see chapter 1, section
1.5 are the most observable. Energy transports from solar interior to surface due to convection

transport method see chapter 2, section 2.2 - 2.5, and chapter 3, section 3.5, 3.6 and 3.7.

The plasma that reaches the top of the convection zone is cold by giving of light and heat
to surrounding space. This region of the Solar atmosphere is the first part of the sun that is
visible to us and we call it the photosphere. This is where the light we see from the sun
originates. If we could look at the Sun directly (i.e., using special instruments) we would see the
photosphere. Its temperature is ranges from 4,200 K to 5,800 K and its thickness also
approximated from 200km to 500 km. Photosphere is a luminous, apparently opaque layer of
plasma that forms the visible surface of the sun or any other star. The photosphere lies between
the dense interior plasma and the more attenuated plasma of the next layer called chromosphere.
The incandescent plasma of the photosphere, estimated to be at maximum temperatures near
5,800 K, are so much brighter than the other layers of the sun that they seem to form a surface.
These plasma elements are in a constant state of agitation due to convection currents that reach
down to 241,000 km below the photosphere. Differences in the density of the plasma elements
result in a grainy appearance of the photosphere, see Fig.1.5; the small bright patches, or
granules, are several hundred kilometers in diameter and are constantly shifting, see chapter 1,
section 1.5. Another feature of the photosphere, observed only near the Sun's edge, is the

appearance near sunspots of bright, vein like regions known as faculae [60].
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1.4.2. Chromosphere

The region above the photosphere is a layer of the atmosphere about 2,000 km thick
called the chromosphere. The temperature increases as you move higher to about 20,000 K at the
top of the chromosphere. The chromosphere is no longer white light like the photosphere but is
mostly red in visible light. It can be seen as red flashes during a total solar eclipse in filters that
let through the red light of the hydrogen alpha line at 6562.8 A. The lower region of

chromosphere is more or less homogeneous.

The upper region of chromosphere contains comparatively
cool columns of ascending hot plasma known as spicules,
having between them hotter plasma much like that of the
corona, into which the upper chromosphere merges gradually.
Spicules occur at the edges of the chromosphere’s magnetic

network, which traces regions of enhanced field strength.

Temperatures in the chromosphere range from about 4,500 to
Fig.1.3 Solar chromosphere region
is indicated by pinkish color at the

edge of solar disc. Credit: NASA about 6,000 K. Solar prominences are primarily

100,000 K, increasing with altitude; the mean temperature is

chromosphere’s phenomena. The rarefied, transparent plasma in the solar chromosphere; it
measures about 9,700 km in thickness and lies between the photosphere and the corona. Solar
scientists have been get information about chromosphere from flash spectrum, see Fig.1.3. They
capture the spectrum during eclipse before a solar eclipse reaches totality and is formed from the

thin arc of the sun disappearing behind the moon's disk.

By carefully analyzing, the emission lines give information about the heights of the
chromosphere and the heights at which various elements exist in it. Using this technique
scientists have found that the chromosphere is composed primarily of hydrogen, which causes its
visible pinkish tint, and of sodium, magnesium, helium, calcium, and iron in lesser amounts. The
chromosphere consists of three distinct layers that, moving outward from the sun's surface,
decrease in density and increase abruptly in temperature. The lower chromosphere is about

6 x 103K the middle rises to 5 x 10°K and the upper part, merging into the lower corona,
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reaches 10°K [61]. The two main regions of the Sun's atmosphere as seen during an eclipse: corona

(top) and chromosphere (bottom).
1.4.3. Transition Zone

To determine the properties of solar transition zone whether the 300s photospheric
oscillations penetrate to the transition zone, and to measure the rms velocity disturbance
amplitude and its dependence upon solar activity has been studied [61]. The non-thermal velocity
in the solar transition zone and corona at temperature range 10*K to 10°K has been studied
[62]. As we have seen in chapter 1, section 1.4.4, the upper layer of transition zone reaches its
temperature up to 106K lower part of corona. The solar transition zone is visible using EUV

sensible telescope above the Earth atmosphere.
1.4.4. Corona

The outer part of the solar atmosphere is called the corona. The corona starts around
10,000 km above the solar photosphere and extends a millions of kilometers to space. Unlike the
atmosphere of the Earth, the atmosphere of the Sun continues to get hotter as you move away
from the solar surface up to millions of degree kelvin. However, there is no theory that supports
increasing in temperature as we recede away from solar surface to outer rare density region.
There are two unfulfilled candidate theories for coronal heating mechanism at rare density solar
atmosphere. These are wave heating theory and magnetic reconnection theory. The answer of
why exactly this happens is one of the biggest questions of solar physics of the 20th and 21st
centuries. At 20,000km to 25,000 km away from the solar surface the corona has an average
temperature of 1,000,000 to 2,000,000 Kelvin based on plasma density distribution, see Fig.1.4a
and Fig.1.4b. But density is very low, about 1 billion times less dense than water on the Earth.

SWIF model © Atakalti B.A. AAU,  5/13/2018 16



Fig.1.4a Nearly uniform shape of lower corona, Fia.1.4b Irreaular shape of corona. Credit: NASA
Credit: NASA

The diagram Fig.1.4a and Fig.1.4b show the solar coronal region is observed with EUV and X-

ray spectrum region at day time by occulting the sun disk with special instrument, coronagraph.
1.5. Static and Dynamic Events of Solar Atmosphere

1.5.1. Spicules and Plages

At 1,000 km above the photosphere, the chromosphere separates into cool, high-density
columns, called spicules and hot low-density plasma. The spicules, each about 800 km in
diameter, shoot out at 32 km/s and rise as high as 16,000 km before falling back. Any point on
the star (sun) erupt the spicule about once every 24 hours and there may be up to 250,000 of
them at any instant. Other types of solar activity are found to occur in the chromosphere. The
elements of each layer are sometimes distributed in bright, cloud like patches called plages, or
facculi, and in general are located along the same zones as sunspots and fluctuate with the same
11-years cycle; the relationship between the two is not yet understood. Faculae are bright areas
that are only seen near the limb where the apparent photospheric intensity decreases due to "limb
darkening". These features are seen better at the H-alpha wavelength of 656.3 nm, where they
are known as "plague™ areas. They, like all features on the star, are due to strong magnetic fields

emergence, which in this case channel excess heat to the surface in these areas [63].
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1.5.2. Quiescent and Eruptive Prominences

Most spectacular of the solar features are the streams of hot plasma, called prominences
that shoot out thousands or even hundreds of thousands of miles from the sun’s surface at
velocities as great as 400 km/s, see Fig.1.2b. Two major classifications are the quiescent and the
eruptive prominences. Quiescent prominences bulge out from the surface about 32,000 km and
can last days or weeks. Eruptive prominences are thin flames of plasma often reaching heights of
400,000 km; they occur most frequently in the zones containing sunspots. Dark strand-like
objects called filaments were discovered on the disk and were originally thought to be a special
kind of feature. These are now known to be prominences seen against the bright background of
the photosphere. Until the middle of the 19th century, prominences could be viewed extending
from the edge of the sun's disk only during a solar eclipse. However, in 1868 a method of
observing them with a spectroscope at any clear time of day was developed, and in 1930 the

invention of the coronagraph allowed them to be continuously photographed.

1.5.3. Solar Granulation

If you have a very well designed solar telescope and you are able to convince the Earth's
atmosphere to stay quiet and still for long enough, you will see, under high magnification, small
cells called granules covering the entire solar photosphere. Observed from the ground,
granulation is best observed in green light [64]. This is the convective activity of the sun
expressed at the surface. The bright cells or granules are on average about 1100 km across and
they are separated from each other by dark lanes which are about 200 km wide. Individual
granules are only short lived. Their average lifetime is around 10 minutes, with a range from
about 8 to 15 minutes [65 - 67]. Granules are believed to be the tops of convection cells where
hot plasma fluid rises up from the interior convection zone. This material spreads out across the
surface, cools, and then sinks downward along the dark lanes. The vertical convection velocity is
averaged about 2 km/s although it can reach 7 km/s [68 - 70]. These are supersonic speeds in the
solar atmosphere, and upwelling currents can create sonic booms. This releasing of acoustic

energy generates waves in the photosphere.
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Solar granules cover the entire photospheric

surface, except where there are sunspots. In

_ sunspot regions convection is inhibited and

» i there are thus no granules (convection cells)

; 'EQ’:' I | are clearly visible. There are approximately

i VSN N 4 ‘5\,. 4 million granules that cover the solar
SR R RS ¢ -g}}ﬁ surface at any one time [71, 72]. Solar
Fig.1.5 Solar granulation associated with granulation is the smallest local plasma
sunspot. Credit: NASA fluid motion resolved on the surface of the

sun and assumed to be consists of small regions of hot rising plasma surrounded by relatively
thin region of cooler falling plasma gas. The granulation is occurred due to the convection
operating below the solar surface. The convection process produces columns of rising plasma
just below the photosphere that are about 700 km to 1000 km in diameter and has a life time of
about 10 minutes same as life time of upper surface layer [73]. Through the column hot plasma

rises with velocity of several kilometers.

This can be confirmed by Dopper shift measurement. The top of this rising column is the
brighter gray-white cells seen in the granulation image, see Fig.1.5. The hot plasma cools at the
top of column and sinks down in the darker region surrounding each granule. Thus, granulation
is just represents the top of convection currents that are transferring heat from interior to solar
surface. Typical vertical and horizontal velocities of the granulation flow are about 1km/s and

2km/s respectively [74].

1.5.4. Solar flares and prominences

Solar flares are intense explosions on the solar surface or atmosphere which releases huge
amount of energy in the form of radiation and particle acceleration and heat energy. From
observational view points, flares are appeared as a sudden, intense brightening of a local region
on the solar surface or atmosphere, typically lasting several minutes [75, 76]. The presence of
magnetic field intensifies the flare on solar atmosphere. The propagation of shock waves coupled
with magnetic field lines leads to acceleration of charged particles non-thermally before and

behind of flares. Intense radiation is released from local region where strong magnetic fields
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interact with plasma particles during shock process before flare as well as after flare, see chapters
2, 3 and 4. Thus, Solar flares emit huge bursts of electromagnetic radiation, including X-rays,
ultraviolet radiation, visible light, and radio waves see Fig.1.6b. The solar flare fall on very broad
spectrum emissions, energy of typical 10%° joules of energy is considered to be the median for
well observed event, while a major event can emit up to 10% Joules as obtained from
observations [77]. Although solar flares can be visible in white light, they are often more readily
noticed via their bright X-ray and ultraviolet emissions. CMEs often accompany solar flares,
though scientists are still trying to determine exactly how the two phenomena are related.

Based on our new models, SWIF-1SQR model and SWIF-2SAR model, the small solar
flares burst everywhere on the solar surface independent of magnetic field and large solar flares
are appeared forth from the intense magnetic fields in the vicinity of active regions, most
probably on the solar corona. Large Solar flares are most common during times of peak solar
activity, the solar maximum years of the sunspot cycle at region between 10° to 60° both on
northern and southern hemisphere of solar atmosphere. The solar explosive events are not ever
existed in the absence of moving shock waves. Even if strong magnetic field is appeared on solar
surface, plasma cannot diffuse across magnetic field in absence of inertial force through high
conductivity plasma and to store enough magnetic energy at small local region takes about order
107 years [78]. However, the presence of shock wave makes the reconnection process is very
fast see chapter 4, section 4.7 and the magnetic field lines form bundles of magnetic flux tubes
and charged particles are accelerated. When charged particles move fast along the field lines, the
annihilation and creation process of fields (i.e., magnetic field, electromagnetic fields, velocity
fields ... etc) is very fast at the region where magnetic pressure is dominant over plasma

dynamic pressure, see chapter 4.

Evidences from SOHO, LASCO, SDO, YOHKOH, TRACE ... and so on indicates that
small and high explosive phenomena are occurred in the corona or chromosphere that provides
small and large solar flare; a sudden and intense brightening in a plage that rises to great
brilliance in a few minutes, then fades dramatically in a several minutes. This feature is also
associated with sunspots and is thought to be triggered by the sudden collapse of low density
local region associated with complex magnetic field in the plage, see chapters 2, 3 and 4. A flare

releases the energy equivalent of a billion hydrogen bombs and is the most energetic of solar
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events [79]. The ultraviolet and X-ray radiation from larger flares can disrupt magnetic
compasses and navigation and radio signals as well as affect the electrical grid on the earth and
can damage satellites and space probes, see Fig.1.1a and Fig.1.1b. Cosmic rays and solar wind
particles from some flares interact in the Earth Polar Regions magnetized plasma, creating
brilliant auroral displays. A powerful solar flare, the bright region towards the right side of this image,

erupts from the sun in this ultraviolet image from November 2003.

Fig.1.6a Quiescent prominences Fig.1.6b Impulse solar flare,
Credit: NASA Credit: NASA

1.5.5. Temperature variation of granules

The lower region of solar convection zone where the granulation is driven, the rising
granular center must be hotter than the falling plasma gas in the inter-granular space. In the
photosphere, this will not necessarily be the case, as the photosphere is stable against convection
and such motion must be caused by deeper convection motion overshooting in to the stable
photosphere. At the granular center rises, it will cool through expansion and due to the supper
adiabatic temperature gradient in the photosphere. This cooling can be very fast and there will
also be efficient radiative cooling [80, 81]. Thus, we can expect that deep in the photosphere,
there will be large temperature differences between the up flows and down flows of upper
convection region at same position below photosphere. At the top of photosphere this difference

in temperature will be smaller comparable to lower region.

1.5.6. Pressure variation of the granulation

Pressure difference within the granulation must be existed because of momentum

transform of convective plasma elements. When a local pressure difference is occurred in
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isothermal and isotropic plasma, the dynamic pressure difference is arisen due to local plasma
density difference. The horizontal flow in granulation is occurred due to pressure difference of
local region in granulation and its surrounding cooler plasma. When supper hot plasma rises up
vertically and it forms mountain like mass of plasma cloud, due to strong gravitational force the
risen up plasma becomes cold and falling down later, see chapter 2, section 2.2 - 2.7. The
falling down plasma diffuses horizontally because of potential difference with its surrounding
region. Horizontal surface electric current is developed due to instantaneous surface charge
separation of hot diffusing plasma. The vertical or horizontal surface current is existed due to
vertical or horizontal plasma flow, non-radial surface oscillation and local plasma turbulence
associated with granulation [82, 83]. Generally, the dynamic pressure deference at solar

granulation region creates surface electron current at stellar atmosphere.

1.5.7. Density variation of granulations

The density variation of granulations is arisen because of temperature and pressure
variation coupled with complex magnetic field under the control of strong gravitational force.
The horizontal density variation of granulation is related to horizontal variations in temperature
and pressure. The observable horizontal density variation is occurred at the outer layer of solar
photosphere. The emergence of bundles of magnetic flux tubes contributes on formations of
horizontal density variation [84, 85]. Local density variation at solar photosphere or atmosphere
could be the main sources of solar explosive events associated with force free solar magnetic
field activities. The non-radial solar oscillation mode creates horizontal motion of plasma at solar
surface. The motion due to solar oscillation is expected as slow plasma motion is responsible for

surface plasma density variation associated with granulation.

1.5.8. Horizontal variation of granular flows

The granular flow velocity varies strongly with horizontal position; the up flows move up wards
and the down flow moves down wards. The down flows, occupying a smaller fraction of solar
surface, have correspondingly higher flow speeds. The speed of the up flows and down flows or
at least the difference between them can be approximately measured from red and blue shifts of
spectral lines observed with spatial resolution [86]. This only gives an approximated result as the

spectral lines do not form at single heights, but rather over a range of heights, so only an average
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velocity is detected by contributions to the line from different heights can be found in this
manner. The horizontal variation of granular flows may be influenced by the non-radial surface
oscillation due to deficiency of local plasma mass and excess agglomerated local plasma mass at
solar surfaces. The solar surface rotation also has a significant effect due to Coriolis forces and
centrifugal forces against gravitational force of rotating sun possess, see Chapters 2 and 3 that
coupled with complex magnetic field [87, 88]. The horizontal granular flow of high conductivity
plasma is characterized by its turbulent nature. The horizontal turbulent nature of solar plasma is
occurred due to small plasma convection process, non-radial surface oscillation, formation of
surface shockwaves and surface gravitational wave. The surface shock wave is developed due to

highly non-linear effects of physical quantities.

1.5.9. Supergranulation

This is the hardest of all to see from solar, and is best seen in velocity images (showing
Doppler shift) of the photosphere. Supergranulation is a much larger version of granulation.
Where large groups of granules are seems moving together. The speed of movement is about 500
m/s and the plasma motion of super-granules carries magnetic field bundles across the
photosphere. The structure and evolution of solar supergranulation is studied using horizontal
velocity fields, deduced from applying local correlation tracking (LCT) techniques to full-disk,
line-of-sight Doppler velocity data observed by the Michelson Doppler Imager on board the
Solar and Heliospheric Observatory spacecraft [89 - 91].

1.5.10.  Sunspots

Sunspots are the easiest feature to detect on the solar photosphere. In fact, some sunspot
groups grow so large that they are visible with the naked eye. They are apparent as dark spots,
with a central dark umbra and a lighter surrounding penumbra. They occur due to high
concentrations of magnetic field which inhibit heat flow to the surface from the lower region of
convection zone. Generally, sunspots are dark region appeared on solar surface. Scientists
believed, Sunspots are dark because they are cooler than their surroundings partially ionized
solar plasma. A large sunspot might have a central temperature of less than the minimum
photosphere temperature of 4,200 K, much lower than the 5,800 K temperature of the adjacent
photosphere [92, 93]. Sunspots are only dark in contrast to the bright face of the Sun from visible
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light detection. If you could cut an average sunspot out of the Sun and place it elsewhere in the
night sky, it would be about as bright as a full moon. Sunspots have a lighter outer section called
the penumbra, and a darker central region named the umbra. Sunspots are caused by disturbances
in the Sun's magnetic field welling up to the photosphere, the Sun's visible surface.

The powerful magnetic fields in the vicinity of sunspots produce active regions on the
sun, which in turn frequently spawn disturbances such as solar flares and CMEs. Because
sunspots are associated with solar activity, space weather forecasters track these features in order
to help predict outbursts of solar storms. Sunspots form over periods lasting from days to weeks,
and can persist for weeks or even months before dissipating [94, 95]. The average number of
spots visible on the face of the Sun is not constant, but varies in a multi-year cycle. Historical
records of sunspot counts, which go back hundreds of years, verify that this sunspot cycle has an
average period of roughly eleven years. In recent years, astronomers have been able to detect
star-spots - "'sunspots™ on other stars [96, 97].

1.6. Solar Atmospheric Plasma lonization and Radiation Process

The solar corona is made mostly of hydrogen and helium. The hydrogen and helium in
the corona is completely ionized; thus the corona consists of hydrogen nuclei, helium nuclei, and
free electrons associated with magnetic field. The high temperature of the corona means that
many of the protons, helium nuclei, and electrons are moving faster than the Sun's escape speed.
No longer gravitationally bound to the Sun, these fast-moving particles stream away from the
Sun into interplanetary space. The charged particle emanated from corona is called the solar
wind. Every seconds, millions of tons of plasma flows away from the Sun to interplanetary
space. This is less, remember, than the mass loss from nuclear fusion in the Sun's core, which is
about 4 million tons a second. During the Sun's lifetime, so great is the mass of the Sun, the mass
loss from the solar wind has been negligibly small. It takes about 200 million years to lose the
equivalent of the Earth's mass and it takes 330,000 Earths to equal the Sun. The Sun is largely
unaffected by losing a million tons of gas a second. However, the solar wind does have a
significant effect on other bodies in the solar system. For instance, the interaction of the solar

wind with the Earth's magnetic field and the Earth's upper atmosphere produces aurora at poles.
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The interaction of the solar wind with a comet produces the comet's long ion tail. The main
mechanism of solar wind is the solar atmosphere oscillation, see Fig.1.7a. Below the
photosphere, temperature decreases steadily with increasing distance from the Sun's center.
However, going outward from the chromosphere to the corona, the temperature leaps upward

spectacularly. This is unique behavior of sun. To know this secrete, a deep research is needed.

1.6.1 Fully ionized solar plasma

Since stellar (solar) plasma is created by ionization of neutral atoms most probably
hydrogen gas, it consists of positively charged ions and negatively charged electrons along with
some neutral hydrogen atoms. In case of hydrogen plasma, the positive charged ions are equal
with negative charged electrons. The number density of electrons and ions is determined by the
ionization process. By fully ionized plasma we do not necessary mean that there are no neutral
atoms in the plasma. However, the number density of neutrals is much less than the number
density of ions and number density of electrons. The electrons and ions experience a coulomb
force between them. The rate of collisions between electrons, ions and neutrals could be
determined by their number densities and range of Coulomb force between them. In completely
ionized plasma, electrons-ions collision is dominant at high enough temperature. For instance,
13.6 electron volt of energy is required to separate the electron from hydrogen atom, where 1leV
corresponds to 11,600K temperature. Thus, hydrogen plasma would be fully ionized at

temperature higher than 11,600K. The solar corona at temperature order of 10K and rare
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electron-ion collision is fully ionized plasma. However, the rarity of electron-ion collision at

high temperature is due to Coulomb force. Collision-less plasma is highly unstable [98, 99].

1.6.2. Partially ionized plasma

The solar photosphere is believed as partially ionized hydrogen plasma. Partially ionized
plasma has a degree of ionization that is less than 1, z = n*/(n + n*) < 1 where z is degree of
ionization, n* is number of charged hydrogen ion and n is number of hydrogen neutrals.
Presence of enough neutral hydrogen atoms in solar plasma makes it partially ionized plasma.
Charged particle-neutral collisions in plasma play a crucial role. In partially ionized plasma, the
rate of electron-ion collision is much lesser than rate of electron-neutral collision. This is
precisely due to electrons being much lesser neutral hydrogen atoms. Such plasma is existed in
solar photosphere. A novel effect called am-bipolar diffusion is arises in a weakly ionized
plasma. It is essentially, due to coupling of neutrals and ions; the neutral in the process acquires
some of the properties of charged particles, begin to be affected by electric field and magnetic
field that are participating in electromagnetic phenomena. The am-bipolar diffusion is actually

responsible for diffusion and transport of magnetic flux in weakly ionized plasma [100 - 103].

1.6.3 Plasma formation by photoionization

At solar atmosphere, hydrogen gas can be ionizing by high intensity photon or
eliminating it with electromagnetic radiation of the appropriate frequency v and this process is
known as photoionization. A single charged ion results when a single electron is emitted from
neutral hydrogen atom at solar atmosphere due to surface radiation pressure.

H+hv=H"+e (1.1)

Where, H represents a hydrogen atom and H* represents charged hydrogen ion and e is emitted
electron charge. Here, hv is the energy of a photon of radiation and it must exceed the ionization
energy E, of atom. For instance, the photon energy of E; = 13.6 eV is required to ionize a
hydrogen atom. The excess energy of the photon goes to the kinetic energy of the emitted

electron. The energy conservation is given by Eq.(1.2) below.

SWIF model © Atakalti B.A. AAU,  5/13/2018 26



hv = E; + %mevez (1.2)

Where,v,, is velocity of emitted free electron. The ionization energy E; defines the threshold of
the photon frequency v required for ionization process. The degree of ionization increases

rapidly at the threshold frequency; and then decreases as photon frequency increases [104, 105].

1.6.4. Collisional ionization

Interior of the sun collisional ionization process plays a crucial role. However, at
atmosphere collisional ionization could not be frequently. The high energy electrons emitted via
photoionization can further produce ionization by their collisions with the atoms and ions. The
reverse process of recombination also goes on, which reduces the number of electrons and ions.
In addition, electrons may get attached to the atoms to produce negatively charged ions. A steady
level of ionization may be obtained under the influence of all this process. Collision of heavy
particles such as protons with the gas atoms or molecules can cause ionization in multiple ways.
These collisions are governed by Coulomb force between the incident particle and electrons
bounded to the atom. Collision between atoms of gases of different ionization potentials can also

cause ionization [106, 107].

1.6.5. Thermal ionization

The thermal ionization is most probably at deep region of solar interior and a region far
away of solar photosphere, coronal region. At high enough temperature, collisions among atoms
can often knock off their electrons, resulting in the formation of positively charged ions and
negatively charged electrons. The number density of particles corresponding to ionization energy
is given by Eq.(1.3).

n; « exp (— k’%) (1.3)

The Eq.(1.3) is indicating clearly that the number density of high energy particles diminishing
exponentially in a system in thermodynamic equilibrium for negligible force free solar magnetic
field. Similarly, the number density of neutral particles n,, with corresponding energy E,, are

given by Eq.(1.4).
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Ny X exp (— E—M) (1.4)

kgT

If some of the atoms or molecules of solar plasma gas are ionized at temperature T, we have a
mixture of neutral atoms as well as electrons and ions. There is one electron for one positive
charged ion for completely ionized hydrogen plasma. If there are two positive charges on the ion,
there would be two electrons. We can identify the state L with electron-ion pair and define the
ion density n; = n;. The state M can be identified with the neutral atoms. The ratio of ions to

neutrals is defined by Eq.(1.5) that measures the strength of ionization process.

ni

X = (1.5)

nm

The ionization energy is described as amount of absorbed energy by atoms that enable to emit
electrons. Thus, ionization energy describes fractional ionization and energy difference E; given
by Eq.(1.6).

This represents the ionization energy of atom under consideration. The number density n; of ion
during thermal ionization process can be expressed by Eq.(1.7) in exponential form.
(EL—Em)

n; X exp (— #) 1.7
The proportionality constant is determined from quantum mechanical and statistical
considerations and is a function of the electrons mass, the Planck constant h, the Boltzmann
constant kg, the number density n, = Zn; of electrons where Ze is the electric charge on the ion
with e the magnitude of the charge of an electron. Here, it would suffice to give an approximate
expression as

E -
n; ~ 2.4 x 10%° Z—A:Tyzexp (— k,TIT) cm™3 (1.8)

The Eq.(1.8) is Saha equation and it is applicable only under condition of thermodynamic

equilibrium of local region solar interior and its atmosphere. However, as we have seen in
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chapter 1, section 1.4, there is no theory that supports solar atmosphere heating as someone goes

out to surrounding space vacuum of high plasma beta, $-beta [81, 108].

1.6.6. Pressure ionization

At extremely high mass densities, when the volume per hydrogen atom becomes lesser
than normal volume occupied by hydrogen atom, the atoms can no longer be identified as
individual units. There is an overlap of outer electronic orbits of the atoms, the outer most
electrons become loosely bound to the atom and behave more like a free electron gas. The
substance becomes an aggregate of nuclei and electrons, highly compressed plasma. This
phenomenon is called pressure ionization. Under such circumstances the electrons behave like a
cold degenerate quantum gas provided the temperature is not too high. The energy distribution of
the degenerate electrons is very much different from the Boltzmann distribution. The degenerate
electrons obey the Fermi-Dirac statistics. This statistics is a consequence of Pauli’s exclusion
principle. This principle states that no more than one electron can be accumulated in each
quantum state specified by the energy of electron. In contrast, in the classical statistics, the
temperature determines the occupation of an energy level through Boltzmann factor. The degree
of ionization of degenerate gas is mainly a function of pressure or density but not temperature.

The pressure ionization property is so effective process at interior of massive stars [109 - 112].

1.7. Radiation from Stellar Atmosphere

The surface of star (sun) emits electromagnetic spectrum including visible light due to
Thomson scattering process. Solar radiation is a radiant electromagnetic energy emitted by the
solar surface and provides heat, light and energy for Earth. Radiation comes in to two basic
types. These are electromagnetic radiation transmitted by photons, and particle radiation
consisting of electrons, protons, alpha particles, and so forth. Electromagnetic radiation,
transmitted as photons, includes all kinds of spectrums from relatively benign radio waves to
dangerous and powerful X-rays and gamma rays. Energy levels across the electromagnetic
spectrum vary inversely with wavelength. Particle radiation involves fast-moving sub-atomic
particles, such as electrons, protons, and nuclei (ions) of Helium and heavier elements. Exposure
to too much radiation of various types can be harmful to humans and other living things on the

Earth planet. Radiation can also fry the electronics in spacecraft, disabling them [113 - 116].
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1.7.1. Electromagnetic Radiation

The solar atmosphere emits all kinds of electromagnetic waves. In general cases, based
on observational evidences, the photosphere emits visible light spectrum, the Chromosphere
emits EUV line spectrum and the Corona emits X-ray spectrums. Different size solar explosive
events provide all kinds of spectrum including the Gamma-ray spectrum region from small local
place of solar atmosphere. Electromagnetic radiation is the result of oscillating electric and
magnetic fields. The electromagnetic wave energy is generated by oscillations of electromagnetic
fields that move in vacuum at the speed of light. X-rays, radio waves, gamma rays, and infrared
and ultraviolet wave are the other main types of electromagnetic radiation. They are all traveling
oscillations of electromagnetic waves, each with its own characteristic wavelength. Organized in
order of wavelength, they make up the electromagnetic spectrum. Sometimes it is useful to think
about electromagnetic radiation as though it came in packets. These packets of EM radiation are
called photons [117, 118].

1.7.2. Particle radiation

One main type of radiation, particle radiation, is the result of subatomic particles hurtling
at tremendous speeds. Protons, cosmic rays, and alpha and beta particles are some of the most
common types of particle radiation. Particle radiation can harm living creatures and can short out
electronic circuits. So it is dangerous for humans and robots alike. Protons and electrons are two
of the most common types of particles encountered. Tear apart an atom of hydrogen, the most
abundant element in the universe, and you get a proton and an electron. Hence, an abundance of
this type of radiation occurred at solar surface. Strip the two electrons from the second most
abundant element, helium, and you are left with a nucleon containing two protons and two
neutrons. This helium-nucleus particle is called an "alpha particle". Free electrons, when zipping
around as radiation, are known as beta particles. A third type, gamma radiation, is not a particle
but rather a high-energy form of electromagnetic radiation. Neutrinos are bizarre particles that
can pass through almost anything, even miles (kilometers) of solid rock. Because neutrino
radiation rates may be able to tell us about the nuclear reactions at the core of the Sun, scientists
have gone to great lengths to try to device detectors that sense these elusive particles. Particles

are radiated from the solar atmosphere if formed during solar flared and CMEs [119 - 122].
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1.8. Shock Wave

A wave that travels faster than the sound speed (i.e., typical information speed) and that
changes the state of the medium through which it travels is known as Shock wave. A shock wave
can occur in high conductivity plasma medium where a discontinuity in pressure, magnetic field,
and velocity and plasma number density is created. In laboratory, shock waves can be generated
with high intensity laser plasma interactions [123]. Shock waves occur in nature at time of
explosions (i.e., solar flares, CMEs, high explosive weapons ... etc.), at electrical discharges, at
supersonic flight in the atmosphere (i.e., supersonic space craft flight), in the space (e.g.
explosion of supernova) as evidences are obtained from observations with SOHO, YOHKOH,
SDO, LASCO and others. During flaring and CMEs, radiation and material are injected into the
solar atmosphere from solar surface, causing interplanetary shock wave. The traveling shock
wave propagates out through solar system. The solar wind has high-speed and low-speed
streams, coming from different source regions on the sun atmosphere. Shock waves can be
formed at the interface between a slow plasma streams being overtaken by a fast plasma stream

of solar winds.

Shock wave is defined as a transition layer which propagates through high conductivity
plasma fluid, causing a change of state, which may be stationary or moving on its reference
frame. Generally, shock waves can be classified as collisional shock and collision-less shock
waves. The thickness of collisional shock is approximated by few mean free paths while the
thickness of collision-less shock is smaller than particles mean free path. The physical quantities
such as plasma temperature, pressure, flow velocity and magnetic field are changed across the
moving or stationary shock fronts. The physical quantities of mass, momentum and energy are
conserved before shock and after shock passage in isolated local system. In collision-less high
conductivity plasma, the behavior and state of plasma is changed by passage of shock fronts. The

shock conversion process is so complex.

Energy and momentum can be transformed from plasma particles to magnetic field and
electric field. This process leads to increment in unstable magnetic and electric fields. The
charged particles are directly influenced by the instability across the shock fronts as well as near
the shock fronts. The influence of moving shock fronts coupled with electromagnetic waves

enables us to model and describe the small and intense solar explosive phenomenon see chapter
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2 and chapter 3 at solar exterior. Studying the nature of plasma before and behind shock fronts
tells us about the information of shock process that transits the state. Here, we have been
studying fast moving non-relativistic and non-radiative shock waves propagating in high
conductivity plasma. The physics of shock wave specifies that like an ordinary wave, a shock
wave carries energy, and can propagate through a medium; however it is characterized by an
abrupt, nearly discontinuous change in pressure, temperature, density and magnetic field of the
high conductivity plasma medium. The energy of collisional shock wave dissipates quickly with
distance through high density plasma.

When a shock wave passes through continuum medium, energy is preserved but entropy
increases and the process is strongly irreversible processes. Shock wave is expected as a thin
transitive layer propagating with supersonic speed in which there is a sharp increase or decrease
of density, pressure and speeds of plasma fluid. The evolution of a nonlinear compression wave
into a shock wave was investigated by Riemann (Riemann 1876) who gave an analytic solution
in the case of one-dimensional flow [124, 125]. Generally, shock wave is assumed to be as
energy converter and a steady transition layer between the undisturbed (un-shocked) plasma fluid
and the plasma through which the shock has been passed. The propagating shock surface may be
Langmuir shock surface or turbulent shock surface. Let we assume that shock as a transition
region between two uniform states. However, state of the high conductivity plasma behind shock
does not persist but changes with time after the shock has passed on. The thickness of non-
relativistic collision dominated shock wave is approximated by mean free path at high density
solar surface. However, the expected shock surface which is occurred at upper region of
chromosphere and corona, the existed shock would be collision-less shock wave. It is difficult to

estimate the thickness of collision-less shock waves.

Earlier, the propagation of waves with a velocity higher than that of sound was
considered by Stokes, Airy and Earnshaw [126]. Further investigations were made by French
engineer, former officer of artillery H.Hugoniot, 1889 and by English scientist Rankine, 1879
[127]. Hugoniot showed that the law of energy conservation is incompatible with the constancy
of entropy while considering the flow across a shock wave. Shock waves in air were observed
for the first time by famous scientist and philosopher E.Mach, 1878 [128]. He also discovered
the so-called irregular (Mach) reflection which has no analogies in acoustics and optics. Various
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cases of shock interactions were made possible to investigate after N.E.Kotchine, 1926 had
solved the important problem of break-up of an arbitrary discontinuity [129]. The structure of
non-relativistic shock waves can be studied, using kinetic equations and Maxwell equations in
high conductivity plasma fluid. The Boltzmann equation is used widely in collisional non-
relativistic shock waves. The non-relativistic shock wave may be Langmuir shock wave or

turbulence shock wave.

However, this term usually signifies only a comparatively narrow region where a
transition takes place between an undisturbed medium and disturbed medium. We assumed that
the shock surface is at a motion along shock normal vector. The propagation velocity of normal
shock surface is given by (c; + V)1 before shock and (¢, + V) behind of some shock fronts
along shock normal. The quantity V},, ¢; and c, are velocity of normal shock, speed of small
disturbance before shock and behind shock respectively. Displacement traveled by the normal
moving shock surface is given by s = Vt#i , where t time traveled by shock surface. The normal
vector at a point X, on a shock surface f = f(X,t) = 0 of negligible thickness 6x — 0 is given
by Eq.(1.9).

fx1(Xo)

fo(XO)
-1

N = (1.9)

The functions f,; = df/dx; and f,, = df/dx, in Eq.(1.19) describes the gradient of the
function f at position X,. The plasma flow before shock and after shock may be in steady or
unsteady flow. However, plasma inside the moving shock is considered to be in steady state
situation for sake of simplicity. The flowing tangential velocity component of normal moving
shock surface before shock remains the same as behind shock surface passage. The unit normal
vector of moving normal shock is obtained from Eq.(1.19) that is described by Eq.(1.20) in un-
magnetized high conductivity plasma.

.V
nzlﬁ_f’l (1.20)

We can extract the shock velocity from the material derivative of shock function f = f(X, t) and

can be described in terms of the normal unit vector, 7 in Eq.(1.20).
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The moving shock surface in steady state situation, we assumed that its tangential component of

velocity does not appeared I7t ~ 0 while normal velocity components, V is time independent for
invariable shock surface. This kind of shock is non-accelerated, non-radiative and non-
relativistic shock surface.

1.8.1. Normal Shock Surface

We define that normal shock is a moving shock surface which propagates along its

normal unit vector while its tangential velocity component is vanished l7t ~ 0. Generally,
normal shock surface may be time dependent or time independent moving shock surface through
high conductivity plasma. Let consider the moving shock surface is in steady state condition for
the sake of simplicity. This indicates that normal moving shock surface is situated in steady state
situation as long as it passes through physical system of high conductivity continuum medium. In
reality, velocity of normal shock surfaces is considered as time dependent due to the slowing and

fastening of normal shock along its path.

Even if the normal shock surface is fastening or slowing along its path through the
continuum media, it doesn’t provide variable effect on the local shocked system. The normal

component of mass flux of normal shock surface is associated with the shock velocity that

suffices the shock condition,V - 2 # 0 across shock surface. The fast moving normal shock
surface is characterized by formation of plasma jet behind it due to implosive or explosive
waves. The tangential components of normal shock velocity and flowing plasma velocity do not
contribute in complex density profile formation of the continuum shocked medium. When the
velocity of fast moving shock wave is time dependent and its magnitude is near to speed of light,
it creates electromagnetic wave burst or radiation. This kind of normal shock is known as an
accelerating normal shock surface or radiative shock wave. When V — ¢, where, c speed of

sound, the shock is known as normal relativistic shock surface.
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1.8.2. Contact and tangential discontinuities

Contact and tangential discontinuities are transition layers across which there is no

particle flux transport. Thus, in the frame moving with the discontinuity u;,, = u,, = 0 even for

V # 0 of fast propagating shock surface. Contact discontinuities are discontinuities for which the
thermal pressure, the magnetic field and the velocity are continuous. Only the mass density and
temperature change. Tangential discontinuities are discontinuities for which the total pressure
(sum of the thermal and magnetic pressures) is conserved. The normal component of the
magnetic field is identically zero. The density, thermal pressure and tangential component of the
magnetic field vector can be discontinuous across the layer. The tangential discontinuity could
not be assumed as a shock in high conductivity plasma medium but it may triggers shock
formation as the shock agent is sudden flowing plasma.

1.8.3. Blast wave behind of shock wave

A blast wave in high conductivity plasma dynamics, is the pressure and directional flow
resulting from deposition of a large amount of energy in a small much localized volume. The
directional flow field can be approximated as an agent of shock wave, followed by a 'self-similar’
supersonic or subsonic flow field. In simpler terms, a blast wave is an area of pressure expanding
supersonically outward from an explosive core or imploding surface during collapsing of low
density local region. It has a leading shock front of compressed highly conducting plasma. The
shock wave is followed by a blast wind of negative pressure, which sucks items back in towards
the center of convergence. The sucked items are instantly heated and gain enough kinetic energy
and ejected out back forming jets. The blast wave is harmful especially when one is very close to
the center or at a location of constructive interference [130]. High explosives, which detonate,
generate blast waves. Strong moving shock wave followed by strong blast waves triggers flares,
eruptions, surges, jets, filaments and CMEs at solar surface see chapter 2, 3 and 4. Generally,
blast wave fronts in high conductivity medium can be formed associated with fast moving shock

surface or behind shock surface, see chapter 2.

1.9. Stellar Differential Rotation

Because of the pre-stars accretion phases and the conservation of angular momentum,
stellar rotation is induced [11, 131]. Solar physicist believed that differential rotation is caused
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by convections in stars (sun) [132]. There is a movement of plasma mass due to steep
temperature gradients from the core outwards. This mass carries a portion of the stars angular
momentum, thus redistributing the angular velocity, possibly even out far enough for the star to
lose velocity in stellar wind. Differential rotation thus, depends on temperature differences in
adjacent region. There are many ways to measure and calculate differential rotation in stars to
see if different latitudes have different angular velocity. The most obvious being tracking spots
on the stellar surface by doing helio-seismological measurements solar p-modes it is possible to
deduce the differential rotation. A fast and reliable method to measure stellar differential rotation

from photometric data is analyzed by Reinhold, T. and Reiners [133].

The sun has very many acoustic modes that oscillate in the interior simultaneously and
the inversion of their frequencies can yield the rotation of solar interior. This varies with both
depth and latitude. The broadened shapes of absorption lines in the optical spectrum depends on

N sin 6, where 6 is the angle between the line of sight and rotation axis, permitting the study of

rotational velocity’s line-of-sight component Q. This is calculated from Fourier transform of the
line shapes [134, 135]. Gradients in angular rotation caused by angular momentum redistribution
with in the convective layers of the sun are expected to be a minimum driver for generating large

scale magnetic fields, through magneto-hydro dynamical mechanisms in the outer envelopes.

The interface between these two regions is where angular rotation gradients are strongest
and thus where dynamo process is expected to be most efficient. The inner differential rotation is
one part of the mixing process in stars, mixing the materials and the heat or energy of the stars,
see chapter 2, section 2.4. Differential rotation affects stellar optical absorption- line spectra
through line broadening caused by lines being differently Doppler-shifted across the stellar
surface. Solar differential rotation causes shear at the so called tachocline [11, 136, 137]. This is
a region where rotation changes from differential in the convection zone to nearly solid body
rotation in the interior at 0.71 solar radiuses from the center [138, 139]. Here, to study solar

oscillation associated with strong magnetic field at solar photosphere.
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CHAPTER 2
2. SHOCK WAVE INDUCED FLARE ON SOLAR QUITE REGION

2.1. Aim of SWIF-1SQR model development

Here, in this thesis chapter, our aim is to theorize a new flare model, physical model,
which explains the stellar explosive events. The SWIF-1SQR is advanced on the basis of plasma
dynamic and shock theory. Scientists believed that the main mechanism of stellar (solar)
atmospheric (i.e., photosphere, chromosphere, transition region and corona) plasma motion is the
dynamical nature of surface plasma associated with non-radial surface oscillation modes,
specifically the Sun [140, 141]. The cause of convection motion and non-radial surface
oscillation is a small perturbation in pressure interior of the star [142]. The behavior of stellar
oscillation in interior part is determined by hydrodynamics theory in connection with Kinetic
theory at micro scale level of local region. Effect of magnetic field interior of the star is
negligible. However, the behavior of stellar atmosphere is specified by magneto-hydrodynamics

at macro-scale level and coupled with kinetic theory in micro-scale level.

Here, the stellar explosive events are modeled by hydrodynamic explosion based on
shock and kinetic theory at weak magnetic field region of photosphere; chromosphere and
corona associated with fast flowing plasma element. The stellar explosive events are triggered
due to formation of strong shock front trains at local system. The stellar explosive events at
strong magnetic field regions or magnetic flux tubes are modeled with magneto-hydrodynamic
explosions theory coupled with particle kinematics see SWIF-2SAR model in chapter 3.
Magneto-hydrodynamic explosive events associated with plasma kinetic theory will be seen in
our next chapter, see chapter 3, so as to describe the local explosive events. In this chapter we
will develop a shock wave induced stellar (solar) flares model at weak magnetic field region of
stellar atmosphere. This model gives a clear and new description for all stellar explosive events
and stellar winds mainly focused on solar flares (i.e., impulse flares, Nano-flares and micro-
flares) and CMEs. This new model works based on the shock theory and hydrodynamics nature
of local plasma system. This gives a new sight for understanding and modeling of stellar

explosive events in connection with fast magnetic reconnection (FMR) model and formation of
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CMEs from lower region of stellar atmosphere. The further extended new model will be done on

chapter 3 that supports strong magnetic field region, solar active region.

To study the dynamical phenomena of stellar (solar) atmosphere such as solar flares,
CMEs, solar winds, prominences, filaments, sunspots ... and so on, it is necessary to know the
plasma properties interior of star and exterior of star in connection with evolution of stellar
magnetic fields in general. The energy required on stellar atmosphere to perform the stellar
activity has been transformed from interior of star [143, 144]. Up to now, there is no theory
which supports the dynamics of the active star (sun) that gains enough energy from its
surrounding objects or surrounding envelop of space-time coordinate. The energy budget of the
star which is required for the global solar activity would be expected to obtain from its interior
region [145]. In hydrodynamics system (i.e., interior of star) it is assumed that the stellar plasma
can be treated as a continuum medium, so that its properties can be determined as functions of
position 7 at a given point and timet. Before constructing the shock wave induced solar
explosive event model, we give a short and brief explanation of stellar photosphere convection
and solar oscillation theory in connection with the stellar differential rotation, in steady state and
dynamic situation [146, 147], see section 2.2 to 2.8, and in connection with complex force free

magnetic field in chapter 3 sections, 3.2 - 3.8.

2.2. Equilibrium Situation of Stellar Surface

At equilibrium situation, the surface of radiating young star is considered in stable
condition. Partially ionized surface plasma is stratified under the control of gravitational force of

self-gravitating, monotonously oscillating and rotating radiative star.

When we look the star (sun) from afar, it seems a stable object
T’ which emanates all types of electromagnetic spectrum
continuously to its surrounding, see section 1.7 in chapter 1.
However, on the atmosphere of the young star high explosive

phenomena are observed. The properties of explosive events in

| the stellar atmosphere, transition zone, are presented by means
Fig21 Charge distribution on stellarsuface  Of (letailed statistical analyses. These events are observed as

regions of exceptionally high velocity up to 100 km/s [148, 149]. Consider a finite temperature
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of stellar surface plasma consisting of large number of electrons, ions and neutrals. We assumed
that ions and electrons densities are initially equal and spatially uniform near stellar surface layer
of position 7 measured from center of star at steady state situation. lons, electrons and neutrals
will have a separate temperature of T;, T, and T,, respectively. However, at equilibrium situation,
the partially ionized plasma is considered as stratified plasma in thermal equilibrium that suffices
isothermal condition on stellar surface. For instance, let we put ions, electrons and neutral
particles at position, 7 of isothermal stratified stellar surface layer of temperature denoted by T at
photosphere region. All kinds of plasma species have gained the same amount of thermal Kinetic
energy from the background propagating heat energy adiabatically. The plasma particles have
random thermal motion; thermally induced perturbations about the equilibrium will cause small,
transient spatial variation of electrostatic potential, ¢ () of charged particles and the small
perturbation of mechanical potential of plasma particles. We consider stellar surface plasma
assumptions if magnetic field is neglected to minimize complexity. These assumptions are:

1. The un-magnetized stellar surface plasma is assumed to be nearly collision-less so that
collision between particles may be neglected to our first plasma approximation.
2. Each surface plasma species, denoted by subscript j is considered as a fluid having a

number density n;, a temperature T; , plasma dynamic pressure p; = n;jkgT; where kg is

Boltzmann’s constant, v; a velocity of particle, m; particle mass, q; is the charge of

particle, E is induced electric field of the system corresponds to electrostatic potential, ¢.

3. Inductive electric fields are negligible so that electric field is almost entirely electrostatic

(i.e., E~-— qu ) on the stratified surface of neutral plasma in steady state.
4. All temperature gradients are smeared out by thermal particle motion so that the

temperature of each species is spatially uniform, i.e., dT;/0r — 0 at equilibrium.

This condition suffices the adiabatic process of surface radiating plasma at equilibrium. The
stratified charged surface of isothermal photosphere plasma is assumed very thin layer, critical
layer (CL) at minimum temperature. Based on the above assumptions, the surface plasma
remains in thermal equilibrium throughout the small perturbation. This approximation of un-
magnetized surface plasma, describes the thermal equilibrium situation of solar photosphere
plasma in steady state or hydrostatic equilibrium condition. Using this simple assumption,
considering effects of surface rotation, net surface charge and surface gravitational force the
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radial surface charged particle distribution is described by Boltzmann like relation given by

Eq.(2.1), derived from Newton’s second law of motion.

qj¢  m; . m;d
n; = ngexp {— [k’—T — ﬁ (2°%r?sin?0) + ;—Tg] + c} (2.1)

The quantity r is magnitude of stellar radius, {2 rotational velocity of young star, ¢ surface
electrostatic potential due to change in number of charged particles, n; local number density of
charged particle on stellar surface and @, gravitational potential at un-perturbed stellar surface,
and n,, is a constant initial plasma number density. However, the stratified stellar surface of un-
magnetized plasma is under the control of strong gravitational force on isothermal plasma cloud
layer coupled with stellar surface rotation in steady state. We use the spherical symmetry
condition of stellar surface; the physical quantities are having no horizontal dependence of
spatial coordinate at equilibrium situation. The integration constant ¢ in Eq.(2.1) is determined
using boundary condition at stellar surface in steady state situation, of course, there is no
demarked stellar surface boundary. The radial charge distribution of stellar surface in steady
state situation is well understood from graphs of Fig.2.2a - Fig.2.2f. When the polar angle
dependent surface net electron distribution given by Eq.(2.1) induces global electron current,
non-radial surface magnetic field is generated. The graphs of Fig.2.2a and Fig.2.2b indicate the
exponentially of stellar surface radial charge distribution while the graphs of Fig.2.2c - Fig.2.2f

show nonlinearity effect of polar angle and position dependent surface radial charge distribution.

Surface charge distribution
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Fig.2.2a Stellar surface net charge distribution Fig.2.2b Stellar surface net electron charge distribution
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Effects of centrifugal force on surface charge distribution Effeetsafcentiiingal foreeion suriaes. chargeidistrhation

Fig.2.2c Surface positive net charge distribution Fig.2.2d Surface positive charge distribution polar
polar angle ( 6 ) dependent of hot stellar surface angle (6 ) dependent of cold stellar surface

Effects of centripetal force on surface charge distribution
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Fig.2.2e Stellar surface net electron charge Fig.2.2f Stellar surface met electron charge
distribution latitudinal dependent for hot surface distribution latitudinal dependent for cold surface

The surface radial charge distribution is determined by the ratio of non-thermal energy to thermal
energy, see EQ.(2.1).The variable ‘x’ in Fig.2.2a - Fig.2.2f represents the ratio of non-thermal
energy to thermal energy. In case of Fig.2.2b, Fig.2.2d and Fig.2.2f the x represents ratio of
electrical energy to thermal energy for cold stellar surface. For dominant centrifugal surface
force over all forces, x represents the ratio of rotational force over thermal forces. In Fig.2.2a the
graph of red colored line represents as the surface radial charge distribution grows exponentially

while the blue line represents the surface charge distribution decays exponentially.
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2.2.1. Evolution of stellar surface electrostatic potential in steady state

Let us consider fixed position of 7 at isothermal, stratified local plasma layer of stellar
(solar) photosphere in steady state situation, for negligible plasma particles collision and
viscosity. Let us put ions, electrons and neutral particle at isothermal surface of plasma layer.
Electrons have a tendency to move at faster thermal velocity in random direction than ions and
neutrals. The hot electrons diffuse from higher temperature of isothermal dense plasma layer to
lower temperature nearby isothermal less dense plasma layer. So, using spherical symmetry
condition, most electrons move radial outward instantly with constant velocity against the strong

gravitational force.

For instance, if we put ions and electrons at the same temperature of isothermal layer,
electron move at thermal velocity of 42 times faster than hydrogen ion thermal velocity in
absence of external forces. Thus, electrons are more migrating to stellar surface in steady state
situation. The heavy neutrals and ions are remained under the control of strong gravitational
force and they have a tendency to sluggish slightly behind of the migrating electrons. Those
sluggish ions and neutrals need additional thermal kinetic energy to receding away radial
outward. Even if they are suffering by continuous collisions, the process is adiabatic and plasma
particles do not get significant heat fluctuation in steady state. The isothermal condition remains
consistent for long period of time. The adiabatically heated ions and neutrals move back and so
forth. Those ions and neutrals are oscillating at isothermal layer in smaller distance than
electrons due to compressing gravitational force and adiabatically generated thermal Kinetic
energy. Because of this kind of process interior of the star, the stellar surface is near adiabatically
and in non-radial oscillation p-mode as it gains small perturbation about equilibrium [150, 151].

The hot electrons are simply migrating to upper layer of stellar surface. However, at the
maximum stellar radius which is demarked by lower stellar (solar) temperature, migrating
electrons lost their thermal Kkinetic energy, they are trapped by gravitational force and can emit
radiation due to Thomson scattering process. We expect that at the upper layer of stellar
photosphere the plasma temperature is expected at minimum temperature region, at which layer
the gravitational energy is dominant; most radial moving out electrons could not pass out any
more the low temperature boundary layer. Only, accelerated electrons and ions can escape away

the cooler stratified layer against gravitational force, centripetal forces of rotating stellar surface.
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Instantaneous electrostatic potential is created at low temperature stellar surface layer, let we call
it critical surface (CS) or critical layer (CL). The electron number density is expected as much
greater than ion number density at CL in steady state situation. The CL is considered as an ideal
demarcation layer that separates the stellar interior region from its exterior region.

Generally, the surface of steady star is surrounded by electron cloud that generates static
electric field. The thickness of electron density layer depends on the ages of star. The quasi
neutrality condition is violated at the minimum temperature layer of steady stellar surface; see
Fig.2.1 in isothermal condition due to strong charge separation process. Below CL, small change
in electron kinetic energy creates small perturbation over the gravitational energy a small bit. At
this lower isothermal stratified plasma layer, most electrons are out of trapping of gravitational
energy relative to ions and neutrals. The gravitationally un-trapped oscillating hot electrons
migrate to the outer lower density interior of star. After suffering several collision processes,
electrons reach the cooler region of CL layer (spherical shell). Electrons and ions are in
monotonously slow oscillation mode at solar surface, CL, associated with strong instant
electrostatic field. The upper cooler layer is expected as an oscillating electron plasma cloud
surface in thermal equilibrium. The thickness of the surface electron plasma cloud is
approximated by the order of Debye length A, away from the lower nearby isothermal boundary
of neutral layer, see Eq.(2.7), in chapter 2, section 2.2. Generally, the upper boundary of stellar
surface at equilibrium situation is negatively charged. More electrons are populated at upper

surface boundary of stable and stratified photosphere, see
Fig.2.1.

The oscillating charged stellar surface generates instant
electrostatic potential ¢ (r) which plays a crucial role on
non-thermal acceleration of charged particles and

generation of radiation on solar surface due to Thomson

scattering process in steady state situation [152, 153]. The

Fig.2.3 Stellar surface static main mechanism for formation of instantaneous surface
electric field

charge separation is a steep density gradient, pressure
gradient and gravitational potential gradient interior of the star. The Boltzmann like surface
radial particle distribution assumption is very important to emphasize that the small perturbation

SWIF model © Atakalti B.A. AAU,  5/13/2018 43



is very slow to suffice thermal equilibrium. However, for fast perturbing system, the temperature
gradient, inertial effects and inductive electric fields cause the surface plasma fluid to have a
complete different character. In this situation, we do not use the Boltzmann like relation of
Eq.(2.1) to specify dynamical nature of stellar surface or atmosphere.

Now, let us consider the stratified steadily oscillating surface electrons are at thermal
equilibrium on stellar critical surface. Let us insert, slowly or suddenly, a single positive charge
of hydrogen ion with its charge of g, in to initially unperturbed and spatially uniform thin
stratified electron plasma layer at minimum temperature region. The injected hot hydrogen ion,
with magnitude of its velocity is much greater than ion acoustic sound speed but less than speed
of light. Before inserting the positive hydrogen ion, the electrostatic potential ¢ () # 0 and may
be constant of position, everywhere inside the thin electron cloud isothermal layer for uniform
net charge distribution.

A small perturbation is occurred due to attraction and repulsion of electrostatic force. The
injected hydrogen ion is suddenly surrounded by the electron cloud. The surface electrostatic
potential starts perturbing around the injected hydrogen ion. The deviation in electrostatic
potential creates a strong electrons discharge towards the hydrogen ion. The injected ion and the
incident discharging electrons have got rest instantly at the thermal situation. Since velocity of
injected ion and attracted electrons is greater than the acoustic sound speed, a shock wave is
generated around the hydrogen ion. The agent of shock wave is the fast moving electron beam in
side high conductivity plasma, as soon as quasi-neutrality condition is violated. The shock
surface accelerates the ion and nearby plasma particles, i.e., electrons, neutrals and the ion itself.

Generally, the positively charged particles strike the oscillating surface electron layer and
shock wave is generated on stellar surface. The generated shock wave propagates to interior of
star as well as exterior. The shock wave is followed by strong blast waves which can discharges
plasma particles against the gravitational attraction force in the form of radiation and stellar
winds to surrounding space. The effect of electrostatic potential on the stellar surface of lower

density region can be described using Poisson’s equation.

1

V2 —§/25 = — - psd(F) (2.2)
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The quantities 1/23 = ¥;(1/47), A7 = &kT;/n;q; Debye length is denoted by A, and &(7)
is the Kronecker delta function. The symbol pg represents surface net charge density of the star.
When the surface net charge (i.e., electron layer) is created slowly, the surrounding plasma
response will be Boltzmann-like and we use radial charged particle distribution of surrounding
plasman; (), using Eq.(2.1). The solution of Eq.(2.2) is given by Eq. (2.3) for net electron
number density, n, , that responsible for surface electric field formation.

(F —7y) = ——Te_ o=lF~Fol/Ap 2.3)

477.'80 If—fo I

where, 6r = |r — 1| < Ap represents the thicknesses of net surface charge. The electrostatic
potential that is approximated by Eq.(2.3) is formed due to surface charge separation process.
When ér > Aj, the net charge is completely screened by the surrounding neutral higher density
plasma fluid from below and also surrounded by rare dense plasma from outside, see Fig.2.3.
Thus, ions are injected in to electron cloud stellar layer of minimum temperature region and they
are decelerated non-thermally. Some hot electrons which are emitted from the surface electron
cloud layer that formed radiation and accelerated particle are replaced quickly by the other

injected hot electrons from surrounding due to spontaneous electron diffusion.

Far away from electron cloud layer, the quasi-neutral condition is sufficed at rare density

region of steady stellar surface. However, the non-neutrality condition is occurred due to

depletion of more electrons at maximum radial distance of r, + h, critical layer. Let h be the
maximum charge separation vertical displacement where moving net charges are depleted near
the immobile surface ions. Since heat is transported adiabatically from interior of star to solar
surface, a random thermal fluctuation causes all the electrons to move and pass the ions to reach
the upper cooler surface layer of star faster than thermal ions. The sluggish ions are populated

beneath the separated electron cloud layer. The electron cloud charges on the cold region of solar
surface is given by Q = — %ﬂene [ — r3] which is vacated by surrounding plasma. The position

7y, is the upper boundary of thin electron cloud, CL, while 7, is the lower boundary of electron
cloud layer that is measured from stellar center. The surface induced electric field is given by
E, = Q/4m e, r? evaluated at position on stellar surface. The plasma density of separated cooler
electron cloud, CL, is intermediated between plasma density stellar interior and stellar

atmosphere while its temperature is at minimum value of both interior and exterior. We can
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evaluate the stellar surface electric field at region of 7 > 7, rare dense surrounding plasma. The

surface induced electric field is approximated by Eq.(2.4a) that defines stellar surface nature.

E =L 137 (2.4a)

The Fig.2.4a shows the surface electric field of steadily rotating active star such as our sun in
steady state. The stellar surface induced electric field depends on the separated charged particles
in steady state situation. Fig.2.4b and Fig.2.4c tell us that the surface induced electric field has

non-linear behavior due to variations of surface electron number density and surface ions number

density associated with corresponding position.
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Fig.2.4c Non-linear behavior of surface ions induced instant electric field

The electrostatic potential at the region of thickness his approximated by Eq.(2.4b), and it is

manipulated from Eq.(2.4a).
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1
¢~ —qmh’ (2.4b)

Eq.(2.4b) tells us that the surface induced electrostatic potential has maximum magnitude at
upper boundary of CL in isothermal and steady state condition. The electrostatic energy density
at position 7 of stellar surface given by, €, E2/2, above CL, see Fig.2.3. Here, we have used the

spherical symmetry of non-radial component of space coordinate at equilibrium or steady state
situation. If E} > ED the charged particles are accelerated on the stellar surface due to electron

runaway and ion runaway condition near stellar surface, where F?D, Direicer electric field. We
can evaluate the energy stored in the form of electrostatic field resulting from violation of quasi-

neutrality at steady state or equilibrium condition that is obtained when maximum electron

depletion layer is occurred, CL shell for |ﬁ| & |ry] and r - oo to bring charged particles from

infinity to stellar surface. We get the characteristic work done by depletion layer,
W= Elangeanhz (2.5)
0

where, W, is work done by surface electrostatic field on a charged particle at position 7 inside
the layer where quasi-neutrality is violated. If we assume that the low density plasma of stellar
atmosphere is neutral at a position 7 > 73, the work done on charged particle at solar atmosphere

by surface electrostatic potential is given by the Eq.(2.5) in steady state situation.

2.2.2. Evaluation of net charge layer on steady stellar surface

During stellar surface charge separation process, the instantaneous surface electric field
behind the receding inertial electron is assumed to be produced by the remnant sluggish surface
ions beneath CL. The electrostatic potential energy which is responsible to bring charged particle
or ions from the lower neutral layer behind of electron layer creates a cumulative surface plasma
oscillation. The characteristic charge separation distance between upper boundary of electron
cloud surface and immobile ions of neutral plasma against the gravitational force is
approximated by thickness of net charge, CL, in terms of net electron number density. The
thickness of oscillating electron cloud layer is approximated by maximum charge separation

distance.
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Using Newton’s equation of motion and Eq.(2.4b), we have obtained Eq.(2.6a) in steady
state situation that specifies instantaneous charge separation distance of isothermal layer for

negligible effects of stellar surface rotation coupled with constant dynamic pressure.

1/2

d=178x10"%[d,/n,| "~ Hz™? (2.6a)

The variable d represents characteristic charge (i.e., electrons) separation distance between
nearby charged particle. In Eq.(2.6a) the functiond®,/or = go ~ ®,/d denotes a local
gravitational acceleration at stellar surface. When the star becomes aged, the thickness of
electron cloud became thicker and thicker as surface gradient gravitational potential is so

steepening and surface electron density also increasing slowly.

However, it is difficult to know the true value of net electron number density on stellar
(solar) atmosphere even at static equilibrium or in steady state of surface oscillation. Generally,
we suggest that electron charge separation distance at stratified steady solar surface is
approximated by h ~ 0.3n,~1/2 m, rising electrons are return back due to gravitational force at
the top of CL. From Eq.(2.6a) we can understand that the stellar surface is negatively charged
since the net electron number density is significant. The Eq.(2.6a) tells us that the surface net
charge layer oscillates radially in monotonous pattern under the strong controlling action of
stellar surface gravitational potential. However, if the plasma fluid behind of electron cloud
remains neutral, the work done by the surface electric field to pick up heavy ions in case of
negligible gravitational force is obtained from Eq.(2.4a) that yields Eq.(2.6b) in case of , < 7 <

73, on stellar surface.

W= ——Z g2n2p2pd [i S (2.6b)

ZEO 7o Th

In a steep region of 7, < 7 < 13, the characteristic maximum charge separation distance denoted

by h = 87 inside thin layer of stellar surface in static equilibrium or steady state condition is
approximated by Eq. (2.6a). Evaluating Eq.(2.6b), for 7, «< 7, results Eq.(2.5) that defines
electrostatic potential is varied through net charge cloud layer. The characteristic thickness of
net charge layer can be defined in terms of Debye length. The Coulomb force has been vanished
at a moment due to immobile ion that is balanced by replaced electron spontaneously below the
CL. Here, we use the idea of energy conservation at the upper and lower boundary layer of
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stellar surface electron cloud layer for young star such as sun which has a rare surface electron
density with thickness that is approximated by Eq.(2.7). Equating the thermal electron energy
responsible for charge separation process is balanced by the developed electrostatic potential for
negligible effects of gravitational potential and centrifugal potential leads to find Eq.(2.7).

h = 3.881, (2.7)

To approximate EQ.(2.7), we choose the surface electric field is vanished at dense lower
boundary layer due to effects of remnant ions beneath CL. The radially diffusing electrons from
lower boundary outward are assumed as spontaneously diffusing electrons, suffering several
collisions [154]. However, the initial electron number density and ion number density are the
same at interface boundary of CL before charge separation process is happened. Spontaneous
diffusion of electron is arisen due to transportation of heat energy from stellar interior to surface
in adiabatic condition. Oscillating electron below stellar surface layer gets additional heat energy
and radiation pressure energy. The oscillating electrons gain thermal Kinetic energy and non-

thermal instant potential energy from radiation pressure force faster than ions.

Consequently, those electrons have a tendency of spontaneously diffusing to lower
density region of stellar surface. When we assumed that the electrostatic field at lower boundary
of surface electron cloud, CL, is vanished but the work done by thermal energy of plasma gas
has significant effects, the thickness of stellar electron cloud layer can be approximated in terms
of stellar radius for negligible effects of gravitational force in comparison to electric forces. For
old cold surface star, the surface net charge thickness is approximated by EQ.(2.8) that is
described in terms of stellar radius and electron Debye length before supernova explosion.

h = 3Y*(A,1)V? (2.8)

The Eq.(2.8) indicates that the transformed energy from stellar interior to surface is a mechanism
for formation of oscillating surface electrons. The work done by induced electric field to passes
electron or ion through the thin electron cloud is obtained from Eq.(2.4a) by integrating along the

thickness of electron cloud layer yields Eq.(2.9) given by polynomial function form.

w = 2.0 X 107%7n? ErS —1dr? + groS] Nm? (2.9)
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From EQ.(2.9), we can understand that work done by charged particles at lower and upper
boundary layer of stellar surface electron cloud is vanished. Equating the work done on charged
particles passing through surface electron cloud that is described by Eq.(2.9) with the thermal
kinetic energy at lower boundary layer of CL, and using the idea of unspecified boundary

condition of stellar surface net charge, we get the following polynomial function.
rS — 15223 = 5312 + 413 + 152218 = 0 (2.10)

The Eq.(2.10) describes oscillation of surface net charge due to generation of instantaneous
electrostatic field introduces non-linear effect. We assumed that the surface electric field is self-
consistent that is produced at isothermal electron layer, CL. The specified Egs.(2.7), (2.8) and
(2.10) describe thickness of thin surface electron layer for negligible gravitational force in strong

charge separation process that violates the quasi-neutrality condition of surface plasma.

However, the lower, beneath boundary layer of position at 7, the net charge is most
probably vanished. In this special case, if we integrate along radial distance above surface of
neutral plasma from 0 to h we get the Eq.(2.10) itself expecting with spontaneous generation of
surface electric field and spontaneous electron plasma diffusing radial out. The terms containing
Ae In EQ.(2.10) is vanished since A, < 1, for negatively charged stellar surface of young star
(sun). Thus, Eq.(2.10) is reduced to the polynomial terms given by r° — 5r8r? + 41y = 0 for
work done by charged particles passing through surface electron cloud is zero. This shows that
the stellar surface is wrapped by neutral plasma and the surface charge separation is
instantaneous for young star (sun) that is G2 group mean sequence stars. If the instantaneous
charge separation process is continuous on young stars, sudden stellar explosion (supernova

explosion) is inevitable, due to instantaneous volume charge separation process.

2.2.3. Convection motion of photosphere plasma

As we see in section 2.3 and 2.4, the surface of the star (sun) is not smooth enough. In
reality, it is characterized by inhomogeneous plasma dynamics properties, such as plasma
turbulence, plasma convection, dynamic prominences, oscillating magnetic flux and
granulations, see chapter 1, section 1.5 and 1.6. From ground based and space born telescopes,
we observe that solar surface bright granules are separated by darker inter-granular lanes. The

structures appear to have dimensions of the order of about 5 x 10°> km in diameter and therefore
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can only be recognized under conditions of very good seeing [71, 83, 155]. There may be even
smaller structures which we cannot resolve because of the atmospheric seeing and because the
solar observation satellites so far do not have mirrors large enough to resolve such small-scale
structures. The bright regions motions, measured by the Doppler shift, are mainly directed
outwards; while in the dark inter-granules the motions are mainly downwards. These motions in
the solar convection zone are believed to be the source of the mechanical energy flux which

heats the solar chromosphere and corona.

The surface plasma convection makes the surface net charge density enters to non-
homogeneity situation. Before we develop the stellar explosive model, SWIF model, on stellar
(solar) atmosphere, we will discuss briefly in sections 2.6 - 2.8, the nature of stellar surface and
the reason for photosphere convection, the velocities expected to be generated by convection,
and how the mechanical energy flux is generated by these motions as expected to vary for
different local regions.

At the convection region heat is transported by hot
plasma parcels from interior to surface. As plasma at
lower region of convection region gets hotter, eventually
the plasma starts to churn and turbulent may occurred.
The hot plasma from the lower region of convection zone
rise upward, while the cold plasma at the top falls toward

the lower region of solar convection zone. The plasma
Fig.2.5 structure model convection process below the solar photosphere is
assumed in adiabatic process. No heat is gain or loss

from plasma elements during plasma convection process interior of star.

2.2.4. Adiabatic temperature gradient of uniformly rotating surface

The stellar photosphere is the visible layer of uniformly rotating layer where photons last
interact with neutral particles, ions and electrons before escaping from the star (sun), see chapter
1, section 1.7. The temperature profile of stellar photosphere depends on plasma density
stratification and plasma dynamics of local system coupled with strong surface charge separation

process, see chapter 2, section 2.3. The average temperature of upper layer of solar photosphere
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is approximated to 4200K and the lower layer of photosphere has 5800K in general based on
stellar thermal particle distribution [107, 156]. At the stellar convection zone, we assumed that
the plasma behaves adiabatically on short time scale. A parcel of plasma along stellar radius
moves to a different radius adiabatically. We assumed that the parcels of plasma are also at the
same pressure as their neighbors, because any difference in pressure will lead to compression or

expansion until the pressure balance.

Assumed that the ideal plasma is in convective process below upper boundary of
photosphere, CL, it obeys the dynamic pressure is given by p = RpT /7 at local position 7. The
quantities p, p, T and R represents plasma dynamic pressure, plasma mass density, temperature
and plasma gas universal constant respectively. If we move the parcels of plasma upward a small
radial distance &r = dr, the change in pressure fulfills the adiabatic condition and no effective
temperature fluctuation during plasma convection beneath photosphere. We assumed that the
compression is uniform, n is constant, molecular weight of ion or gas. The effects of particle
collision frequency and plasma viscosity coupled with centrifugal surface force and Coriolis

force may play a crucial role on radially moving out convective plasma. We assumed that the

convective stellar surface is rotating about its axis at constant angular velocity, Q, independent of

radial and azimuthal position and time, the same as rotation of solid body.

However, if we consider the convective solar layer is thick enough, the rotational velocity
becomes position and time dependent 2(X,t) interior of the gaseous star. This differential
rotation is beyond our scope here, since we have focused on thin plasma surface layer that
interacts with stellar atmosphere. Using the above aforementioned assumption of adiabatic
process, beneath the surface of rotating star, surface plasma convection in the absence of
magnetic field suffices the adiabatic condition given by Eq.(2.11a) that describes the plasma
kinematic properties at steady state situation. The Eq.(2.11a) is verified from Newton’s 2" law

motion of convective surface of uniformly rotating star in steady state situation.

dT _ d Ty|d |1 2  qj¢ 1 . 2u
(—)ad = (y—1)TE(lnpj)—¥j[—[5vj +-=+ @y — - 0%r?sin’ 0 —(v—zfz)vj+r—zvj],

dr ar m;

(2.11a)
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where v, u, v; and ¢; represents particles collision frequency, kinetic coefficient of plasma fluid,
convective velocity and acoustic velocity. The subscript j denotes the plasma species of electron,
ion and neutral. All physical quantities are radial position dependent except the surface rotational
velocity that may be described as polar position dependent. The global effects of collision and
viscous terms in Eq.(2.11a) dot not violate the adiabatic condition below stellar surface but leads
to adiabatic heating in steady state. Considering the stellar surface plasma as supper fluid, the
Eq.(2.11a) of adiabatic condition can be expressed by Eq.(2.11b) so as to fulfill the adiabatic
condition of convective photosphere in the absence of viscosity.

ar\y  _ o, - DTL N_Ir|o |t 2 4P _1p226n020] — () — .
()ad—()f l)Tdr(lnp]) Cszj[ [Zvj+ + @, — 2 0%r?sin? 6| — (v — 20)v;

dr or m;

(2.11b)

For surface incompressible and collision-less neutral plasma of rotating young star, the adiabatic
condition of stellar surface is described by Eq.(2.11c) for steadily uniform rotating surface.
(Z—:)ad =y - 1)T% (Inp;) — % [% [GTM — %.erz sin? 0] + 2.(217]-] (2.11c)
Using adiabatic equation of state, the term (dT/dr),, is adiabatic temperature gradient while
dT /dr is the temperature gradient. We use the equation of equilibrium balance dp/dr, because
we assumed that the pressure of rising high conductivity plasma fluid is the same as the pressure
of its neighbor which are in steady state or hydrostatic balance during the plasma convection
process. The term g = Gm/r?, represents a local gravitational acceleration of the static star.
When the stellar convection zone has a temperature gradient equal to adiabatic temperature
gradient, then as the parcel of plasma fluid rises or falls, its temperature changes exactly as the
same way as the background temperature. Since the rising parcel of plasma has the same

temperature and pressure as its new surroundings, and it has the same density and thus nothing is

really changed by the motion.

Moreover, the adiabatic process is violated on stellar surface [157]. The solar surface is
specified by wave-particle interaction principle and emanating of light waves due to Thomson
scattering process [158]. Instability of local stellar surface plasma leads to formation of solar

explosive events, CMEs and oscillations of magnetic flux tubes.
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2.2.5. The Brunt-Vaisala like Frequency of rotating surface

Now consider what happens to the rising parcel of plasma of uniformly rotating star if the
temperature gradient of the convection surface plasma is not equal to adiabatic temperature
gradient, (dT /dr),4 beneath the upper stellar surface. We start with a parcel of plasma that is at
the same pressure, density, and temperature as its surroundings and small perturbation is
occurring upward by a distance dr~6r of weak magnetic field region. It stays at the same
pressure as its new surroundings, but it is at a different temperature, and therefore a different
density. If the parcel of plasma is initially at a density p;,(7y) = pe. (1) after it rises a distance
Sr its new density is p;,, () and p,,(7) for density of plasma inside the plasma element fluid
and its exterior respectively. Since the parcel of plasma is in adiabatic process during plasma
convection, the Bruit-Visalia like stellar surface plasma frequency N of uniformly rotating star is

given by Eq.(2.12) for p; = p, see below.
N2 :E(d_p_id_p) (2.12)

where H is effective surface gravitational acceleration of uniformly rotating stellar surface and
its value is also real. The effective surface gravity of uniformly rotating star is given by Eq.(2.13)
in cases of negligible collisional and viscosity terms for compressible surface plasma.

H=-2|1v?+ % + @y + 207 sin? | — 20y, (2.13)
At equilibrium situation the upper layer of uniformly rotating stellar surface is negatively
charged due to strong charge separation mechanism in steady state situation, see Chapter 2,
section 2.2, and 2.3. The Eq.(2.11c) is more probably applicable for incompressible high
conductivity convective surface plasma fluid in connection with small perturbation that specifies
the adiabatic plasma convection process below stellar surface, CL. The upward displacing parcel
of plasma fluid is expected in adiabatic condition while the surrounding plasma is not necessarily
adiabatic. Now, that we have computed the difference in density between the parcel of plasma
and its surrounding plasma, consider what this implies about the forces on that moving parcel of
plasma. The parcel of surface plasma fluid feels the gravity, and buoyancy force in connection

with centrifugal force, Coriolis force and surface electrical force on the convective surface of
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rotating star. The buoyance force is the difference in pressure between the photosphere and its

lower region of convection plasma.

As we have investigated before, when considering homogeneous perturbation, the
behavior of the solution depends on whether the term inside square root is positive or negative,
corresponding to a real or imaginary value for N given by Eq.(2.12). If N is real, the solutions
are oscillatory, and the system is stable. When N is imaginary, the solution is corresponding to an
exponentially decaying or exponentially growing mode, and the system is unstable. When N is

real then the differential equation for dr looks like a harmonic oscillator, in the sense that the

force —H (22 - 12 gr is opposite to the displacement. It therefore constitutes a restoring
dr c2adr

force, which pushes the system back to stability. The value of (Z—‘: — C%Z—i) in turn is determined
S

by the balance between gravity and buoyancy in connection with centrifugal force and Coriolis

o |d d : -
force, with |d—f — Cizd—ﬂ < 0 corresponding to the case where gravity is stronger. As a result, we
S

get a real value for N, and any displaced fluid element just oscillates, moving up and down. If the

condition |d—p—id—p| > 0 fulfills that the net force is at same direction as the displacement

dr cZdr

vector field.

Physically, what is going on is that a parcel of fluid plasma rises and expands because it
is at higher pressure than its surroundings. Although gravity wants to pull it back down, its high
pressure makes it expand so much that it experiences a large buoyancy force that is stronger than
gravity. The net force is therefore upward, and the parcel of plasma accelerates further up. This
IS an unstable situation, hence N is imaginary. This physical interpretation makes sense if we
examine the terms inside the square root, and recall that dp/dr and dp/dr are both negative. If
dp/dr is very big, then the system is unstable. This is because the value of dp/dr determines
how much the rising plasma element expands, and thus how large the buoyancy force. If dp/dr
is very large, the system is stable. That is because dp/dr measures how much denser the rising
plasma element is than its new surroundings, and thus how strongly gravity wants to pull it
down. Thus, we have derived the condition for stability against convection. To determine the
nature of Bruit-Vaisala like frequency, N, we use two kinds of assumption which determine the

stability and un-stability of system during adiabatic convection process of high conductivity
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plasma fluid of uniformly rotating stellar surface, the interpretation corresponding Eq.(2.12) is

described as follow.

ap 1dp
L2 > |52
dr c? dr

|, the value of N2 > 0 for positive value of effective surface gravity H, the

value of N is real and the motion is oscillatory due to the responding force of effective
gravity, it is neither amplified nor damped. The fluid element experiences a negligible
displacement from the equilibrium level r, of stellar radius. The medium is stable with
respect to convection.

1 dp

= | the value of N2 < 0 for positive value of effective gravity H and the value

d
2. |—”| < |5
ar cs dar

of N is imaginary. The medium is unstable with respect to convection, and plasma

elements are rising continuously or sinking to the deeper region of stellar interior.

2.3. Surface Convective Stability and Adiabatic Temperature Gradient

Now, we have determined a condition for stability in terms of the gradients of pressure p,
and gradients density p, but it is helpful to instead phrase things in terms of temperature, because
this allows us to see how convective stability relates to the adiabatic temperature gradient, we
derived a moment before, see Egs.(2.11a), (2.11b) and (2.11c). For stellar surface plasma of
uniform composition, in the sense on non-adiabatic surrounding high conductivity plasma, the

stability condition of local system against surface convection of neutral plasma is specified as

Z—i > (y - 1)T%(lnpi — :—S;; [aa_r Evjz + P, — %.(221”2 sin? 9] - (v—-20v; + i_l;vf] (2.14)
In Eq.(2.14) terms containing collision and viscosity may leads to violation of adiabatic
condition at local region if surface shock wave is developed. The right-hand side Eq.(2.14),
however, is just the adiabatic temperature gradient for uniform effects of collision and viscosity
in sense of kinetic theory at local system. Thus, the criterion for no convection is that
(dT/dr) > (dT /dr),q4 is given by Eq.(2.14). Thus, this equation means that a system is stable
to surface convection as long as the true temperature gradient is less negative than the adiabatic
temperature. To avoid confusion, it is common to take the absolute value of both sides, which,

since both sides are negative, gives
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daT
dr

daT
dr

(2.15)

ad

Thus, the system is stable against convection as long as the actual temperature gradient is
shallower than the adiabatic temperature gradient. Equivalently, the condition for surface

dlnp

convective stability can be written as I

> # beneath the stellar surface for non-rotating

static star. The star within which the temperature gradient is steeper than the adiabatic
temperature gradient is said to be super-adiabatic. What we have shown is that super-adiabatic
temperature gradients are convectively unstable. Finally, it is important to point out that this
analysis is for regions of a star dominated by plasma pressure. It can be extended to include
radiation pressure in a fairly straightforward manner, and this extension can be important in the
centers of massive or evolved star where radiation pressure is important. The general result is

that, if radiation pressure is important, surface convection is more likely.

2.4. Effects of Convection Motion on Rotating Surface Plasma

As a first step toward this, let us consider where convection is likely to occur under the
rotating stellar surface. To do this, it is helpful to write down the temperature gradient that is
produced by radiation alone at solar photosphere upper boundary, and compare it to the adiabatic
value. If there is no convection beyond stellar surface, then the temperature gradient is given by
Eq.(2.16), we have already derived from hydrostatic surface condition of non-rotating star.

ar _ _ 3 keP Fraa (2.16)
dr 4ac T3 4mr? ’

where F,.,4 is the flux carried by radiation, which need not match the total flux if convection is
occurring. The propagating heat flux is independent of stellar surface rotation as far as collisional
effect is balanced by viscosity effects. Note, here we define F as the heat flow, which is the heat
flux time 4mr? if we neglect other fluxes. The convective stability condition that dT/dr
> (dT/dr)ad defined by Eq.(2.14) corresponds to Eq.(2.15) therefore implies that

< |(]/— 1)T%(lnp) —ﬂ[i[lvjz + @, —%erz sin? 6] - (v - 20 +i—f)vj]|

3 _pcd ke Fraa 1
c? ldr 12

4ac (y—1) T* 4mr?

(2.17)
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Above the stellar surface, since plasma collision and viscosity are negligible, the viscosity and
collision terms are vanished in Eq.(2.17) but the Coriolis terms may not be vanished. The surface
convection begins if this inequality of Eq.(2.17) is violated. In practice, it is violated in many
situations. First, if the surface stellar opacity (k.) is so large, the inequality is violated, see
Eq.(2.16). Physically, this occurs because a large opacity means that temperature gradient must
become steep to carry the same heat flow at deep stellar photosphere or convection zone. The
star responds, by developing a steeper temperature gradient until it becomes so steep that it
exceeds the adiabatic gradient, at which point convection starts. Since the stellar opacity (k)
generally increases with decreasing temperature, this situation occurs most commonly in the

cooler outer parts of stellar photosphere than in its interior.

We expect the hydrogen ionization region in the star to be highly convective, see chapter
1 at section 1.6. Again, this occurs fairly near the stellar surface, since the deep interior is fully
ionized. If the energy generation rate in the star is very sharp function of temperature, then the
flux, F, rises rapidly as 7 approaches to smaller inside a star near to radiation zone. This large
heat flow at a small radius leads to violation of the inequality. This may happens only in the
center of the star, and only if the nuclear reactions are very sensitive to temperature, e.g. the
CNO cycle or the triple-a process. In the star, since the p - p chain dominates, the other type of
convective instability doesn’t occur. The center of star is convectively stable while the outer

surface of star is convectively unstable.

2.5.  Convective Energy Transport beneath Stellar Dynamic Surface

In region interior of star where convection does not occur, it can transport energy in
addition to radiating diffusion. This will modify the stellar structure equations, since the equation
for dT /dr is derived based on the assumption that transport is entirely by radiation at solar core
and solar atmosphere for negligible stellar magnetic field energy. We therefore need to
understand how much energy is carried by convection beneath the solar surface. To determine
that, we can return to our picture of surface convection as a parcels of material rising through the
star, being driven by buoyancy force that dominates over gravity. The parcel of plasma rises
adiabatically until it spreads out and mixes with the surrounding material, delivering its heat.
This process of hot plasma element rising and then mixing with their surroundings is what

carries the heat flux in a surface convective region, and it is that flux we want to calculate.
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In this picture, the sun has some temperature gradient, dT /dr, which is more negative
than the adiabatic gradient (dT/dr)ad defined by Eq.(2.17) may be for negligible collisional

and viscosity terms. Thus when the plasma element rises a distance, 6, the plasma surrounding
it has decreased in temperature by an amount dT) = Z—:dr for non-adiabatic surrounding. The
parcels of plasma, on the other hand, are adiabatic until the point where it stalls and mixes with
its environment. Therefore after plasma element rises a distance, ér, its temperature changes by
an amount dT®) = (dT/dr) ,4dr for incompressible ionized plasma below stellar surface. The
difference in temperature between the parcels of plasma and its surroundings is therefore given
by 6T = §((dT/dr),q — dT /dr)dr interior of the star. The instantaneous temperature of
convection plasma of rotating stellar surface is approximated by Eq.(2.18) in steady state
situation.

T(r) =T, exp {—(V;I) Inp; — 5 [Evjz + @, - %.erz sin? 9] - (v =20yl + %,uvj] + c}

2c2
(2.18)

The integration constant ¢ is determined using boundary condition at steady state situation and
radial characteristic convective distance given by [ at convective surface. The quantity
6((dT/dr),q — dT /dr) that we have defined is a measure of how super-adiabatic the plasma.
At 6§(dT/dr) = 0 the temperature gradient is adiabatic and convection shuts off. Now suppose
that a hot, rising parcels of plasma travel a distance dr = [ before it fully mixes with the
surrounding plasma and gives up its thermal energy. As the parcels of plasma mixes at upper
boundary surface of photosphere, the amount of energy per unit parcel or plasma element
volume that it transfers to its surroundings which is approximated by 6q = pc,6(dT /dr)l as.

8q ~ —c,pTIn (Tio) + cppT [(yy;l)ln (ﬁ) - [1 v} + @y — %.(221”2 sin® 6 — (v — 20)v; + %,uvj] + c]

Do c? 2
(2.19a)

where, c¢,,, is the specific heat capacity of the plasma at constant pressure. For an ideal
monatomic plasma, ¢, = (5/2)(R/n), but we leave the expression as c, because in surface

convective zones where ionization is important one must use a value of ¢, that accounts for
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ionization energy. This is the heat per unit volume carried by one parcel of plasma. If we want to
know the heat flow associated with the collective motion of all the rising parcel of plasma in the
star, we must multiply by the average speed with which the plasma elements move and the area
through which they move has fluxes described by Eq.(2.19a) as follow in steady state.

F. = 4mrpc, [(y - 1)T% (Inp) — g [% E v} + @y — %.erz sin® 9] — (v -20 - i—g) vj] — Z—:] 17,

(2.19b)

If we approximate the characteristic small vertical convective distance is [ and the corresponding
characteristic surface convection surrounding temperature is given by T in Eq.(2.19b). This
expression gives the convective heat flow on the rotating surface of star, which must be added to
the radiative flow to find the total surface flux. The remaining steps are to evaluate [ and v, the
characteristic distance that plasma parcels get before dissolving, and the characteristic velocity

with which they rise.

Unfortunately at this point we lack a “spherically symmetric” theory of surface
convection that would tell us with certainty. Instead, we are forced to use an empirical
approximation called Mixing Length theory [11, 159]. This is right at the order of magnitude
level, and mostly tells us what we need to know; but it is definitely not complete. Getting a better
understanding of how convection really works is a major challenge in 3D time-dependent fluid
stellar dynamics. The first approximation of Mixing Length theory is to guess that the typical
distance that a surface convective plasma travels before breaking up is set by the condition that
the pressure change significantly, so that the parcels of plasma must expand significantly to stay
in pressure balance. As long as the parcel expands by a small amount, it should survive, but once
it has to roughly double its volume, it should break up. To make this definite, we use the
equation of hydrodynamic balance in steady state of stellar photosphere coupled with constant
surface rotation that is described by Eq.(2.20) in steady state situation.

dp 2u
~ = ~Pgerr — P (v — 20— —) V; (2.20)

r2

As we go away from stellar interior to surface with constant plasma viscosity, the
viscosity term on the right hand side in Eq.(2.20) is vanished. This leads us to neglect the effects

of plasma viscosity at stellar surface. The acceleration of surface convective plasma at
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photosphere given by EQ.(2.21) is the consequence of interior stellar dynamics. The
99

quantity gesr = % Evz + =+ P — %erz sin? 9] is radial component of local effective

surface gravitational acceleration that we have defined for convenience and g is net charge.

We are interested in the distance dr that one must travel before the change in pressure
dp is of order p, we can approximate the scale height of stellar dynamic convective plasma
Ipl/|—p[(v — 22)v; + gesf]| = h, Where h, is local scale height of convective plasma from
below stellar surface. The instantaneous electrostatic potential is vanished beneath electron cloud
layer, CL, due to quasi-neutral nature of hot conducting plasma. Thus, we expect a change in the
dynamic pressure of order unity when dr ~ p/(pgery) in the absence of viscosity and collision
and we define this quantity as the pressure scale height, considering the first basic assumption of

Mixing Length theory is that [ ~ h, below CL. To make it formal, we writel = ah, =

ap/l—pgeff + Zvar| where, « is a dimensionless parameter of order unity that represents our
ignorance. The second thing we need to approximate is the velocity of the convective parcels of

plasma v, of photosphere.

To estimate this, recall our equation of motion for the parcels of plasma, which we have
used in deriving the Brunt-Vaisala like frequency to specify the raising or lowering plasma
acceleration in non-steady state condition suffices the azimuthal and polar symmetry in spherical
coordinate. The convective acceleration of rising plasma element is approximated as

G _2P s 212,99 _102026in20ld — (v — 20 — 22 pp
a=—-f ah[zv +m+cbg 2.Qrsm H]r (v 20 rz)vr (2.21)

The vector field ais inertial acceleration of moving up plasma elements from below. The
quantity on the left-hand side is the inertial acceleration of the moving parcels of plasma. Since
the acceleration decreases along increasing distance of [, we make a simple assumption that the
characteristic acceleration is given by its value at the point halfway between the final and initial
points. However, acceleration due to Coriolis force remains constant or it may depend on radial
velocity field. The horizontal plasma motion under the stellar photosphere has negligible
acceleration compared to radial plasma motion under CL. The velocity of parcel of plasma at the
terminal point (i.e., at the solar surface or upper part of convection zone) is given by simple

formula of Eq.(2.22) so as to specify the average raising dynamic convective velocity.
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. 1 . 1 1 1 1z
U, =2 [5.(227*2 sin? 6 — ;csz — Evjz — % — Py —-(v— ZQ)vjah] a (2.22)

This is a good calculation in simple way to understand how plasma convection process is
working in stellar convective surface. The convection surface has a significant effect on the
stellar explosive events such as solar flares, solar winds and CMEs, prominences and other active
phenomena [160]. Small perturbation of stellar surface plasma is the source of stellar activity
energy. Convection instability condition is violated at the solar surface during small perturbation
of surface plasma. Plasma flows horizontally as well as vertically on observable solar surface
region [161, 162].

The motion of plasma at the photosphere is specified by two conditions. The first
condition is motion of partially ionized plasma at weak magnetic field region, properties of a
local region is controlled by hydrodynamic system as a view point of macro-system associated
with particle kinematics and particle wave interaction (i.e., non-linear waves). The second
condition is that a local surface of star is highly dominated by magnetic field; this local region is
described by magneto-hydrodynamics and charged particle kinematics in connection with
particle-wave interaction. From Eq.(2.19), we can understand that the heat flux may penetrate the
local part of solar surface as a large heat flux flow from the lower region of solar convection
zone through a thin column of hot plasma region to solar photosphere. When the quantity of
change in temperature gradients §(dT/dr) is extremely steeping at the local solar surface, the
surrounding plasma particles absorb heat energy and this local plasma is extremely heated and
hot plasma can flow from photosphere to chromosphere is observed from SOHO, LASCO and
SDO... etc [63, 163 - 165].

When the change in temperature gradient is vanished §(dT /dr) ~ 0 at the solar surface,
the photosphere has a minimum constant temperature of about 4200K and the local region is
characterized by its convection amplitude associated with surface oscillation. In this condition,
convective heat flux is negligible and the adiabatic condition does not violated near the solar
surface. However, in reality the adiabatic process is violated at stellar surface due to dynamical
nature of stellar surface plasma perturbation and non-radial surface oscillation coupled with

wave propagation (i.e., non-linear wave interaction).
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2.6. Stellar Surface Induced Magnetic Field

The stellar mechanical equilibrium is a necessary condition for stable stellar luminosity
and surface temperature over long periods of time approximated to 5 x 10° years [166]. This is
a fundamental property of the star, implying the exact balance between the gravity force which
attracts the matter (i.e., plasma) toward the center and the force due to the thermal pressure,
which resists gravity leads to thermal equilibrium of self-gravitating ball of plasma in space. Any
tendency from this equilibrium situation will immediately lead to a strong reaction for restoring
the habitual equilibrium state of local system. If there were no fast radial and non-radial motion
of plasma interior of star, we would have a situation of hydrostatic equilibrium or magneto-static
equilibrium. The internal pressure gradient is balancing the gravity everywhere interior of star.
Initially we assumed that at equilibrium, the solar photosphere is stratified partially ionized
plasma at nearly isothermal condition with scale height of h = kT/g.;sm at constant
gravitational force below the CL. The thermal plasma dynamic pressure on the stellar surface is
discontinuous. There could not be significant interaction with its surrounding vacuum. On other
hands, the gravitational potential is completely dominant over the thermal plasma potential at
stellar surface. In hydrostatic equilibrium or magneto-hydrostatic equilibrium stellar plasma

particles (i.e., electrons, ions and neutrals) are well stratified.

We assumed that plasma pressure, temperature and density profile depends only on
stellar radius due to symmetry condition at equilibrium situation. As we go radially outward
plasma pressure, temperature and density are decreasing up to solar surface boundary [69, 167].
Let we assume the solar surface is a thin plasma layer of isothermal surface in steady state
situation. The stellar photosphere plasma is assumed to be partially ionized plasma. The heavy
plasma particles (i.e., ions and neutrals) are more attracted than the lightest plasma particles;
electrons by solar gravitational force on its surface, see section 2.2 and 2.3. As the heavy plasma
particles are attracted by gravitational force, the fastest hot electrons are ascending towards
surface against gravitational force instantly and finally may be radiated. More electrons are
populated on solar surface instantly; see section 2.2, 2.3 and 2.4, chapter 2. Generally, hot

electrons are migrating to solar surface by passing away relatively immobile ions and neutrals.

The intense instantaneous surface electric field creates instantaneous steady electric
current. Electron number density is much higher than ion number density and neutral number
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density on the upper thin layer of stratified solar surface in steady state while ions and neutrals
are settled beneath the thin net charge layer at equilibrium condition. The upper cold stellar
surface is assumed as isothermal plasma boundary surface, CL, with its minimum temperature
distribution. It is expected that electrons, ions and neutrals are in thermal equilibrium at stellar
surface with discontinuous plasma pressure beyond it. The surface condition in thermal
equilibrium is given by |—p(gess + (v — 202 — 2u/7r?)v;)| > |Vp|for isothermal surface
plasma. However, the static stellar surface is negatively charged surface due to migration of hot
electrons and strong instantaneous surface charge separation process. Instantly separated hot
electrons on stellar surface are replaced by another migrating electrons because of electrons

plasma diffusion spontaneously from interior to surface.

The radiating active star uniformly rotates with polar dependent angular surface velocity,
0 about its rotational axis. Surface differential rotation is observed on the star with angular
velocity varies with latitude [168, 169]. The solar angular velocity decreases with increasing
latitude. The expected mechanism for differential rotation is a turbulent convection inside the

star. The difference in angular velocity between solar pole and equator is given by A = ﬁp -

0.4, Where 0, and £, are the polar and equatorial surface angular velocity. In real situation the
stellar differential rotation is coupled with the solar surface oscillation, surface convection is

influenced by steep gradients of magnetic field, see chapter 3, section 3.3 to 3.6. However, we

may assume that the stratified solar surface is in differential rotation where 5(9), the surface
angular velocity is functions of polar coordinate only. The surface rotation reduced the plasma

pressure on the isothermal surface.

An instantaneous surface current is created due to radial electrons migration from interior
to surface and solar surface rotation. The equation of motion for rotating stellar surface in steady
state equilibrium situation becomes non-linear term due to presence of plasma viscosity at
stratified stellar surface. The viscosity terms introduce the second order differential equation of
high conductivity plasma which makes the process is complex. Reducing the nonlinear
momentum equation in to its linearized form enables us to predict the effective radial surface
current j.r¢ of the uniformly rotating stellar surface. The effective steady surface current is

arisen due to the migrating charged particles from stellar interior to surface followed by strong
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charge separation process at CL, centrifugal force, steep electron density gradient and steep

electron velocity gradient of surface plasma. The radial steady surface current is verified from

J = q;n;(v; — v,) over the relatively immobile ions and neutrals of surface plasma. Here, we use

radially migrating electrons governed by diffusing process against collisions, viscosity, coriolis
and gravitational force in steady state.

oy =~y [ e[ 0T e 0T A faM e i g
Jefr = —4N; o (v—20) ar+mjnj(v—zn) Tj5 - +ni5- +CkBT] ol "oz 2 + Q°rsin“ 0|7

(2.23)

At the stellar surface, when instantaneous electric field is effective for viscous-less surface
plasma fluid, the radial velocity component of electrons and ions is determined using the
boundary condition at lower and upper electrons cloud layer boundary in steady state [170, 171].
The radial effective current generates non-radial micro-magnetic field on the stellar surface. This
induced surface micro-magnetic field may be much weaker than the stellar force free magnetic

field which is emerged from stellar interior.

Using Ampere’s law, the induced micro-magnetic field is obtained from Eq.(2.23) that
described by Eq.(2.24) of non-radial surface induced magnetic field. When we use the condition
that B, is independent of 6 and ¢ and By is also independent of 6 from Eq.(2.23) the surface
micro-magnetic field is obtained as purely non-radial surface induced micro-magnetic field for

B, is constant.

Uirm

qu-njr i) kpq;r [

oT; | 4oe 3%] qjn; [
mj(v-202) ar ~ m;(v-20)

408 GM 2 n2..2|| g A
ar  ckg J or (v—20) +3Qr]]9+34"p

T

§=4ﬂ0

(2.24)

The surface induced non-radial magnetic field inhibits the radial motion of stellar charged
particles. It prevents electrons and ion from dispersing to its environment against gravity. If the
star were fast rotating, small radius and aged enough, the surface induced magnetic field
becomes so strong and its magnitude could be comparable with its force free surface emerged
magnetic field. When plasma collision frequency is the same with stellar surface rotation

frequency, there could not be induced micro-magnetic field on the stellar surface. When electron
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collisional frequency is approximated by stellar angular frequency, our idea fits with the current
model of solar magnetic field [172 - 174].

However, our investigation of non-radial purely surface magnetic field is the minimum
requirement for stellar surface plasma to persist for long time rather dispersing its material to
surrounding high vacuum potential against local gravity of star. This idea is clearly shown from
Egs.(2.24), (2.25a) and (2.25b). If we consider the liner term which contains viscosity and
velocity gradient is not vanished, by solving the first order differential equation for radial
velocity and using Ampere’s law, the surface induced micro-magnetic field is investigated by
Eq.(2.25a), that is more complex at steady state.

B = 4u, [q]n]r expf{ (v — ZQ)mJnjrdr} [f expf{ (v — 20)mn;rdr }[anjra_¢ +

2u  or
kpr 6nJ aTJ 38’]"] m]n] G_M E 2 2 N R
u(Tfa tn Jar+ckBTJ ar) 2u (r +3Qr)]dr]+c]0+3¢<p (2.25a)

The integration constant ¢ in Eq.(2.25a) is determined using boundary condition in steady state.

We use the assumption of that if ——J >> J for steep velocity gradlent — — 0 we have gotten

Eq.(2.25a). From Eq.(2.25a) we can understand that even if plasma collision frequency is the
same as surface rotational frequency, the surface induced magnetic field is inversely proportional

to coefficient of kinetic viscosity as we see in Eq.(2.25b).

B _ . ajnjr 9 Tk_B( ony 3T1 40¢ 33T1) min; (GM | 2 52 2) )
B—4u0[q]n]r[f[ 2u 6r+2u Tjar+ ) +ckBTJ or 2u (r +3.Q7" ]dr]+c]0+

B, (2.25b)

We assumed that stellar surface radiation may be thermal radiation and non-thermal
radiation. The source of non-thermal radiation could be the presence of intense magnetic field
and production of shock waves because of particle-field interaction. The Eqs.(2.25a) and (2.25b)
have non-vanished magnetic field due to steep electron velocity gradient when v = 20 condition
is sufficed. For constant electron mass density flux is balanced by ion mass density flux of
plasma elements on stellar surface, n; ~ 5.44 x 10~*n, (i.e., equal electrons mass flux and

hydrogen ion mass flux) at steady state situation.
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Considering that ions and neutrals are relatively at rest, the dynamic pressure is
dominated by surface electron pressure. If the surface electron mass flux is the same with ions
mass flux, the quasi-neutrality condition is strongly violated. In steady state situation, the stellar
surface can produce static non-radial magnetic field see Egs.(2.25a) and (2.25b) on the stellar

surface. This provides the evolution of surface magnetic field on the stellar surface. From

Maxwell’s equations pgj = Vx BandV-B in connection with MHD and kinetic theory, the
effective radial current induces micro-magnetic field. The induced surface magnetic field may
create a discrete bundle of magnetic flux tubes. The radially migrating surface electron current
generates instantaneously micro-magnetic field exterior of star, see Egs.(2.24),(2.25a) and
(2.25Db) at steady state. The strength of static non-radial micro-magnetic field is determined by
the evolution of surface electron number density gradient, temperature gradients, surface

gravitational potential, surface electrostatic potential, centrifugal and surface Coriolis force.

2.7. Oscillation Mechanism of Rotating Surface of Young Star

Surface of young stars like our Sun is characterized by rare dense electron cloud in
monotonous steady state situation. Thus, the thickness of electron number density stratification
manifest the age of the star, see section 2.2 in chapter 2. Initially, we considered that electrons
on stellar photosphere are separated and precipitated at outer cooler layer and creates
instantaneous radial electrostatic field. The diffusing electrons take several seconds to reach the
cooler stellar surface layer. At nearly isothermal radial height scale, hot electrons slightly move
radially outward against gravitational collapse and supported by centrifugal forces while ions are
also slightly moving to center of star due to gravitational attraction force and effects of
centripetal forces, see section 2.3 and 2.4 in chapter 2.

High dynamic pressure gradient is created at small local region due to strong
instantaneous charge separation process associated with plasma collisions. Due to
inhomogeneous surface plasma motion, a local low density cavity is created. A temperature
fluctuation is also created in small local cavity. If this kind of cavity is formed at deep interior of
the star, a nuclear reaction may be performed due to production of high temperature fluctuation
at extremely high density plasma. The effect of local heat fluctuation interior of the star provides

global stellar p-mode oscillation in young star (sun).
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2.7.1. Stellar surface oscillation

The stellar (solar) surface oscillates in non-radial harmonic oscillation mode
monotonously throughout its life. Several observations and researches have been carried out on
the young star (sun). The expected main mechanism for surface oscillation is a small
perturbation in dynamic pressure interior of the star associated with generation of magnetic
fields. Currently, several thousand individual stellar (solar) harmonic oscillation modes have

been identified [167, 175].

It is expected that with more careful observation, frequencies for
as many as 10 modes can be determined precisely. Even given

likely advances in observations of other pulsating stars, this would

mean that more than half the total number of known oscillation
Fig.2.6 Non-radial stellar surface  {requencies for all stars would belong to the Sun. The observed
oscillation, Credit: NASA solar oscillations mostly have periods in the vicinity of five
minutes, and considerably shorter than the fundamental radial period for the Sun, which is
approximately 1 hour [176]. Both the solar 5 minute oscillations and the fundamental radial
oscillation are acoustic modes, or p- modes, driven predominantly by dynamic pressure
fluctuations; whereas the fundamental radial mode has no nodes, the five-minute modes are of

high radial order, with 20 - 30 nodes in the radial direction.

Since we have believed that the Sun to be a normal star, similarly rich spectra of
oscillations would be expected in other similar stars. Most of the observed solar modes have
relatively short horizontal wavelength on the solar surface, and hence would not be detected in
stellar observations. Another problem in trying to detect the expected solar like oscillations in
other stars is their very small amplitudes. On the Sun the maximum velocity amplitude in a
single mode is about, 15 ms~1, whereas the luminosity amplitudes are of the order of 1 micro-
magnitude or less [177 - 179]. Clearly extreme case is required in observing such oscillations in
other stars, where the total light-level is low. Nevertheless, to obtain information, although less
detailed than available for the Sun, for other stars would be extremely valuable; hence a great
deal of effort is being spent on developing new instrumentation with the required sensitivity. A
non-radial mode is characterized by three wavenumbers: the degree [ is polar, azimuthal order m
which determine the behavior of the mode over the surface of the star and the radial order n
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which reflects the properties in the radial direction. In general the frequencies w,,;,, of stellar
oscillations depend on all three wave numbers. It is convenient, however, to separate the
frequency into the multiplet frequency w,,;, obtained as a suitable average over azimuthal order
m and corresponding to the spherically symmetric structure of the sun, and the frequency
splitting w,;,, — wy; 1S obtained [180]. The small-amplitude oscillations of the sun can be
described in terms of spherical harmonics function Y;,,,(6, @) of polar angle 6 and longitude

angle ¢ of non-radial coordinate.
Y (0, ¢) = (=1)™cimpi" (cos ) exp(imy) (2.26)

The non-radial function Y;™(6, ¢), is defined as spherical harmonic function and p;* is a

Legendre function. The normalization constant c;,, is determined by Eq.(2.27).

(Zl+1)(l—m)!]1/2
4t(l+m)!

cm = | (2.27)

The degree [ measures the total horizontal wave number on the surface by k;, = L/Rg, Where,

L= m and Ry is the critical radius of the Sun at minimum constant temperature layer or
CL. Equivalently the wavelength is A = 2 /k;, obtained from non-radial components of wave
numbers and L represents the number of wavelengths along the solar circumference. The
azimuthal order m measures the number of nodes (i.e., zeros) along the equator. Observations
show that the solar oscillations consist of a superposition of a large number of modes, with
degrees ranging from 0 to more than 1500 nodes [76, 181, 182]. The simplest form of mode
isolation is obtained in whole-disk (or integrated-light) observations, where the intensity

variations or velocity in light from the entire solar disk are observed.

To describe the global stellar surface oscillation mode, we consider small perturbations of
stellar surface about the equilibrium state, which is space-time dependent perturbation. The
pressure, density, velocity field, surface electric field and gravitation field of rotating star are
perturbed about the equilibrium point. The physical quantities with subscript 1 represent the
perturbed quantities while the quantities with subscript zero represent unperturbed physical

quantities. Let we decompose any arbitrary vector physical quantities, A on stellar surface in to

two components are known as radial component, A, and horizontal component, A4;, of the vector
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field which contains polar and azimuthal components in spherical coordinate. The uniformly
rotating active stellar surface partially ionized plasma is considered as incompressible plasma
fluid in this special case. The solar dynamical phenomena are observed as solar winds, flares,
filaments, prominence, sun spots, and CMEs. The non-radial oscillation of star is described by
the small perturbation of the system about its monotonous equilibrium situation. Evolution of
magnetic fields, formation of intense instantaneous electric current associated with the fast

flowing of local plasma on solar atmosphere control the solar activities.

The perturbing physical quantities of star can be expressed by first order linearized
equation of continuity, momentum and energy in spherical coordinate. The surface charge
density at radial scale height which is comparable to Debye length on upper layer of photosphere
is considerable for dynamics solar surface activities. The first order linearized form of continuity
and momentum equations of uniformly rotating stellar surface is described by Egs.(2.28) and
(2.29) respectively for negligible case of viscosity effects.

%82 4+ V(po®) = 0 (2.28)

= = o1 = . =
Po dt = —Vpy + pods + P10 — AN V1 — g1y Vebo — poviy + EPl-sz(rz sin® 6) — 2po2 X ¥y

(2.29)

Where, v; = (v, + ;) relative velocity of electron with respects to ion for completely ionized
solar surface plasma. Since the lighter electrons of hot surface plasma move much faster than
ions and neutrals, we approximate that ions and neutrals are relatively at rest, v,.; = (v, + v;) =
v, on perturbing stellar surface. Adding viscosity terms to Eq.(2.29) introduces the non-linear
effects of perturbing physical quantities. To minimize complexity we neglect the effects of
plasma viscosity terms in this section. Since the perturbation has non-linear behavior, the system
becomes highly complex and the process is non-adiabatically. From Eq.(2.29) the radial and
horizontal components of momentum equation of perturbing parcels of stellar surface plasma are

given by Eqs.(2.30) and (2.31) respectively, in linearized form uniformly rotating stellar surface.

9%&, 0 ¢
Po5pz :_ﬂ—mgo Po ar - —qn 0_1—% ny a — PoVUr + .0192 >+ 2poflvy (2.30)
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0% = = = = .1 = -
Po =2 = —Vypy — PoVn®y1 — GoVas — GV — PoVin + 5 p122V4 + 20000 (2.31)

Where, V,.¢ = 2rsin?6# ,V,{ = 2r?sinfcos6 0 , and ¥, and ¥, are radial relative velocity

field and horizontal velocity field respectively and 2 = 00 where ( obtains radial and polar
direction. The perturbed Poisson’s equation of harmonically oscillating upper boundary layer of
stellar surface plasma can be described by Eq.(2.32) at static stellar surface. Here we neglect the

effects of rotation, viscosity and plasma particle collision.
10 any
7"_267'( [(pgl + d)l]) + Vh[(l)gl + d)l] — 47TGp1 (232)

The quantity n;; + n.q = n, represents the perturbing surface net electron number density.
Generally, we can evaluate the surface oscillating plasma by assuming that the perturbed
quantities are in exponential form, and the surface oscillating displacement of plasma element is

specified by Egs.(2.33a) and (2.33b) for its radial and horizontal components.
&(r,t) = §ellr—ot) (2.33a)
E (X, 1) = &ei(kX-wt) (2.33b)

Where, &, and &, are amplitudes of the stellar surface oscillating displacement. The wave

vector k can be decomposed in to radial and horizontal components k =k, + Eh on the
oscillating stellar surface plasma. The Egs.(2.30) and (2.31) using Egs.(2.28), (2.33a) and
(2.33b) yields the radial and horizontal components of sinusoidal perturbing stellar surface
displacement that is specified in terms of wave vector field as shown in Eqgs.(2.34) and (2.35)

including stellar rotational effects of collision.

-

Kr p1® Ky .
§ = T2 p iy, 4 22000 p Bt g ]y Ly 20)5, - 2

w2

oaiky —=—C0%r?sin?6 2.34)

2pow

s _ ikp[p ikng [n paikn _
$h =102 [p_(l) + ‘pgl] Tz [p_z¢1 +ny ] +=[v+20]v 2;07.(221’2 sin® 6 (2.35)

Where, ¥, = (U, * ¥3.), and v, = (U, + V), for collision dominated terms of radial and

horizontal components of relative velocity of plasma element. Using Eq.(2.28) and Eq.(2.31), the
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perturbing dynamic pressure of stellar surface plasma, photosphere is approximated by Eq.(2.36)

and neglecting plasma viscosity term in steady state situation.
2 . . 1 .
p1= 7{)_}21(/?1 + ikyrpoéy) + ipo Z_: [v+202] — pe®Py1 + e(nops + nypp) + 5P1-(227"2 sin? @ (2.36)

The perturbed surface dynamic pressure consist of hydrogen plasma gas pressure and
surface radiation pressure after scattering of electron due to Thomson scattering process [152,
183]. Thus, p; = pgas + Praa, ON the dynamic boundary of solar photosphere at CL boundary.
However, beyond the stratified boundary of stellar surface the plasma pressure is negligible, and
only p; = p,qq 1S remained rather accelerated particles in the form of solar wind and other solar
activities. Above the stratified stellar surface only perturbed plasma particles are there, most of
them are expected as light electrons. The plasma hydrogen gas pressure is vanished beyond the
stellar surface compare to stellar interior. The surface radiation pressure can be approximated by
thermal radiation and vanishing of static plasma density at steady state condition or hydrostatic
equilibrium p, = 0 beyond boundary of stellar surface relative to central pressure of star. Only
perturbed plasma particles coupled with non-potential magnetic field are take part on solar

atmosphere activities see chapter 3.

The acoustic radiation pressure on rotating stellar surface in the absence of magnetic field
is obtained by Eq.(2.36) implies that p, = p,,4 beyond stellar surface boundary layer. Below the
stellar surface (i.e., convection zone) the plasma gas dynamic pressure is dominant over radiation
pressure and the surface electrostatic potential has no significant effect interior of the star. The
perturbing plasma dynamics pressure below stellar boundary layer is given by EQq.(2.36) with
vanishing terms that contains surface electrostatic potential. Since the surface boundary
electrostatic potential has no significant effects on the interior part of oscillating stellar surface,
the oscillation condition interior of the star is determined using the assumption of Bruit-Vaisala
like frequency. Substituting Eq.(2.36) in to Eq.(2.34) for plasma below the surface boundary
layer of star; using the expression ik, p;®40 = p1g We have gotten Eq.(2.37) that describes the
net surface resultant radial force applied on oscillating stellar surface.

k2 2, k,
pow? (1 + k_’zl) $r=p1 [g + :_lelkr] — Povny v+ 20] + povr[v — 20] (2.37)

h
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The last two terms on right hand side of Eq.(2.37) arises due to effects of Coriolis force coupled
with collision and viscosity effect. In the absence of viscosity and collision, the gravitational
force is balanced by centrifugal force and dynamic pressure gradient force on stellar surface. The
global solar p-mode oscillation is independent of surface electrostatic potential interior of the
star. However, the effect of instantaneous surface charge separation process plays a crucial role
on evolution of strong surface magnetic field. From Eq.(2.37) we can understand that the
constant surface rotational velocity has no significant effects on the solar surface multi-mode
oscillation for vanishing Coriolis force on stellar surface.

However, the stellar rotation velocity affects its atmospheric multi-mode oscillation.
Stellar atmosphere plasma particles are not strictly attached with the rotating surface. The stellar
atmosphere particles may not rotate with the same velocity as the stellar surface, far away from
surface. The plasma rotational velocity beyond the stellar surface becomes position and time
dependent. It is a nice idea that the perturbing physical quantities on solar surface specified by
normalized quantities. The normalized vector fields and scalar fields can be expressed in the

form of spherical harmonic function.

& = VA, (1Y, (6, p)e ™t (2.38a)
p1 = VAP, (r)Vim (6, @)e it (2.38b)
®y1 = VATD 1 (7)Y} (6, @)e it (2.38¢)
P1 = VAT D, (1) (6, @)e ™t (2.38d)

At small perturbation about equilibrium situation, we have used spherical symmetry of
gravitational potential that is varied radially. The perturbing surface displacement field due to
oscillation of stellar surface is manipulated from Eqs.(2.28), (2.34) and (2.35) using the
expression of Eq.(2.38a) to (2.38d) on the stellar boundary layer, we have obtained Eq.(2.39)

that describes the perturbing displacement amplitude of surface plasma element.

§ = VAT | (£ + G (&) Yo + () [552 0 + 15 5 @]] ot (239)

a0 rsinf 0@
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The perturbing surface displacement field is specified by spherical harmonic oscillation
function. During stellar surface non-radial oscillation, the normalizing radial displacement

field, & and normalized horizontal displacement field’s &, expressed by Eq.(2.40a) as follow.

op
&(r) = o wZ [ Py po 6r L+ p1g — p1?rsin® 6 —en, % — enlﬂ + povy[v — 202] (2.40a)
En() = 257 |2+ Bos (1) = 22.6,(1) (2.40D)
1i0k
&) = —( szh Zl r2sin?6 + 2vh) (2.40c)

We have &, is horizontal unit vector lies on surface plane. For non-rotating star, ignoring the
surface electrostatic potential and collision of plasma particles the term &,;(r) is vanished. The
perturbing oscillating displacement vector of stellar surface coupled with interior of star is
approximated by Eq.(2.41) according to Gray, D.F. and Hatzes [184].

= VAT [& (1Y + En(r) (5220 + =2l g )| et (241)

sin@ d¢

The stellar surface oscillation frequency w is in general complex due to presence of
plasma collision, viscosity, surface electron induced micro-magnetic field and force free stellar
magnetic field in connection with plasma dynamics. The displacement field that is given by
Eq.(2.39) provides instantaneous velocity field of stellar surface during oscillation. It is possible
to calculate the Kkinetic energy of surface oscillating plasma fluid of non-radial oscillating stellar
surface from Eq@s.(2.39) and (2.41) on surface boundary and interior respectively. When the
stellar surface oscillates in monotonously non-radial spherical harmonic mode, plasma elements
simply gain enough Kkinetic energy and depart from stratified stellar surface opposing the
gravitational attraction force. The kinetic energy of the pulsation is given by integrating over the
whole volume of convection surface. The perturbing oscillating velocity field of stellar surface is
obtained from Eq.(2.39) or (2.41).

b= —iwé (2.42)

When the oscillation frequency is complex the system may not be stable. Interior of the

star, during stellar oscillation the effects of magnetic fields, viscosity, and plasma turbulance are
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ignored to minimize complexity of the system. The instantaneous velocity field of displaced
plasma element on stellar surface is given by Eq.(2.42) that describes the oscillating velocity
field. The kinetic energy of oscillating stellar surface of perturbing plasma elements can be
approximated by Eq. (2.43).

Exin = 2mp1w*¢? (2.43)

The quantity Ey;, represents the kinetic energy of perturbing surface plasma elements. The local
acceleration of oscillating surface plasma coupled with stellar interior proportional to square of

surface plasma oscillation frequency and is described by Eq.(2.44).
ag = —w% (2.44)

The quntity ag is local acceleration field of oscillating surface. Due to this kinds of plasma

acceleration field, the oscillation of solar surface plasma can be detected in manner of Doppler
shift mechanism [141, 185, 186].

2.7.2. Stellar atmosphere oscillation

Since there is no remarkable demarcation between stellar atmosphere and its interior, the
oscillation interior of the star is coupled with solar atmospheric oscillations. By assuming
isothermal stellar atmosphere lower boundary layer, the oscillation of solar atmosphere is
detected as 3 minutes solar oscillations while the solar surface oscillation period is 5 minutes [36,
187, 188]. These evidences are obtained from the ground based observations (i.e., using light and
radio spectrum) and space born satellite observations such as SOHO, LASCO, SDO and
YOHKOH ... etc, (i.e., all kinds of spectrum such as light, radio, EUV, soft X-ray and hard X-
ray are detected). To detect the stellar atmospheric oscillation is very difficult due to limited
optical observational equipment.

Moreover, some extreme amplitude of non-radial stellar (solar) surface oscillations is
expected at local region of solar surface which triggers the bottom region of solar atmosphere
oscillations and local plasma motions. This extreme non-radial solar oscillation is occurred due
to extreme local pressure perturbation which blows stream of plasma elements associated with

intense heat flux to lower layer of stellar atmosphere. The blown stream of plasma elements

SWIF model © Atakalti B.A. AAU,  5/13/2018 75



create a cloud of relatively cold plasma a few kilometers above the solar surface and falls down
in a velocity slower that of surface oscillation. The presence of bundles of magnetic flux tube
distribution and flowing of plasma jets of stellar atmosphere make the system more
sophisticated. We will see effects of magnetic field on local region of oscillating stellar surface

in our next chapter, see chapter 3.

Based on several observational evidences and on the dynamical theory of solar surface,
high plasma density gradient occurred at atmosphere [189]. The high density gradient associated
with plasma dynamics creates inhomogeneity in temperature profile of stellar atmosphere. In
case of extreme finite amplitude, the stellar surface plasma rises up a higher displacement
beyond its normal oscillating amplitude. The extreme amplitude displacement is much higher
than the normal amplitude. For instance imagine how high amplitude ocean wave is occurred on
Earth planet. This extreme amplitude also may be downward amplitude when the rising part of
stellar surface returns back. This extreme case is created due to high energy production at small
local region interior of the star which creates extreme radial pressure difference between surface

and interior of star.

In connection with atmospheric oscillation above stellar surface, a dense plasma cloud is
created somewhere. This plasma cloud falls down due to gravitational attraction force when it
colds. A low density local region is created above the minimum temperature stellar surface due
to extreme cases of surface oscillation and extreme cases of plasma convection process. The
multi-mode harmonic oscillation of stellar atmosphere is more complex than oscillation of stellar
interior. The oscillation complexity of stellar atmosphere arises from inhomoginity in its

dynamic nature of associated with non-linear wave propagation .

2.8. Formation of Partial Vacuum Region on Stellar Surface

The nature of high conductivity plasma fluid at local stellar (solar) photosphere is treated
in hydrodynamics theory associated with particle kinematics at weak magnetic field region. Hot
plasma cloud lifts up from surface due to plasma convection motion and overloading nodes of
extreme amplitude displacement of non-radial oscillation modes. During stellar surface extreme
amplitude oscillations, perturbing plasma element is blown out to atmosphere [179]. This process

is triggered due to acoustic radiation pressure of photosphere perturbing plasma and due to local
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nuclear reaction interior of star. The acoustic radiation pressure arises from plasma potential
fluid coupled with convection and surface oscillation. Several observational evidences have
shown that plasma element lifts up from solar surfaces in fountain like manner about 100km to
200km due to surface plasma convection case [190]. The rising plasma creates a cloud layer
above the surface in the form of plague till the plasma cold, and falls down because of
gravitational attraction force. The falling down cold dense plasma strikes with the relatively

stratified stellar surface plasma.

We assumed that the local layer of plasma cloud with thickness s and plasma layer
density of o(s) at radial displacement of &7 much higher than oscillation amplitude
displacement of the stellar surface. This local plasma cloud layer may lifts up due to two
conditions at weak magnetic field region as plasma flows on stellar surface. The first condition is
that when local surface of star becomes hotter due to transport of extreme intense heat flux from
interior of the star, it gets higher in temperature than its surrounding surface temperature. This
hottest plasma heats the surrounding local region and hot plasma cloud lifts up above the local
oscillating surface. The oscillating local solar surface provides additional kinetic energy for the
rising hot plasma particles. When the extreme oscillating local surface returns down, a layer of
hot dense plasma cloud remains behind of the surface until it cools down. Density of the floating
plasma cloud above the stellar surface is higher than beneath. Thus, a low density region is
crated between the floating plasma cloud and normal surface plasma. This plasma cloud is
observed a few kilometers above the solar surface as plagues [191].

When this plasma cloud moves down later, at the low density region instantaneous
electrostatic potential is created due to instantaneous strong charge separation process of hot
local plasma region associated with surface gravitational force. The instantaneous electrostatic
potential also creates a negative mechanical pressure at convergence point, line or plane inside
the low density region. Let we call this low density local region is partial vacuum region (PVR).
The PVR is situated between stellar surface stratified plasma and falling down cold plasma cloud
before striking. The second condition is that at local region of photosphere plasma flows
horizontally due to plasma convection, non-radial surface harmonic oscillation mode and local
plasma turbulence. As streams of horizontal flowing plasma cloud meets head on or head-tail.

An excess mass plasma cloud lifts upward from stellar photosphere against gravitational force
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during colliding of head on or head-tail. The colliding streaming plasma elements may be in

different temperature local region. The front surface of ejecting or streaming hot plasma element

creates intense instantaneous surface electric field E. Induced surface electric field is created due

to fast moving hot electron enter to instantaneous charge separation process.

When the electron surface current is collapsing at lower background density,
instantaneous negative mechanical pressure is developed. This leads to the formation of local
PVR before collapsing. The local electrostatic surface potential at the front surface of flowing
plasma is accompanied by generation of fast moving shock surfaces. Anomalous plasma
resistivity is created due to sudden formation of shock wave fronts. However, the lifting up
plasma layer is trapped by the stellar gravitational force and created strong electric current at
atmosphere [192]. As long as the dense plasma layer moved a displacement 67 away from
photosphere is much higher than the normal amplitude of surface oscillation displacement, the
plasma layer falls down due to internal source of gravitational potential field. When low density
cavity is formed at deep stellar atmosphere, intense surface eruption is created, CMEs. This
surface eruption is observed as flares and CMEs see chapter 2, chapter 3 and chapter 4 in this

thesis work.

The main mechanism for local stellar surface plasma motion is the dynamical nature of
surface plasma such as plasma convection, surface non-radial oscillation and plasma turbulences.
The surface plasma flowing may be Langmuir flow or turbulent flow. Due to these kinds of
irregular plasma motion, the stellar surface, CL, is not a smooth surface. Plasma mass deficiency
and plasma mass excess is occurred on stellar local surface. Excess plasma mass is accumulated
above stellar surface in a manner of mountain like on the Earth for short period of time due to
high plasma turbulence of local region.

When the surface extremely moves down, a mass deficiency also occurred near to mass
excess region. When the excess mass falls down, the surrounding plasma creates a strong
disturbance on surface. As plasma cloud moves horizontally to fulfill the mass deficiency from
all direction, partial vacuum region (PVR) or small cavity is developed on surface coupled with
instantaneous charge separation of hot flowing local plasma. This cavity is a good sight for
stellar (solar) explosive events and CMEs on weak magnetic field region, mainly for Nano-flares

and micro flares. The gravitational potential field of oscillating star above its surface is obtained
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by solving Poison’s gravitational differential equation, considering the outer mass distributions
and ignoring the surface electrostatic potential from Eq.(2.32) during perturbation of stellar

surface results Eq.(2.45),

Rs

—6M w0 oo I+ m o m .
@, :R—521=°Zm=0 (—) [A]* cos(me) + B[™ sin(me)]p;" (cos ) exp(—iwt) (2.45)

T

where Ry = Ry, critical solar radius demarked at CL ideal layer and the coefficients A" and B™
are determined by boundary conditions. By keeping symmetry condition of spherical harmonic
condition in terms of space coordinate dependent spherical harmonic potential,®(h), we get

Eq.(2.46) outside the uniform surface of mass distribution.

2, = (%) o0 (2.46)

The falling down layer of cold plasma cloud with thickness of order of degree [ has an
approximated surface density of o (1)independent of time. The characteristic oscillation length of
h~1 gets the local gravitational acceleration approximated by Eq.(2.47). This is true if the
thickness of plasma cloud above photosphere is approximated by small perturbed distance

of aé ~ [ for extreme local perturbation and « is real number.
§ =R+ 1) gz 0,(L1) 7 (2.47)

Where, 7, radial unit vector. When the layer of plasma cloud lifts a radial displacement field
given by Eq.(2.39), the falling down plasma cloud of the excess plasma mass accelerates down

ward to stellar surface with local gravitational acceleration g is given by
= 1 ~
g =R+ 1)W¢g(fr. t) f (2.48)

The current layer develops surface electric field which accelerates charged particles non-
thermally at stellar atmosphere during small perturbation. A shock is developed at the surface of
moving plasma cloud due to development of instantaneous electrostatic potential. Electrons
simply gain kinetic energy from moving shock fronts. They move much faster than ions even if
gravitational force much affects motions of ions. The Eq.(2.48) determines the gravitational local

acceleration of spherical oscillating surface suffice spherical symmetry over azimuthal and polar
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components of space coordinate. During surface oscillation, a part of the stellar surface moves
up and down monotonously. When the excess mass part of surface plasma moves down, a layer
of hot plasma cloud remain behind of the sinking surface. A PVR is created between the falling
down plasma element and normal oscillating surface. This is necessarily true when the extremely
oscillating surface is hotter than surrounding plasma due to migration of super-hot plasma
elements from interior. As soon as intense heat waves penetrates this moving down normal

surface, plasma particles between surface and falling down plasma cloud are heated by the wave.

As the source of heat flux in PVR ceased suddenly electrons, neutrals and ions are not
accelerated furthermore or not ejected from the PVR by heat energy. High density gradient of
local plasma element creates a difference in dynamic pressure between convergence region and
ambient plasma. The ambient thermal pressure responds to balance the broken down pressure
inside PVR. Huge amounts of ambient plasma implode to the center of PVR in order to fill up
the cavity. The surrounding plasma particles change their velocity suddenly and flow to center of
cavity from all direction due to strong local vacuum potential (\/P) at center of convergence. The
flowing local plasma moves with a velocity higher than the background sound speed of plasma
or ion acoustic speed because of additional inertial force. The shock wave fronts travel from the
dynamic boundary of PVR towards the center of convergence as well as outward direction while

the ambient plasma moves towards the center of convergence point.

Let we assumed that the model of PVR is a spherical symmetric cavity for the sake of
simplicity. As plasma implodes from all direction in to center of convergence, electrons move
faster than ions and neutrals when they are at the same background temperature. A layer of
electron beam is created at inner side of imploding dynamic boundary surface of PVR, during
collapsing or growing. Electrons inside the PVR are oscillated several times and accelerated due
to induced intense electric field and fast moving shock surfaces. The oscillating electrons are
accelerated non-thermally near the convergence region as well as near the dynamic oscillating
boundary of electron layer. A steep potential gradient is created between the center of
convergence and its dynamic boundary layer. Here, we assumed that velocity of imploding
plasma is aligned radially inwards to minimize complexity, during collapsing (growing). No
plasma rotation at the dynamic boundary surface of PVR is considered here. Electrons do not

have a waiting time at the center of convergence point or line or plane inside PVR. Due to
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sudden formation of intense instantaneous electric field and fast moving shock surfaces, non-
thermal radiation process is occurred. They are accelerated instantaneously in non-thermal
manner and they leave the PVR quickly in the form of radiation before completing the collapsing
process. lons are decelerated near the dynamic boundary of collapsing PVR.

However, those decelerated ions absorb energy from the imploding strong shock surfaces
and finally they have recovered their acceleration instantly. Only neutral particles remain free of
electric field inside PVR until they are bombarded or ionized due to development of shock waves
followed by blast wave fronts responsible for ionization process. At final stage, the neutral
particles inside PVR become completely ionized since they have gained enough energy from
shock waves and self-consistent electromagnetic field. The PVR is surrounded by cold partially
ionized high conducting ambient plasma of stellar atmosphere. Let consider again the imploding
plasma fluid is collision-less, and has no viscosity and the process is adiabatically before
collapse or before passage of shock waves. No external pre-existed magnetic field is considered
here for a time being till chapter 3 in this work to minimize complexity. Plasma implodes to the
PVR with instantaneous inertial velocity, v, higher than the background plasma acoustic
velocity. The background plasma velocity is changed suddenly at the dynamic boundary of PVR
when ambient plasma starts imploding to center of convergence point. The imploding plasma

velocity gets its new instantaneous inertial velocity, v, which is faster than acoustic velocity.

2.8.1. Primary imploding and exploding shock wave fronts

Shock waves are continuously generated at dynamic boundary of PVR during collapsing
or growing. The first existed shock waves are known as primary imploding shock wave and
primary exploding shock waves. The strong imploding shock fronts propagate towards the
convergence point of PVR with relative velocity of propagation V+ c, 7 followed by imploding
blast wave. The exploding primary shock wave fronts that are followed by exploding blast wave
engulf the ambient plasma. The exploding shock wave behind of imploding shock wave
propagates with velocity V+ ¢, behind of former moving shock surface for constant shock
velocity. Where V, ¢; and c, are shock speed, sound speed before and after some shock wave

fronts respectively.

SWIF model © Atakalti B.A. AAU,  5/13/2018 81



Imploding electron beam from surrounding ambient plasma joins to shock regime faster
than ion due to their higher velocity and lighter mass. The front side or inner surface of the
imploding plasma cloud layer or electron beam is followed by heavy imploding ions behind of
them associated with moving trains of shock surface. Those imploding ambient electrons do not
return back due to attraction of ions and they quickly reach the dynamic boundary of PVR.
However, the imploding electron beam is oscillating radially at dynamic boundary of PVR. The

negative velocity shock potential sucks the surrounding plasma.

This means that electrons are simply sucked by local VP of the convergence point. The
size of PVR diminishes at the rate of radially imploding velocity of plasma during collapsing.
This intense electric field depends on the surface electron density in front of imploding plasma
followed by continuously shocked ambient plasma. As the radial inflowing is continual; PVR is
remained with field energy and some neutral particles before collapse if and only if the cavity is
characterized by strong radiation process. The electrons, ions and neutrals get excess energy
from continuous trains of successive shock fronts in addition to their inertial Kinetic energy.
Electron runaway and ion runaway condition is developed due to instantaneous electron induced
electric fields in collision-less process. Electrons and ions are radiated from the PVR due to
mainly the shock fronts and runaway condition is fulfilled. The radiating out electrons and ions
may collide with imploding ambient plasma when the local system is high dense enough at

photosphere.

Generally, the PVR is developed at local region of stellar atmosphere where local
temperature difference is higher and the extreme high temperature is finished up suddenly at
center of convergence point inside PVR. The main mechanism for formation of PVR is transport
of local energy from interior of star to its atmosphere associated with surface oscillation, local
plasma convection and high plasma disturbance and dynamics of magnetic flux tubes. Thus, the
irregular surface plasma motion or surface plasma ejection to atmosphere provides PVR at local

space.

2.8.2. Electrons runaway and ions runaway inside PVR

Inside PVR, the slowly moving electrons and ions experience a frictional force that is

propertional to their velocity. However, for fast moving electrons and ions the dependence is

SWIF model © Atakalti B.A. AAU,  5/13/2018 82



reversed and as flowing velocity increases, the frictional force or collisional force decreases. The
faster charged partcle moves, the more free of frectional force. Thus, electrons and ions enter to
electron runaway (ER) and ion runaway (IR) condition inside PVR. Inside PVR, surface electric
field will tend to accelerate the most energetic electrons and ions present in plasma almost
indefinitely. The steep gradient of surface electrostatic potential inside PVR creates a preferable
condition for electrons runaway and ions runaway condtion. The runaway condition is more
effective at the region of collisionless flow inside PVR before collapse. Charged particles are
accelerated in the form of particle radiation and electromagnetic radiation observed as lightning.

2.8.3. Charge separation process of dynamic PVR on stellar atmosphere

When electron runaway condition is developed at local region inside hot neutral plasma
medium, there could be a probability of cavity formation due to development of negative
mechanical local pressure. A local electrostatic field is formed in small region due to
instantaneous strong charge separation condition. When parcel of plasma fluid is ejected
through low density background of high conductivity medium, electrons and ions of background
plasma are accelerated suddenly due to instantaneous self-consistent electric field of ejecting
plasma element. The electrostatic potential of ejecting plasma is effective at font side and tail of
steaming plasma. The strong electric field is the consequence of instantaneous charge separation
proces. Generally, fast flowing plasma stream induces dipole electric field, see Fig.2.7, the

straming plasma is polarized.
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Fig.2.7 Charge separation of streaming plasma (strong polarization)

At stellar atmsphere, PVR is created because of dynamic behaviour of high conductivity flowing
plasma. A negative pressure is developed at center of PVR because of coulomb force formation.

Due to overloading of phase waves, a compressive shock wave is developed during collapsing or
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growing of PVR. During collapsing, secondary shock waves may be created behind imploding
shock waves. Finally, the compacted local region is exploded after primary shock wave change
the beheviour of plasma. The velocity shock potential (VSP) is responsible for discharging of
electrons, ions and neutrals. The velocity of propagating shock fronts is equal or greater than

background ion’s acoustic or electron acoustic velocity, see the diagram Fig.2.7.

2.9. Plasma Motion on Stellar Atmosphere

Several observations have been carried out on solar atmosphere from ground based and
space born telescops. Dynamic plasma motion is clearly observed on solar photosphere and
chromosphere associated with structure of solar magnetic field [161, 193]. Horizontal and
vertical plasma motion through nearly stratified background plasma creates a disturbance at local
region of solar atmosphere. Plasma clouds are observed above solar surface in the form of
prominences, filaments at relatively stable manner [161, 194]. The mechanism for plasma
motion at stellar atmosphere is due to steep number density gradient of local region associated
with plasma convection motion, extreme amplitude oscillation of local surface, explosive events
and inhomogeneity distribution bundles of active magnetic fluxes. From observational and
theoretical evidences, a local low density cavity is created at stellar atmosphere, see chapter 2,

section 2.8.

The formation and distraction of low density cavity is due to extreme unstable local
plasma motion associated with emanating energy from interior of star. When energy is
transported from interior of star to its surface, it creates a significant effect on the surface such as
normal and extreme local plasma convection , local surface oscillation, vertical and horizontal
plasma motion, foot point heating of magnetic flux tubes, emergence of magnetic flux tubes and
formation of sunspots [69, 84, 195 -199]. The stellar surface (i.e., photosphere) is characterized
by non-uniformity plasma and magnetic field distribution, see chapter 3. Parcels of plasma are
ejected and form plasma jets above the surface due to explosive events and emanating of super-
hot plasma from interior to surface of local region [200]. An intensive local plasma flow is
expected as to be a mechanism for stellar explosive events. The main primary mechanism for
formation stellar explosive events is formation of velocity shock potential, VSP, during evolution
of space-time coordinate, 1 « V2t at instantaneous time, see chapter 2, section 2.11 — 2.16, in
case of non-relativistic sence.
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2.9.1. Evolution of dynamic PVR on stellar atmosphere

When PVR is developed at local region of stellar surface, formation of fast moving shock
surfaces are inevitable. Trains of strong shock surfaces are imploding to center of convergence
from its dynamic boundary surface while slow shock surfaces are exploding to ambient
surrounding plasma from the dynamic boundary of PVR during collapsing or growing. Initially,
a shock wave surface is created at dynamic boundary of developing PVR because of supersonic
plasma flow arisen due VP. The source of supersonic plasma flow is formed due to steep density
gradient of high conductivity plasma of continuum medium. Suppose the PVR is spherical low
density cavity with initial position radius r, measured from its convergence point. When plasma
elements start imploding radially in to center of convergence, electrons always implode in front
of ions. Those fast imploding electrons create a beam layer at the inner dynamic boundary of
PVR. The electron beam layer with thickness of [, which can be approximated by order of

Debye length 4, is created at inner boundary surface.

We assumed that charged particles have high inertial kinetic energy and they are beyond
the effect of nearby charges until strong charge separation condition provides enough effect on

electrons and ions. When the induced instantaneous electric field is higher than Direicer electric

field like, Ep, electrons and ions are starting acceleration inside PVR. In reality, the geometrical
shape of PVR may be spherical, cylindrical or plane like (i.e., a sheet of partial vacuum layer) at
stellar atmosphere. The average electrostatic field intensity may be vanished inside the PVR only
for uniform distribution of surrounding electrons which results constant surface electrostatic
potential. The radial components of continuity, momentum and energy equations respectively
inside PVR can be described in Euler form given by Egs.(2.49), (2.50) and (2.51).
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The variable n; represents a number density of plasma particles inside PVR and the subscript
of j represents the plasma species of electron, ion and neutral. We assumed that the negative
dynamic pressure and surface induced electric field is given by —p; and —E} respectively inside

the PVR to distinguish them from surrounding

dynamic pressure and electric field.

R ¥ % However, we have taken that the imploding or
5 Q & compressing velocity is positive here. The function
b mosamss o represents the instantaneous surface electrostatic

potential of PVR. The local charge density inside
PVR is given by p. = e(n, — zn;) were initially at
thermal equilibrium situation in the absence of
Fig. 2.8 Spherical coordinate inertial forces. Since we have taken only the negative
dynamic pressure, we assumed that collision is absent

in the aligned motion of collapsing cavity till the electron beam is collapsed at convergence point
and reflection would be started. In this situation, the electrons and ions enter to electron runaway

(ER) and ion runaway (IR) condition respectively.

However, evaluating Eqgs.(2.49), (2.50) and (2.51) at a region where position vector is
given by 7(t) « 7,(t) as the cavity is diminished in size, the negative local dynamic pressure
becomes strong enough due to strong VP. For the sake of simplicity, we assumed that the
imploding or exploding radial velocity field of plasma species is given by v,; = v;(r, 6, ¢,t) =
+v;, and inside PVR the total number density also given by n; =zn; +n, +n, with
corresponding mass density of p; = p; + p, +p, for ion, electron and neutral particles
respectively. The instantaneous electric field inside PVR propagates much faster than fast
moving shock wave fronts in non-relativistic case. The VP sucks the surrounding ambient
plasma and the PVR is destroyed suddenly. The imploding shock surfaces compacts the
imploding plasma fluid at convergence point. The quantity, g represents —e, charge of electron
and —ze charge of ion of hydrogen plasma, m, is electron mass, and n, = n,.(r, t) is electron
number density inside spherical shell layer. The quasi-neutrality condition is violated due to
development of VP and shock waves. We neglect the effect of gravitational potential of small

local system on the surface of uniformly rotating star.
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We consider the imploding local electron beam of spherical layer field depends only on
radial component of space-time coordinate. The local system is independent of angular space
components to satisfy spherical symmetry. The quantity,v,,, is initial electron speed. In the
absence of initial inertial velocity of plasma species inside PVR, the initial speed v, is equivalent
to the background plasma species of (i.e., electron, ion and neutral) thermal speed. Utilizing
Eq.(2.50), it is possible to evaluate how electron plasma fluid behaves inside the PVR. The
collapsing electron velocity near the convergence point is obtained from Eq.(2.50) neglecting the
second order term at steady state situation. The collapsing electron velocity for position
independent imploding near the convergence point before stagnation process would start, given
by Egs.(2.52a) and (2.52b) when the viscosity and collisional have significant effects near

convergence point.
-1
b, = (V+Mr2_2) [ﬂ%_@%_@%]f (2.52a)

For |2u/r?| < 1 the above expression of Eq.(2.52b) becomes
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The position vector 7, represents the initial radius position of PVR before collapsing is started in
steady state. The shocked region behind of the collapsing dynamic boundary becomes high dense
than its surrounding. The local collapsed high conductivity plasma would explode at a region of
T « 1 suddenly due to strong shock wave generation. The generation of strong shock wave
develops anomalous plasma resistivity. The formation of strong shock wave is followed by
imploding blast wave and explosive blast wave. The blast waves can be implosive blast waves

which are converged at a point like region or exploding blast wave that converges at infinity.

2.9.2. Dynamic boundary surface of PVR

Let we consider the PVR is collapsed suddenly to convergence point, in steady state
situation. Only accelerated electron and ion have been passing through the electron beam
dynamic boundary. In steady state condition, the collapsing plasma flux is conserved before
reflection at convergence region for no mass penetrates the dynamic boundary. The collapsing

electron beam layer followed by imploding ambient plasma is given by Eq.(2.53), in the region
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of r, = r > 0 before reflection at convergence point. However, we assumed that no sink or
source at convergence point before generation of secondary shock waves at a point so as to fulfill

the particle flux and energy conservation law at the isolated local system, for || = ||, we get,
7o 2
r=r,(%) (2.53)

The function I = zn;v; + n,v, + n,v, denotes the imploding plasma flux in to convergence
region. The Eq.(2.53) shows that the imploding plasma flux is conserved at the local isolated
system for negligible radiation effects in non-relativistic sense in steady state situation. We
assumed that I} is time independent imploding flux at initial boundary layer of radius position 7,
of PVR as soon as collapsing is started. The collapsing velocity of imploding electron beam in
steady state situation is followed by imploding ambient plasma flux of isolated local system.
Separately, considering the electron beam flux in collision-less motion, the collapsing radial

electron current of local system is given by Eq.(2.54a), describes steady radial electron current.
- 2
J=—ehy(2) 7 (2.54a)

The electron current is available during the evolution and collapsing of PVR and will be
vanished at convergence point even in the absence of collision at that point. Once the PVR is
destroyed, an intense explosion is created due to creation of explosive shock (secondary shock
waves) and reflection of imploding shock (primary shock waves) in connection with particles-
wave interaction process in non-relativistic sense. Using Ampere’s law and divergence theorem,

by assuming By is independent of 6 and ¢, B, is independent of ¢, the non-radial induced

magnetic field is obtained as
N 2 .
B= —e“jt%[cotee +mtanf @] (2.54b)

In steady collapsing of PVR, let we consider two special cases. These are:

Case 1: If n, = ny number density of electron beam of collapsing PVR is constant in steady
state, the collapsing velocity field of electron beam followed by ambient plasma is obtained from

Eqg.(2.53) in the absence of initial inertial force for isothermal condition.

SWIF model © Atakalti B.A. AAU,  5/13/2018 38



B, = c, (r—")2 7 (2.55a)

r

The variable ¢, represents acoustic speed. The graphs Fig.2.9a and Fig.2.9b show that the
imploding electron velocity increases when the small disturbance inside PVR remains constant.
However, this increasing velocity is ceased suddenly at convergence point, see at Fig.2.9a and

Fig.2.9b when 7 — 0 during implosion and 7 — oo during explosion.
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Fig.2.9a Singularity of imploding velocity Fig.2.9b Imploding velocity of collapsing electron
at convergence regionas 7 — 0 decreases rapidly than exploding velocity.

From Fig.2.9 we understand that the collapsing velocity is ceased at convergence point.
The imploding electron current coupled with the dynamic boundary layer is verified from
Eq.(2.55b) as follow for purpose of predicting its numerical analysis during collapsing. The
collapsing process is instantaneous and the steady electron current is described in terms of
dimensionless parameter £ and « so as to compute its predicted value in computational purpose.
The collapsing distance is in comparison with the thickness of collapsing oscillating electron

beam.

N 2
J, = —enyc, (%) 7 (2.55b)

Where, 1, = Bl ,and r = al, for f = a implies, § and a are dimensionless parameters. When
the PVR is collapsing with constant electron number density of dynamic boundary, the
collapsing inertial velocity increases and reaches its maximum limit followed by abrupt drop.
The displacement 7 is traveled by electron beam layer followed by surrounding ambient plasma

from initial boundary of PVR to convergence region associated with imploding shock waves.
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Generally, the collapsing electron current is inversely proportional to radius of collapsing

dynamic PVR at steady state situation. Here, we understand that in this condition, the collapsing

or growing electron current is inversely proportional to square of radius of PVR, fe o« 1/7r?in
high conductivity plasma fluid, see Egs.(2.54a) and (2.55a) and (2.55b).

Case 2: If v, = v, electron inertial velocity of collapsing PVR is constant, heat has not been
generating along the collapsing path. This shows that adiabatic compression of electron plasma
fluid inside the collapsing local region. The compression of electron beam depends on the ratio
of initial radius of PVR to final position radius of PVR during collapsing process that
suffices |7| < |7,| condition, the electron beam density is described by Eq.(2.56a).

n, =Ny (%)2 (2.56a)
Only the moving shock changes the behavior of neutral plasma particles inside PVR. When
continuous trains of shock fronts are passing through neutral high conductivity plasma, the
neutral plasma becomes ionized. If v, is constant of time, in steady state situation for v, > v; in
isothermal condition before they are accelerated inside PVR electros enter to electron runaway

condition. The collapsing electron current is verified from Eq.(2.56a) and yields Eq.(2.56b).

N

J, = —en, (%)2 7, (2.56b)

Cur of collapsing velocity field coupled with radial imploding moving shock can be specified as,

= - 1 1 0vrp 10V o
X = - —_— _——-—— -
VXxv rsinf 96 o r 06 4 (2 57)

the collapsing radial velocity field is functions of space and time, v = v,.(r, 8, ¢, t) at the local
isolated region specified with negative dynamic pressure. This Eq.(2.57) is corresponds to ir-
rotational plasma fluid of single particle since we have, V x ¥ = 0, the radial velocity field only
radial space and time dependent. Until the fast imploding plasma fluid reaches the stagnation
region, it has incompressible behavior. It is a good assumption that electron beam velocity field
is converged (V-E + 0), at the stagnation region during collapsing time before reflection.
Density profile of the fast moving separated electron plasma associated with normal imploding

primary shock surface remains constant instantly. We have m; > m, and m,, = m,; and for fast
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moving electron v, » v; and v, » v, if we put electrons, ions and neutrals at the same
temperature in vacuum, electrons are diffusing faster, due to their lighter mass supported by
space-time gradient of functions. For steady state situation that suffice isothermal condition, the
collapsing electron velocity field associated with ions and neutrals can be obtained from
Eq.(2.50) far away from convergence point for collision-less flow.

2q1‘¢s
ij

1/2
] 7 2.58a)

v; = csj[2+21n(%)+

0

The radially imploding velocity electron beam followed by ambient plasma is controlled by the

strength of VP at center of convergence point in the absence of magnetic field.
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The graph of Fig.2.10a and Fig.2.10b show that the relationship between shock Mack
number and electron density ratio and energy density ratio across shock surface. The variable’x’
in Fig.2.10b represents the ratio of electrical energy to thermal energy. Plasma particles are
suddenly diffusing from high density region to low density region. For spontaneous electron
diffusion, n, > n; of in isothermal situation, velocity of electron is obtained below.

Be = oo |2+ 2In (%) + 2 In (&) - 23—4’5]1/2 # (2.58b)

Ng Ng kT

For simple hydrogen ion with no further nuclear reaction and no radiation process, the

spontaneous corresponding collapsing electron current is given by Eq.(2.58c).
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Je = —enecye [2+21In (32) + 22210 (2) — Ze—‘l’-*]l/z 7 (2.58¢)

No m; No kT

Initially, the average inertial velocity inside local region is assumed to be vanished because
plasma particles move in random direction. However, due to a sudden formation of negative
dynamic pressure, the motion of plasma element is aligned towards the convergence region. For
completely ionized plasma, the collapsing process is in steady state situation instantly.
Neglecting neutrals inside PVR, if electrons and ions are at the same temperature, T, = T; =
T (r), for non-isothermal condition but heat is not dissipated, initial thermal velocity is much
lower than final thermal velocity, the low density plasma is in adiabatic heating. If (T —T,) > 1
and m; » m, in the absence of external force, initial velocity of inflowing plasma element is
given by the initial thermal velocity. The condition (T — Ty) > 1 shows that the temperature
gradient is so high at the dynamic boundary of PVR. The adiabatic propagating heat is generated
at the dynamic boundary of electron shell due to presence of continuous shock wave fronts in
steady state situation. We suggest that once heat is generated due to continuous passage of shock
wave fronts, the generated heat does not lose. Thus, the momentary shock front is a mechanism

for violation of adiabatic heating mechanism in an instant of time at the isolated local system.

Generally, we have investigated that the collapsing of PVR generates heat non-
adiabatically at its dynamic boundary when the imploding plasma is at constant velocity. The
process is very fast during the evolution of PVR in steady state and its distraction in connection
with condition of neglecting collisions, viscosity and thermal conduction. The corresponding
agent that triggers non-adiabatic heat production is collision-less shock waves. The thickness of
collision-less shock is expected as much less that the collision mean free path. The collision
mean free path of collapsing plasma particles are approximated by the characteristic length of the
local isolated system (i.e., initial radius of PVR). If plasma is completely ionized at the

collapsing boundary of PVR, radiation pressure may influence the local isolated system.

The local isolated system remains in isothermal condition for ideal ionized hydrogen gas
to conduct adiabatic heating behind the imploding moving shock fronts. If plasma particles are
accelerating across the moving shock fronts non-thermally, the moving shock does not generate
heat. Particles crossing the moving shock fronts gain enough kinetic energy from shock wave

directly without dissipation of heat energy. The electron number density and ion number density
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at the initial boundary of PVR are the same; n,, = n;, = n, coupled with the surrounding
plasma that suffices the quasi-neutrality condition. The inertial velocity of v = v, is radial
inertial velocity of imploding plasma fluid. When the size of PVR diminishes, its back ground
density also decreases and the field energy is becoming dominant before collapsing. The
developing surface electrostatic potential is due to instantaneous strong charge separation
process at the dynamic boundary. If we assume that only the surface induced electrostatic
potential influences the PVR, the electron beam sheet, which is surrounded by high density
ambient plasma from outside, gives the Lagrangian form of Eq.(2.50) for electrons and ions
separately. The collapsing acceleration of plasma elements in non-steady state of collision-less
and non-viscous plasma element also given by EQ.(2.59) that suffices the electron runaway
region.

The electron temperature is assumed to be constant of position at characteristic distance of
charge separation of electron beam is denoted by [, behind the first shock front. When inner
dynamic boundary surface of the cavity is completely dominated by electron beam before

collapsing, hot electrons are completely separated from ions at a distance .

However, density gradient is steep dn,/dr =~ dn,/dl, #0, forér = [, at the
isothermal scale height of electron beam. The instantaneous surface electrostatic field of the local
system is quickly dominated by energy gained from shock surfaces and the PVR continuously
sucks surrounding plasma and finally collapsed suddenly. The electron temperature gradient and
density gradient are so steep, anomalous plasma resistivity is developed due to non-linear nature
of independent variables that provide overloading of phase waves. At the stagnation region near

the center of convergence point, collision and viscosity play a crucial role.

2.9.3. Collapsing dynamic PVR coupled with plasma collision and viscosity

When electron-ion collision plays a crucial role during collapsing of PVR at convergence
point, some amounts of mass elements penetrate the dynamic boundary. The equation of motion
becomes non-linear in the presence of plasma viscosity and collision in connection with steep

velocity gradient and temperature gradient. When the imploding plasma fluid has inertial
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velocity field higher than thermal plasma velocity in aligned motion, it is considered as

incompressible plasma.

We consider only radial viscosity force and radial velocity field are effective because of
the assumption of spherical symmetry at convergence region for the sake of simplicity. Thus, the
local acceleration of collapsing PVR is obtained by neglecting the second order term of
momentum equation; we get Eq.(2.60) that describes inertial acceleration.

a; = <;—r<§) +%Z—f+%%+kp—?%—vvj +,ur2—2[vj +r%+%cot9% )1“ (2.60)
The viscosity term introduce the non-linear effects of flowing high conductivity plasma during
collapsing process of PVR leads to producing shock phenomena. The linearized form of
collapsing acceleration of non-rotating PVR is obtained by assuming the first derivative of
velocity field with respects space coordinate is constant. We consider only electron-ion collision
and neglect neutrals to minimize complexity here. The fast imploding electron collides with
slowly moving ion and neutral which move at lower velocity in front of electrons in the same
direction. Collapsing the electron current layer is expected as collision-less incompressible and

non-viscous hot electron beam for the sake of simplicity.

When the characteristic length travelled by electron beam
layer radially inward |67| = &r = al,, where, a, positive
real number and 7 also characteristic collapsing time of
electron beam. The quantity which is written asr = r, —

87 in Eq.(2.60) leads to negative velocity. If we take

velocity is negative quantity, from Eq.(2.50), the electron
Fig 2.11 Collapsing cavity of PVR  Velocity ¥, could be replaced by —u, so as to indicate
direction of flow, in equation of motion. Let 6r = al,(t)

and 7, = Bl.(t) during collapsing dynamic boundary, a radial distance of 67 = —r, for
complete collapsing of cavity. When the dynamic boundary travels a distance r; it would reach
at convergence point. If we consider the boundary were fixed initially and it moved with radial
velocity field, we assumed that r,(t) = Bl.(t) using v, = v, £ v; = —u;, Eq.(2.60) can be

expressed as follow.
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(2.61)

The dimensionless parameter,f3, is the upper limit of value of a during collapse process of PVR
at convergence point and the lower limit value « is determined at initial position boundary of
PVR before collapsing is started. The value of « is vanished at initial dynamic boundary surface.
If we assumed that the boundary of PVR is nearly static, the value of a «< f shows slow

collapsing and Eq.(2.61) becomes as follow.

duj _ _ 1)|4nj 09 | kn;OT;  KT;0n; 2u [auj cot§ du; uj]

= — - 4 —_——— e — —
at Blpjole " pjole  p; aze] 7 B

ale 2l 90 I (2.62a)

Imploding ions and neutrals are accelerated at dynamic boundary of PVR while imploding
electrons are decelerated at dynamic boundary of PVR, so, there could be a sink or singularity at
convergence point of PVR and the parameter 8 is always remains constant. The accelerated
charged particles have no time to settle at boundary of PVR, suddenly and they are accelerated.
However, if no radiation of charged particle is considered at dynamic boundary, velocity of
imploding becomes time independent. Thus, Eq.(2.62a) is treated in steady state situation

an; a¢ knjaT]- kT]'ale
pj 9le pj dle pj dle

] = —vpu; + — (2.62b)

At initial condition when @ = 0 and the PVR were static and collapsing process could not be

started du;/dt = 0 and imploding velocity is constant of time. The constant coefficients v and

u are electron-ion collision frequency and kinetic viscosity coefficient of incompressible high
conductivity imploding plasma. The separated equation of motion independently for electrons,
ion and neutrals of fast flowing plasma in case of non-linearized equation of motion becomes so
complex. In steady state condition the electrostatic potential of electron cloud which affects
charged particles inside PVR is described by Eq.(2.62a). The intense electric field at steady state
is generated by collapsing dynamical boundary of PVR, that is verified from Eq.(2.62b) of
collapsing or growing PVR.

e |mgdly meng dlg le L0l 2l, 060 le

F=_Me |kl Kedne, po e_Z_ﬂ[%Jr”“’%_ﬁ”f (2.63)
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The electron density distribution increases at convergence region during collapsing process while
ion number density increases near electron beam boundary layer. However, the radial moving
out ions are engulfed by imploding shock waves at the electron beam layer. The engulfed ions
have not waiting time there, since they have gained enough kinetic energy from shock surface,

they are accelerated suddenly and leave the electron beam region quickly.

2.9.4. Evolution of electrostatic potential inside dynamic PVR

Let consider PVR is surrounded by high density imploding ambient plasma fluids. The
PVR plasma is assumed to be at thermal equilibrium condition relatively, before electron
runaway or ion runaway condition is fulfilled. When the imploding ambient high density plasma
diffuses through PVR, electrons and ions are accelerated near the boundary region. Let the
density of plasma inside PVR is surrounded by high density plasma are given by p;,, and pe,
respectively. Assume p;, < p., that the collapsing PVR is surrounded by high density double
current layers followed by ambient dense plasma. The inner surface electron charge density of
collapsing electron beam layer is also given by p, produces strong electrostatic potential, ¢ , in
side PVR. The imploding electron current layer is an oscillating electron beam due to effects of
moving ions behind of them. The strong pressure difference between center of convergence and
dynamic boundary surface is arisen due to the following cases. These are difference in plasma
density and plasma temperature between the convergence point and dynamic boundary layer. As
soon as a negative dynamic pressure at convergence point is developed, the local cavity will
suddenly collapsed due to strong VP of convergence point. Velocity of shock surface is much
higher than acoustic sound speed V> ¢, and much less than speed of light, V « ¢ during
collapsing of PVR where ¢ is speed of sound and also c is speed of light. The electron and ion
distribution inside PVR under the influence of surface electrostatic potential can be described in

Max-wellian distribution before collapsing.
ne(x,t) = nye " ePx/kpTe(x) (2.64a)
n;(x, t) = ngeeP*D/kpTi(xt) (2.64b)

Where x is measured from dynamic surface of electron beam to an arbitrary point inside PVR or

outside of PVR. It is expected that mass density of electron beam layer is much higher than
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plasma density of PVR, ps > p;,, thus, negative pressure is developed at convergence point.
Inside the cavity, position where 7(x, t) located at position of ¥ = 1, — x thus x = 1, — 7 where
the position 7 is measured from center of convergence to the interest point and 7, is the
maximum radius of PVR before collapsing has been started. The function U(x, t) represents the
electrostatic potential energy at position of r measured from center of convergence. At a
displacement x from surface electron charges, p,, electron and positive ion will have potential
energy of g¢(x,t) at instant of time where g = —e for electron and g = ze for ion and the

value of z is positive real number.
U(x,t) = zep(x,t) (2.65a)
U(x,t) = —ep(x,t) (2.65b)

The surface electrostatic potential inside PVR is assumed as negative electrostatic potential, —¢,
surface induced electrostatic potential inside PVR. At equilibrium the density of ion and electron
is equal, n; = n, = ny and the instant ion density and electron density are given by Eqgs.(2.64a)
and (2.64b) inside PVR. Let assume that time independent isothermal temperature, T(x) =T
inside PVR. The Eqgs.(2.64a) and (2.64b) show that electrons are repealed to center of PVR while
ions are attracted to nearby dynamic boundary layer respectively. The total charge density at a
distance x from dynamic boundary surface, the electron number distribution and ion number
distribution inside PVR is defined by summing Egs.(2.64a) and (2.64b). We consider the limit
case in which the electrostatic potential is small or temperature is high. Using the approximation
of e=7¢¢/k8Ti = 1 — zegp/kyT;, and, e®®/*8Te = 1 + e/ kT, for kzT, > e¢ at large distance
from dynamic boundary inside the cavity. For single charge of different electron and ion
temperature z = 1 for simple hydrogen plasma, the Poisson’s equation inside low density region
is described by Eq.(2.66).

Pplet) _ 1
oz = Z Pt (2.66)

The quasi-neutrality condition, ny; = ng, = n, beyond the Debye length for different
temperatures of electron and ion inside PVR is given by Eq.(2.67).
/1 _ €9 kpT;T, 1/2 2 67
b= (E(Tﬁre)) (2.67)
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If we assume that x «< A, the potential coincides with Coulomb potential in free space,
while x > Ap, potential is much less because of the plasma shielding effect. If we assume that
the mass ratio is tends to infinity, m;/m, — oo, so that the ion do not move anymore and just
form a uniform background of positive charge around the probe charge, so called cold ion
approximation. The space charge density is defined by Eq.(2.68) for non-radiative steady PVR
surrounded by thin dense electron cloud layer and using the idea of e¢p/kgT, < 1 for Coulomb

force is smaller than thermal force for p total charge density inside the cavity.

p=en [z ) ] (2.68)

kBTe

The graphs of Fig.2.12a and Fig.2.12b describe the exponential vatiation of time dependent
electrostatic potential inside collapsing or growing PVR of high conductivity plasma medium.
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The value of instantaneous surface electrostatic potential, ¢ , inside PVR is assumed to be
negative. Let we assume that electrons and ions are at the same temperature inside PVR in the
absence of external force except the negative dynamic pressure. The electric potential decreases
by a factor of 1/e each times the distance by A, is the Debye length of electron layer which is
surrounded by oscillating ions at distance of r, — A, that is outer pre-electric current inside PVR.
If we know the surface charge density pg of electron current layer; we can specify E, =
E.(x = 0) = E,.(0) is radial electric field of inner surface current at dynamic boundary layer.
The radial instantaneous electric field arises due to steep gradient of surface electrostatic

potential, ¢ (x, t) which is obtained by solving Poisons Eq.(2.66) inside PVR.
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P(x,t) = poe™"t/*0 (2.69)
The surface electrostatic potential of PVR is determined by the ratio of shock front velocity and
Debye wave length, V /4, during collapsing. When the value of Debye length is varying during
collapsing of PVR even if the collapsing velocity is remains constant, the surface induced

electrostatic potential is specified by its non-linear behavior, see Fig.2.13a and Fig.2.13b.
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Fig.2.13a Imploding shock induced electrostatic potential Fig.2.13b, Exploding shock induced
electrostatic potential

In Fig.2.13a and Fig.2.13b , the vatiable x ~ V' /A, and Fig.2.13a and Fig.2.13b shows that the
non-linear nature of electrostatic potential in case of implosion and explosion of surface electron
beam of dynamic boundary of PVR respectively. The graph of Fig.2.13a and Fig.2.13b tells that
the non-linear electrostatioc potential inside PVR decays or grows exponentially. The quantity of
¢o = psAp/ €, is surface electrostatic potential at initial position and V is constant shock wave
velocity. If electron number density n, > 5.44 x 10~*n; is coupled with shock wave fronts, the
quasi-neutrality principle is strongly violated due to instantaneous strong charge separation that
leads to introduction of electron runaway condition or ion runaway condition inside PVR.
Generally, the sudden collapsing velocity of PVR is approximated by the velocity of the
imploding strong shock wave fronts in non-relativistic sense. This generates strong point
explosion inside the high conductivity continuum medium. The total developing electrostatic

potential energy density inside PVR at a distance x away from surface dynamic boundary is

approximated by Eq.(2.70a) described in terms of electron Debye length.

1

1 1
U,(.X) = - > S ¢2 [g + E] (2703.)
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Where 1p; and Ap, are Debye length for ion and electron respectively. Additional shock surface
is created inside the PVR due to sudden change of state or an abrupt acceleration of hot electrons
and ions under the electron runaway and ion runaway phenomena. When the PVR is shrank a
distance of 67 = —al,#, another additional radial current is created inside the PVR before
surface electron current collapse. However, the average current of the local system may be zero
except at electron beam dynamic boundary layer if and only if exploding of ion flux would be
balanced by imploding electron flux simultaneously. When we assumed the collapsing PVR is in
isothermal condition, the collapsing radial velocity field of electron dynamic boundary layer is
obtained by integrating over the travelled radial distance in the absence of collision and viscosity
before electron enters to stagnation region is given by Eq. (2.71b) equivalent to Eq.(2.58a).

]1/2 "

R O e o e

(2.71b)

At initial state inside PVR, plasma is at thermal equilibrium and the initial plasma density
ISny, = nge + ny; = 2ny, if electron and ion are at the same temperature T = T, = T; during
collapsing. Imploding ions form temporary ion beam layer behind the moving electron beam is
created. Thus, temporary double current sheet is created behind dynamic boundary of PVR of hot
plasma. When the temporary ion beam is following the imploding electron beam, the un-
disturbing ions have velocity field of v; in the absence of collision and viscosity expressed by
Eq.(2.71c) is equivalent to Eq.(2.28b).

zed 1/2f

B = (2)V2cq [+ (2L) + KT,

No

(2.71c)

In the absence of external forces, initial velocity of ion is specified by its initial thermal velocity.
Since ions are moving towards dynamic boundary layer while electrons are moving towards
center of convergence region, strong body current is created inside PVR if the surface
electrostatic potential is dominant over negative dynamic pressure before imploding shock
waves. The initial velocity of electron and ion is given by v2, = kT,/m, and v3 = kT,/m; , at
PVR for isothermal condition in the absence of external force. Inside PVR electrons are
migrating to the center of convergence due to existence of negative pressure and electron
runaway condition. Let we assume that electron velocity inside the perturbing PVR is

approximately the same as velocity of imploding electron beam. In steady state situation, the
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equation of motion inside PVR is specified by instantaneous electric field, negative pressure and

generated shock waves see Eq.(2.50).
A. Hot electron fluids passing through the immobile ion fluid

The forces exerted by surface electrostatic potential and negative dynamic pressure gradient on
electron inside PVR directs radially inwards in steady state situation for incompressible ideal
electron plasma fluid. Magnitude of instant electrostatic field and electron distribution at PVR if
velocity is independent of position are given by,

E, =——L e (2.72a)

ene Or

When electrons are in isothermal condition inside PVR, electron number density distribution is
specified by Eq.(2.72b).

Ne = ng e€P/kTe) (2.72b)
B. Considering motion of hot ions inside the PVR

Equation motion of charged particles inside PVR is determined by intense electrostatic potential
when velocity gradient is vanishing with incompressible ions plasma is considered; the electric

force exerted on ions against the negative ions’ dynamic pressure is given by

E, =—2 (2.73a)

" zen; or
If the hot ions are in isothermal condition, the ion number density distribution is expressed as
n; = ny e("eP/kT (2.73b)
The body electron current inside PVR before shock wave propagation during the evolution of

PVR for v, > v; using Eq.(2.71a) obtained as follow.

Je = —NeCqe [1 +21n (%) - 2e_¢>5]1/2 # (2.74a)

0 kTe

If motion of ion has a significant effect on the evolution of PVR, ion body current is obtained.

The sudden jump in pressure generates a strong electron and ion discharging process through
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high conductivity medium after compacting of the convergence region. When ion moves in
radial direction in the absence of collision and viscosity, the ion body current during evolution of
PVR is described by Eq.(2.74Db).

Ji = njzecs; [1 +21In (%) +

0

1/2
—2”4’5] p (2.74b)

kT;
When e¢ < kT; is fulfilled, ions diffuse to the center of convergence point and would reflected
back at the stagnation point with velocity of twice their imploding velocity. If, e¢p > kT;, the
surface electrostatic potential is more effective than negative mechanical pressure because of
steep gradient of electrostatic potential. Most ions are moving towards the electrons dynamic
boundary layer against negative pressure gradient and engulfed by imploding strong shock
waves. Thus, the total body current inside low density region can be defined by Eq.(2.74a) that
combines (2.74b) and (2.71b) together in its expression.
1/2

] = zn;q;cs [1 +2In (Z—:) + %] 7 (2.75a)
The parameter z; = +1 for electron and single ion and the subscriptj = 1,2 represents for
electron and ion species and, z = —1, for electron species and z = 1 also for hydrogen ion. The
surface electrostatic potential ¢ is determined by the boundary charge density of electron beam
followed by temporary ion beam [201, 202]. When there could not be a change in plasma density
flux inside the PVR, electrons and ions are oscillating infinitely in the isolated local system. No
electrons could move out from PVR due to effects of electric field or electrons could reflect back
inside the cavity of moving electron beam layer if they are not energetic enough. If surface
electrostatic potential is strong enough to push light electrons, only ions are engulfed more by the
imploding dynamic boundary of PVR associated with strong imploding shock fronts. In reality,
shocked electrons and ions may be injected in to PVR from nearby outside high density region.
Here, we assumed that electrons and ions flux are conserved at dynamic boundary of PVR. The
number of electrons and ions move out from PVR may be balanced by number of electrons and

ions injected in to PVR if and only if mass flux passing through dynamic boundary is conserved.

The mechanism for electrons and ions to inject in to PVR is expected to be shock waves

behind of boundary layer and electrostatic potential which reflects electrons and ions of low
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inertial velocity and generation of high negative dynamic pressure or pressure singularity at
convergence point or line or plane inside PVR. The radial body electric current in steady state for

constant electron and ion density inside the PVR in case of q;¢ < kT; and during evolution of

PVR is defined by Eq.(2.75b) before propagation of imploding shock waves.

- iP| A
] = Zinjq;cs; [1 + ZJT]] 1 (2.75Db)

However, the body current inside PVR is perturbed as VP is developed at convergence point.
Generally, inside PVR, electron current at center of convergence is collapsed. Inside the PVR,
we get a critical body current where the electrostatic potential is balanced by the velocity
potential due to dynamic pressure, q;¢/kT; = 1, at isothermal condition, the critical current is
verified in the absence of plasma collision and viscosity that is described by Eq.(2.76a).

nj

J = zinjq;cs; [3 +21In (—)]1/2 7 (2.76a)

No

If electron and ion density is in isothermal plasma diffusing process in radial direction, the

critical body current is approximated by Eq.(2.76b) in terms of plasma acoustic speed.
j = \/§Zinjqjcsj ' (276b)

Neutral particles are accelerated due to negative dynamic pressure in connection with imploding

strong moving shock wave and reflecting exploding moving shocks in non-relativistic situation.

2.10. Oscillation of Imploding Electron Current of Dynamic Boundary

The characteristic of imploding dynamic boundary of PVR is coupled with the imploding
strong shock waves toward convergence point. The collapsing velocity of radial electron current
is the same with velocity of imploding strong shock wave fronts. When ions are injected in to
electron beam, they gain enough kinetic energy and are accelerated quickly out of electron beam
layer due to complex shock waves. This indicates that electrons are completely separated from
ions and uniformly populated at dynamic boundary of PVR. However, the surrounding plasma
pressure pushes or squeezes the cavity from outside. Due to strong VP of convergence point, the
dynamic boundary surface which is interacting with surrounding ambient plasma is pulled. When
the intense current sheet is collapsed, a huge amount of energy is liberated due to high
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discharging electrons and ions that develop anomalous resistivity at convergence point. The
released energy may be in the form of heat energy, kinetic energy and radiation energy and

magnetic energy see in chapter 2.

The electron acceleration is arisen due to formation electric field at the inner surface of
dynamic boundary, steep velocity gradient inside the PVR and generation of successive shock
wave fronts. However, imploding ions behind of the separated electron beam shell may develop
other instantaneous induced electric fields outside the PVR at a distance [; behind of the
separated electron layer. The inner electron boundary layer of PVR is in fast harmonic oscillation
mode. The PVR dynamic is treated using Poison’s equation for oscillating electron plasma fluid
near the stagnation point as 7, ~ —&7 is the maximum travelled distance by electron shell and
¢(r,t) and n(r,t) at instant of time. The Poisson’s equation for collapsing electron spherical
shell coupled with volume density of PVR as electrostatic force is dominant over other forces is
described by Eq.(2.77).

arz  ror €o

2
L4t @.77)

Here, we assumed that the convergence point is filled up by oscillating supper hot electrons and
all ions are engulfed by imploding shock waves instantly. The shocked ions fluid exerts a
dynamic pressure over the compacted electron of converging region. At this condition near the
stagnation region before plasma elements instantly stops flowing, the small cavity is
characterized by high gradient of instantaneous electrostatic potential associated with fast
moving shock surfaces. Near the stagnation region the electrostatic potential is expected as
dominant over other mechanical potentials before collapse. When the surface electric force is
completely dominant over all kinds of forces at PVR, using Egs.(2.50) and (2.76b) yields the
non-linear second order equation in steady state situation given by Eq.(2.78).

v\ 2 %v; 19
(a_rj) R el et v?) = w2, (2.78)

By linearizing Eq.(2.78) and assuming the electron beam oscillation frequency is constant of
position, collapsing velocity of electron beam is verified from EQ.(2.78) and solution is
expressed by EQ.(2.79a) that describes the collapsing velocity of dynamic boundary of local

cavity in the min,._,y 7 = 4, for thickness of electron dynamic boundary layer.
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> 2 41 2 92 1/2
Ve = [cse + 5 Wpede + c]

7 (2.79a)
The constant of integration ¢ is determined using boundary condition and initial state of
collapsing or growing PVR. For spontaneous collapse of PVR, the collapsing velocity is
approximated by electron imploding velocity given by Eq.(2.79b) for force exerted by VP is
stronger than the thermal kinetic force at initial state.

1
b, ~ 79.750,n,/2 F 571 (2.79h)

Magnitude of imploding velocity of oscillating electron beam is proportional to square root of

surface electron number density, v, « n;/z and the oscillation frequency of surface electron

beam is approximated by w,, ~ 56.471;/2 s~ during collapsing of PVR. Generally solving the

non-linear Eq.(2.78) for radial imploding velocity analytically is so complex. The non-linear
equation, Eq.(2.78) introduces formation of fast moving normal shock waves at the oscillating
surface of electron beam as well as inside PVR. When the radial inflowing velocity due to
electrostatic potential is independent of position, the radial acceleration of local electron plasma

element is obtained from Eq.(2.76b) and Eq.(2.50) in unsteady state condition.

-

dy = > w2 T (2.80a)
d, ~ 1.59 x 103 n,7 s~ 2 (2.80b)

The collapsing acceleration is proportional to displacement travelled by imploding electron
beam, see Eq.(2.80a). From Egs.(2.80a) and (2.80b) we understand that the imploding oscillating
electron due to strong VP and surface electrostatic potential produces non-thermal electron
acceleration near the convergence point of PVR. For any applied electromagnetic field of
frequency less than electron plasma frequency are prevented from penetrating the plasma by
spontaneous electrons response which annihilates the incident field. The spontaneous induced
instantaneous magnetic field due to fast flowing electron plasma is more intense and becomes
effective on the surface of parcel of plasma. The imploding or exploding plasma creates
multipolar induced magnetic fields outside the shocked local system [203, 204]. For

compressing electrons near the stagnation region of plasma elements, decreasing in velocity
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behind of the dynamic boundary of PVR is expected if no electron mass passes the dynamic

boundary of PVR or no radiation is formed inside PVR before explosion.

2.11. Formation and Propagation of Shock Waves inside PVR

When PVR sucks the ambient plasma with magnitude of imploding velocity is much
higher than speed of sound, cs, a primary shock surface is generated at dynamic boundary. A
distance of r, is measured from the center of convergence point to initial position of PVR at
initial time. The position 7, = 7,(r) represents static boundary position since shock fronts have
been generated at this boundary layer for the first time. The imploding primary shock
compresses the imploding plasma near the boundary of PVR while the exploding primary shock
rarifies the surrounding inflowing plasma by engulfing and pulling the inflowing ambient plasma
into convergence point. The imploding primary shock fronts propagate to a stagnation region
inside the PVR and reflect at convergence point while the primary exploding propagates outward

and it is called primary exploding shock fronts.

The region behind the primary imploding shock becomes compacted and highly dense.
The maximum limit of electrostatic potential is dropped and it leads to the sudden collapse of
PVR instantly. A secondary exploding shock is developed instantaneously at the stagnation
region during collapsing. This secondary shock provides enough energy to explode or to burst
the local system. The secondary exploding shock wave is followed by strong blast or explosive
waves. However, blast waves may follow behind of the primary shock, if the accumulated
energy is enough for explosion before the existence of secondary shock or burst of PVR. The
released energy depends on the strength of moving shock fronts. Because of the annihilation and
creation of micro-electromagnetic fields, infinite train of successive shocking process happened

with in a small fraction of seconds.
2.12. Propagation of Shock Fronts in Non-magnetized Plasma

We considered continuous trains of shock fronts are propagating through high
conductivity plasma of local system; there are two families of shock waves that are formed at the
dynamic boundary of PVR due to high velocity shock potential and instantaneous electrostatic

field. These are the imploding primary shock waves move toward the stagnation region while
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exploding slow primary shock waves moving outwards are the expected continuous trains of
shock fronts. Let us denote the velocity of the shock wave relative to the background of plasma
is represented by +V, where V is taken as a positive real number. The " + " sign represents the
primary shock wave moves inward (i.e., imploding shock waves) while the " — " sign represents
the slow shock moves away from dynamic boundary PVR (i.e., exploding shock waves) and
converges at infinity.

The plasma behind of the imploding primary shock fronts is heated and compressed. The
imploding primary shock fronts propagate with velocity of c¢; + V where ¢; speed of sound of
background neutral plasma before shock front passages. The front region of the imploding

primary shock fronts a head on the electron current layer characterized by disturbing
electromagnetic fields. The relative velocity of the moving shock wave is given by u; + Vor
—1i, — V for the imploding shock surface, while for exploding shock surface the relative velocity

is given by u; — V as shock wave propagates high conductivity plasma.

Fig.2.14a Imploding shock fronts, Fig.2.14b Exploding shock fronts

The thermodynamic properties of the plasma are not influenced by the motion of observers while
the velocity of the shock wave is influenced. Consider the imploding shock waves, see at
Fig.2.14a. The plasma in front of the imploding primary shock inside PVR is in random motion
with velocity u; before shock fronts when electrostatic potential is dropped. The charged
particles and neutrals inside PVR are engulfed by the imploding primary propagating shock
fronts, and the behavior plasma behind the shock fronts differ from the un-shocked plasma. The

supersonic inflow produces a convergent spherical shock front as electrostatic potential is

dropped suddenly. The primary imploding shock waves, as we have seen that u; + V is the
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relative shock speed, and u; + ¢, 7 is the propagation speed of small disturbances in the plasma
before the shock and u, + ¢,# also the propagation radial velocity of small disturbances in the
plasma behind the shock wave. Thus, the shock Mach number of moving shock wave is Mg >
1 for supersonic shock wave propagating through high conductivity fluid. So, the V > ¢; the
shock wave travels faster than speed of sound or small disturbance. Equation of V + u; < u, +
¢, shows that shock wave travels slower than small pressure wave through plasma behind shock
waves while equation wu; +V > uy 4+ ¢; shows that shock wave travels faster than small

pressure waves.

Generally, the shock waves phenomena can be expressed as shock waves always
overtakes continuous waves of the same family in the region a head of the shock wave, and are
always overtaken by continuous waves of the same family in the region behind the shock wave.
When the imploding shock wave overtakes continuous compressive waves of the same family,
the continuous wave is generally absorbed in to the shock waves and the latter grows stronger.
On the other hand, if the exploding shock overtakes a continuous rarefaction waves gradually are
disappearing and the shock waves gradually weakening. We can determine the conditions of
physical quantities across the moving normal shock in steady state situation of un-magnetized
flowing plasma. The continuity, momentum and energy equations of ideal plasma are expressed
by Egs.(2.81), (2.82) and (2.83) as electrostatic potential is suddenly dropped in steady state.

p1V = po[V £ (uy —uy)] (2.81)
p1 + P1V2 =p, +p[V £+ (u; — uz)]z (2.82)
Pyt D= by 421V £ (0 — )P (2.83)

Where h; and h, are internal energy density before the shock wave and after shock wave
respectively. By equating Eqgs.(2.81), (2.82) and (2.83), the density ratio and pressure ratio across
the fast moving shock fronts are given by Eqs.(2.84) and (2.84) in steady state situation.

P2 _ [E I ]'1 (2.84)

01 y+1 = M?
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Pe _ 17V 2V o (2.85)

pr v+l y+l
the parameter Mg = V /¢, is a sonic Mach number or shock Mach number. Velocity of the shock
front can be obtained from Eq.(2.85) and the result is described by EQ.(2.86) through un-

magnetized plasma.

V=c [1 + (Z—Z - 1) Vz—;l]l/ ? (2.86)

The value of shock Mach number is greater than unity for moving shock waves as we have seen
from EQq.(2.86). For the primary imploding normal moving shock wave, we can approximate
that Mg > 1, the magnitude ratio of p,/p, is very large for strong shock wave; so the imploding
shock surface is very strong and conditions across the propagating strong shock fronts can be

approximated as surface electrostatic potential is dropped suddenly.

Pz _ v+l

o1 (2.87)
P2 _ 2y 2

B 2y (2.88)

For secondary and primary exploding slow shock waves, the pressure ratio and mass density
ratio behind of moving shock wave to before shock wave is specified by Eqgs.(2.89) and (2.90)

Pz _ 178y 4y (2.89)
P1 y+1 v+1

P2 _y=3 . 4
=2t M (2.90)

When surrounding plasma is sucked by VP pulse that increases with time, the resulting
acceleration can be approximated as a result of sudden velocity jumps. This successive sudden
jump in speed creates a continuous compression wave that propagates through the plasma at
velocity of moving normal shock wave is higher than local adiabatic sound speed. When the
pressure and velocity increases, each successive compressing wave front propagates faster than
the former created shock wave fronts as the dynamic boundary is squeezed by imploding
surrounding pressure. For the sake of simplicity, we consider that the plasma is high
conductivity, non-viscous fluid and collision-less. However, the real plasma is characterized by

viscous fluid and plasma collision. Since the completely ionized plasma is composed of electrons
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and ions only, the response of the lighter electrons to the pressure gradient terms will be different
from that of the heavier ions. The electrons move faster than the ions, and thus transport energy

faster, while the heavier ions transport high momentum in slower rate.

Let we consider the imploding strong shock fronts which is generated at dynamic
boundary of PVR due to formation of oscillating electron cloud layer. This strong shock wave
compresses the imploding ambient plasma near inner side boundary layer and accelerates
electrons, ions and neutrals inside the PVR associated with electrostatic potential that is dropped
suddenly. The electron current spherical shell of thickness [, propagates to a point like region
with velocity of ¢;# + v radially inward. However, the induced intense electric field accelerates
electrons and ions in front of the electron current layer before reaching the boundary layer. The
imploding parcel of fast moving electron beam has a velocity given by Eq.(2.52) near the
convergence point. The instantaneous collapsing radial electron current for considerable initial
radial velocity due to initial density gradient and initial temperature gradient is obtained from
Eq.(2.71a) coupled with the imploding moving shock fronts in the absence of collision and
viscosity at isothermal condition. The corresponding imploding surface electron current is also
expressed by Eq.(2.74a). The characteristic acceleration of collapsing electron current layer at
non-steady state of isothermal condition can be approximated using the dimension-less

parameter of 8 and a collapsing spherical electron shell for unsteady collapsing process.

S 1 l 2 % N 1 2 A
a= =L [2 v, + me] 7+ [(ﬁ—a)le + 1] Co T (2.91)
For f # a near convergence point, the acceleration which is determined by Eq.(2.91) yields
radiation of electron at collapsing dynamic boundary of PVR. Since the minimum limit of

imploding shock wave front is approximated by velocity of collapsing electron plasma layer; the
collapsing electron velocity is replaced by shock velocity, v, = V in Eqg.(2.71a) during
collapsing of VR in the absence of particle collision and viscosity. The velocity of imploding
shock fronts corresponding imploding surface velocity in isothermal steady state condition is
obtained by Eq.(2.86) that describes the minimum velocity occurred by velocity shock potential.

V> cg [1 +21In (”—) - 29—"’5]1/2 7 (2.92a)

No kpTe
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The EQ.(2.92a) shows that minimum velocity limit of fast imploding shock wave fronts. The
minimum collapsing velocity of imploding shock surfaces is given by V~ Cse T, SONIC imploding
shock wave. This indicates that minimum limit of imploding shock wave is approximated by

small disturbance wave speed before shock passage.

2.13. Electric Field Generated by Dynamics Boundary of PVR

Let consider high density ambient plasma is imploding to convergence point from all
directions so as to destroy the PVR of local system. A dense oscillating electron beam is created
at the dynamic boundary PVR during collapsing. The radial electron current of spherical shell

with thickness [.(t) propagates to convergence region. The radial propagating velocity field is

given by c;7 + v through high conductivity medium before shock fronts. In simple and feasible
reasoning, the velocity of imploding shock front is same as radial velocity of electron beam
followed by ions and neutrals. However, the developing Coulomb forces across shock surface
influence the velocity of charged particles. In general the collapsing velocity of VPR is
determined by the density and temperature of spontaneous imploding surrounding plasma before
shock wave formation. The velocity of imploding shock front in steady state is approximated by

charged particle velocity.

V> ¢ [1 +2In (Z—;) + %]1/2 7 (2.92b)
For separated electrons, ions and neutrals Eq.(2.92b) is used, for j represents electron, ion and
neutral species. When the dynamic boundary of PVR is characterized by fast moving electrons
followed by ions, using the assumption of v, » v; during collapsing, velocity of imploding
shock wave is approximated by Eq.(2.92b). When the spherical electron beam layer shrinks to
point like small region with constant velocity, the electron potential has maximum value near the
stagnation region. When velocity of imploding shock wave is nearly the same as velocity
imploding parcels of electron beam, from Egs.(2.92a) and (2.92b) we can evaluate the induced
instantaneous electric field inside the PVR which is responsible for electron runaway and ion
runaway condition. This kinds of electric field results instantaneous body current inside PVR in

front of collapsing electron current layer.
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We assumed that evolution of induced electric field is associated with the evolution of
moving shock waves. The source of electric field is vanished before shock wave and after shock
wave far away from electron beam or ion beam layer. The main source of shock waves is
formation of VP associated with charge separation process. The intense electrostatic field is
obtained from EQ.(2.92a) in case of spontaneous imploding surrounding plasma. The induced

electric field is described by Eq.(2.93) during imploding.

— V2 . .
E= quf(';fa)le - s m ()] (2.93)
The first term on right hand side of Eq.(2.93) is shock wave induce radial electric field during
collapsing of PVR. The second term of Eq.(2.93) on right hand side is electric field induced by
temperature gradients and density gradient of high conductivity plasma in the absence of
collision and viscosity. At isothermal condition when plasma density is constant, the second term
of Eq.(2.93) on the right hand side is vanished. The fast moving imploding shock surface inside
PVR creates an instantaneous strong electric field. The induced electric field inside PVR is

directly proportional squared of shock wave velocity see Eq.(2.93).

When shock wave propagates through high conductivity plasma, an instantaneous
electrostatic field is produced. The induced surface electric potential across the imploding trains
of shock fronts is specified in terms of pressure before and behinds of shock wave trains. The
surface electrostatic potential and corresponding electric field provided by the fast moving shock
wave is obtained from Eqgs.(2.86) and (2.92b) which shows that the lower limit of fast moving
shock fronts assuming all quantities of Eq.(2.92b) are before shock fronts to fulfill the lower

limit of shock velocity.

b5 = 1m’ cf [1 + ( -1) yz_ﬂ - % 5+ (Z—f))] (2.94a)
E= G ];ze [+ (Z-1)5 - qmﬁﬁ G+ ()| (2.94b)

Since the imploding shock front is expected as strong moving shock wave, it generates instant

electric field in front of collapsing electron beam. Using Eq.(2.88) the electrostatic potential and
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corresponding electric field are generated by imploding shock fronts obtained from Egs.(2.94a)

and (2.94b) as plasma before shock front and behind shock front suffices adiabatic condition

b =3 lct [ ME + 2] - L[+ m ()] (2.953)
B =%quw"ij—a)l[M21+V2—;1 f—qj(ﬁc—_%a)le[%+ln (2)]# (2.95b)

Here, we assumed the kT;/m; =~ c{ in the above expression before shock passage. The shock
Mach number is given by Mg, =V /c; » 1 for fast moving shock front. When ion density
remains constant inside the collapsing PVR and they are assumed to be relatively at rest. Only
the shocked electrons generate intense electric field in front of the moving plasma in response to
static ions. The absence of collision and viscosity shows that induced electric field is much
higher than Direicer electric field; see Eq.(2.94b) and (2.95b).

Inside PVR, except at the stagnation region the collisional force is vanishing due to radial
aligned electron motion which is controlled by local VVP. However, if the plasma density inside
PVR is high enough, plasma collision has significant effect on the local collapsing system.
Accelerated electrons and ions penetrate the electron layer of thickness [, when the accelerated
particles gain much higher frequency than frequency of electron beam layer. A sudden
disturbance of electromagnetic wave during collapsing of electric current creates electromagnetic
radiation pressure at small local region. Even electron density gradient may be vanishing across
the electron beam layer; instantaneous electrostatic potential is generated due to formation of
strong imploding shock fronts see EQs.(2.95a) and (2.95b) and electric field is approximated by
Eqg. (2.96).

B _ 1 mect [ y-1].,
E = -t [MS1 + Zy]r (2.96)

Let determine characteristic electrostatic potential at dynamic boundary layer of PVR which
produce on its nearby electrons and ions. The radial characteristic electrostatic potential is given
by E,. ~ ¢/al, where the value of constant parameter 0 < a < oo in the range position between
initial boundary of collapsing PVR and stagnation region. This shows that effect of electric field
and micro-magnetic field far away from boundary region is negligible. When the electron beam
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layer is heated due production of fast moving shock waves, T, » T,, when T, and T,, are
electron temperature behind moving shock and before moving shock respectively. Electron
number density before moving shock wave and behind the moving shock wave is also given by
ny, and n, respectively. From EQs.(2.93) and (2.96) we can understand that instantaneous
electrostatic field is produced by moving shock waves associated with electron beam density
gradient at compacted plasma region.

Let we assumed that p, is pressure of plasma behind of normal shock surface and p; is
plasma pressure before shock wave. For imploding strong shock when T, > T, is to be assumed
as adiabatic principle is violated across moving normal shock surface. When imploding shock
wave is reflected at convergence point, it propagates radial outward accompanied with the
exploding primary shock wave fronts. When exploding shock waves are passing through the
electron beam layer, the expected instantaneous electric field is generated due to slow shock
fronts. In case of slow shock, when T, > T, electron induced electric field is obtained as follow.

— .c2 .

B = it [Ms =3 ()] (297)
From EQ.(2.97), we can understand that the instantaneous induced electric field is produced due
to slow shock fronts coupled with high density gradient is proportional to sonic Mach number.
The velocity of bouncing normal slow shock wave may produces localized electron induced
instantaneous electric field, see EQ.(2.93). However, density of plasma element could not be
constant across the moving shock wave due to irreversible and non-adiabatic nature of shock
fronts. When a primary imploding and primary exploding shock waves are generated at dynamic
boundary position of r,(r, t) far away from the center of convergence point initially; dynamic
boundary of PVR moves to convergence point followed by imploding ambient plasma. The
center of convergence point is characterized by strong radiation process, see Eq.(2.55b). The
local imploding plasma becomes super-hot plasma behind the fast imploding and exploding
shock fronts. Due to accelerating electrons and ions, electromagnetic waves are created at this
local region suddenly (i.e., Electromagnetic wave burst is occurred). In this case the mass flux
across the dynamic boundary is not conserved. Plasma density of the PVR decreases extremely
because charged particles are accelerated in the form of radiation. The convergence point sucks

ambient plasma due to local VP; finally the cavity is collapsed.
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The shock wave induced electric field which is described by Egs.(2.96) and (2.97) has
non-linear nature in steady state situation. Its non-linearity is specified in terms of varying sonic
shock number and corresponding position vector. The shock wave induced electric field in
steady state as function two variables, position and corresponding velocity, is well described by
Fig.2.15a as functions of position and squared of Mach number and Fig.2.15b as function of
position and Mach number across the fast moving shock wave. Fig.2.15a and Fig.2.15b
ilustrates the fast propagating shock wave can generates position dependent electrostatic
potential inside the collapsing and growing cavity respectively.

E as functions of shock Mach number

E as functions of sonic Mach number

Fig.2.15a Imploding shock inducedlectric field Fig.2.15b Exploding shock induced Electric field

2.14. Formation of Secondary Shock Wave Fronts

When the primary imploding shock fronts propagates to a point like convergence region,
the increment of induced electrostatic potential cease at very small stagnation region. The
propagating imploding primary shock fronts followed by imploding blast waves is bounced at
the central convergence. The reflected primary shock surface interacts with the incident
imploding shock surface. When the reflected shock wave coupled with particles collision and
next imploding shock waves, plasma is so compressed there. The imploding primary shock
changes its nature near the stagnation point because of reflection and interfacing with other wave
fronts. The imploding plasma elements behind of the electron current layer are compressed
continuously by exploding primary shock surfaces. A secondary shock fronts exist due to
overloading of the same families wave phases. The secondary shock front engulfs and compact
the imploding plasma followed by explosion.
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The intensity of electromagnetic field burst depends on the strength of compressive shock
and presence of strong magnetic field associated with high plasma density gradient. The radially
collapsing electron current at the inner side of PVR is directly proportional to shock Mach
number. When electric current sheet of spherical shell passes through strong shock surface, the
instantaneous electron current sheet is generated due to strong shock wave. It is calculated using
Eq.(2.86) resulting Eqg.(2.98), minimum collapsing electron current associated with imploding

strong shock waves.
jz _neeclMsf' (298)

The radial electric field which is produced by slow shock before explosion of local system is
proportional to square root of shock Mach number. The propagating slow shock wave creates

electron current which is dissipated by anomalous plasma resistivity, described by Eq.(2.99).
j=—neeci 1+ ZMS]I/Zf (2.99)

From Egs.(2.98) and (2.99), radial instantaneous current field produces non-radial micro
magnetic field, an instantaneous magnetic field may be propagated behind of fast moving shock
fronts. The radial converging flow of plasma element creates instantaneous strong electric

current. Let we consider the collapsing spherical electron current shell that creates non-radial

induced micro magnetic field B, which compresses and compacts the imploding plasma.
Magnetic energy is stored at small region of collapsing cavity. The inflowing plasma elements
never bounce back before it reaches at stagnation region due compressing effects of non-radial
magnetic field behind it. The shock wave induced non-radial magnetic field behind of imploding
and exploding shock surface prevents the ambient surrounding plasma from imploding to
convergence point. The compacted region is prepared for explosion because of developing
anomalous resistivity. As soon as secondary shock wave is developed at stagnation region after
imploding primary shock fronts, explosion has been appeared at this small local region instantly.
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The figures of Fig.2.16a and Fig.2.16b describes the non-linearity of strong shock currents of
imploding electron current and followed ion current in steady state respectively while Fig.2.16¢
shows the non-linear linear behavior of imploding electron having constant electron number
density across slow shock waves. Fig.2.16d describes the non-linear nature of shocked electron
current across slow shock surfaces for varying electron flux on position. The induced magnetic

field of compacted region due to radially separated electron is obtained from VXB= liof and

V-B =0 at local isolated spherical coordinate using Eq.(2.98), the imploding electron induces
non-radial magnetic field that is specified by Eq.(2.100a), is purely non-radial magnetic field.
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We assumed thatn, and V are position independent and B, and By are only ¢ dependent at
steady state to minimize complexity. The magnitude of azimuthal components of induced
magnetic fields is assumed to be constant and the polar component of magnetic field depends on
sonic Mach number. For very strong imploding moving shock waves, induced magnetic field is
given by Eq.(2.100a) during electron implosion. The exploding electron beam across the moving
slow shock is derived from Eq.(2.99) using the assumption of curl and divergence of magnetic
fields similar to Eq.(2.100a) in case strong shock waves. The polar component of induced micro-
magnetic field is proportional to square root of sonic Mach number using this assumption, it is

specified by Eq.(2.100b) also purely non-radial.

B ~ —m?pgecy[1 + ZMS]I/Zneré + B, (2.100b)

©lw

The micro-magnetic field which is generated by imploding shock wave that is described by
Eq.(2.100a) interact with micro-magnetic field which is generated by exploding (i.e., reflected
shock waves) that is described by EQq.(2.100b) through high conductivity plasma make the
system is so complex. The induced micro-magnetic field across the moving shock exerts a
magnetic pressure against the VP pressure. Suddenly, complex magnetic energy is generated due
to non-linear effects of density gradient and pressure gradient, associated with the existed shock
surfaces in radial convergent electron flowing. The velocity of fast moving shock is in the
interval of sound speed and light speed. However, we are now interested in non-relativistic fast
moving shock surfaces. We theorized here that plasma elements behind of collapsing electron
shell become instantly magnetized. When induced local magnetic field becomes so intense, it
prevents slowly accelerated particles from moving away and also it intensifies the shock
intensity, see chapter 3.

Thus, those charged particles and even neutrals are heated and compressed by shock
fronts instantly. In next chapter 3, we will study shock surface in strongly magnetized high
conductivity plasma. Generally, radial imploding or exploding plasma elements associated with
imploding primary normal shock waves and exploding primary normal shock waves behind of

electron beam spherical surface layer produces instantaneous electric field, current and radial,
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azimuthal and polar components of magnetic field. When the spontaneous induced magnetic
field is strong enough, some of plasma particles tries to move along the induced magnetic field
lines and produces other induced micro-magnetic field. The local system produces toroidal
micro-magnetic fields and poloidal micro-magnetic field behind fast moving shock surfaces. The
radial imploding electrons accompanied with imploding strong shock fronts are tried to reflect at
the convergence region. When the stored energy reaches its maximum limit, it is released
suddenly. Due to continuous production of magnetic field at small local region, highly
magnetized local plasma is blown out from lower region of stellar atmosphere in the form of

CMEs, prominences and magnetic flux tubes.

As flares and CMEs are released, electrons and ions are accelerated spontaneously in
non-thermal manner from moving CMEs and its boundary with ambient surrounding plasma.
When the compacted small local region contains huge amount of magnetic energy, the
compacted magnetized plasma which carries huge magnetic energy may be ejected out before
formation of anomalous plasma resistivity. Based on this theory CMEs can be appeared
independent of flares. However, due to dynamics of high conductivity plasma and particle-wave
or particle-field interaction, the floating CMEs can create flares and electromagnetic burst due
high disturbance of fields coupled with continuous generation of fast moving strong and slow

shock fronts.

However, the electron beam of fast moving plasma passes successive continuous trains of
shock wave fronts. From Eg@s.(2.100a) and (2.100b), we can understand that because of the
entrance of fast moving shock wave, kinetic energy is converted in to magnetic energy across
fast moving normal shock waves. We assumed that no plasma particle rotation or no rotation of
velocity field for the sack of simplicity. The minimum limit of bouncing velocity is twice
velocity of imploding strong shock. The minimum limit of kinetic energy of reflected electrons
at the convergence region for negligible plasma collision and viscosity is given by Eq.(2.101)

that describes the generated kinetic energy of energetic particles.
Exm = 4poci(2Mg — 1) (2.101)

where, Ej,,, is the minimum limit of reflected Kkinetic energy carried by reflected shock wave at

the convergence region coupled with moving plasma elements. The radiation frequency is
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generated by the reflected electrons at convergence point or line or plane. Now, we calculate

radiation frequency corresponds to kinetic energy given by Eq.(2.101).

Ve = = pc?(2M; — 1) (2.102)

The quantities, h is plank’s constant and v, is radiation frequency from shocked electron beam.
The electron temperature is produced by moving shock fronts in connection to kinetic energy

near convergence region for collision-less and non-viscous plasma is given by Eq.(2.103).
T, = 2£ec2(2M, — 1 2.103
o= 2ech(2M, — 1) (2103)

When shock wave fronts move at high velocity in high conductivity plasma medium, huge

amounts of heat energy is generated due to shock wave formation process.

2.15. Spherical Velocity Shock Potential (Mechanism of Flares and CMEs)

The instability of scalar explosive potential field produces a strong disturbance in local
plasma fluid of solar atmosphere. When plasma element is accelerated suddenly through
background plasma with its velocity magnitude is greater than background acoustic velocity
field v, » ¢, , it generates shock wave fronts through the back ground high conductivity
plasma. Where, v, ~ v is the radial particles velocity during imploding or exploding and c; is
sound speed. When the speed of flowing particles approaches to the speed of light, the formed

shock is known as a relativistic shock.

However, we are now concentrating on non-relativistic shock waves. The continuous
generation of shock wave fronts creates implosive or explosive blast wave. Plasma particles at
stagnation region increase their internal energy and entropy because they absorb energy from
imploding shock wave fronts. The plasma particles at convergence region gets rest instantly due
to compressing shock fronts associated with confining micro magnetic field and imploding blast
waves. Let us consider the medium is shocked by a continuous train of shock fronts in
irreversible manner. Here, we assumed that the shocked medium passed N times of a successive
constant shock wave fronts with in small fraction of seconds. When the stored energy reaches its
maximum limit, it is burst. Electrons and ions are accelerated by shock waves at local region. A

nuclear reaction can be created in very dense plasma due to these kinds of shock waves
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During explosion at stellar (solar) atmosphere
electrons, ions and neutrals are accelerated by shock
surfaces to surrounding environment. This situation at
local region of stellar atmosphere leads to the
formation of electromagnetic wave burst. Because the

local shocked system is dominated by collision-less

shock at upper stellar atmosphere, VSP field is also
Fig.2.17 Radiative blast wave dominant over other potentials. Collapsing of PVR at
stellar surface region is expected as dominated by

collisional shock process at deep stellar atmosphere. The strong released energy swept out the
surrounding mass due to explosive waves. Behind the propagating shock front a sudden increase
in temperature of electrons, ions and ionization process is occurred. The accumulated mass and
magnetic field are the source of energy that is released abruptly. A blast wave drove out the
accumulated mass behind of secondary shock waves. The maximum instantaneous stored energy,

E, in very small region relative to size of star.

We can calculate the VSP, ¥ (X, t) ,which produces a blast waves that may be implosive
or explosive waves behind of moving shock fronts. Let us assumed that blast wave is in spherical
harmonic expansion mode, see Fig.2.17. The quantity (X, t) is scalar velocity shock potential
satisfying the source frees implosive and explosive wave equation defined by Eq.(2.105). Using

the Fourier — analyzed in time-space coordinate,
WX, 0 = [0 (X, w)e “dw (2.104)
with each Fourier component satisfying Helmholtz wave equation, Eq.(2.105) explained below,
(V2 + k?) (X, w) = 0 (2.105)

with k? = w?/v? , the separation of angular and radial variables follow the following well
known  expression. The VSP is  specified by  spherical  harmonics
YX, w) = Yim fim()Yim(0,9)  where X = (r,0,¢) is space coordinate. The radial
function f;,, (r) satisfies the radial equation independent of m and yields Bessel equation of

Eqg.(2.106) expressed below.
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[ﬁ 424 42 _l(l:ﬂ] £ =0 (2.106)

dr? = rdr

With the substitution of f;(r) = r‘l/Zur(r) Eq.(2.106) is transformed in to,

2
dr?2 = rdr r2

[d_2+li+kz _ﬂl w(r) =0 (2.107)

This is Bessel equation with, v =1+ 1/2 the solution for f,,,(r) and u,; () is radial function

Fim() = :‘1‘—7 JpyaChr) + rBi—/"ZlNH%(kr) (2.108)
P = By A b (k) + Bunh® (k)| Yin (6, ) (2.109)
VX0 = Zim|Aunhi” (kr) + Bunhi® (k)| Vi (6, @) (2.110)

The coefficient A, and By, will be determined by initial value and boundary conditions, hl(l)

and hl(l) are Henkel’s function first and second kind. The velocity shock potential arises due to

formation of gradients of negative total pressure of the local system.
2.15.1. Boundary value problem of velocity shock potential

Nonlinear waves are specified by nonlinear wave equations, the superposition principle
does not work in nonlinear system. The nonlinear wave equation does not have general
mathematically analytic solution. It is a good method that using the numerical approximation in
connection with boundary conditions and initial value of physical quantities at local system. In
fully ionized local un-magnetized plasma, electrons and ions are accelerated suddenly if their
inertial speed is higher than thermal speed, v; > v;,near equilibrium situation. Here, we
establish a simple and important model of solar flares in weak magnetic field regions, solar quite
region. This model gives a clear understanding for future study about stellar (solar) flares,

explosive events, CMEs and active solar phenomena.

As the shock wave engulfs ambient plasma, plasma particles suddenly gain enough
energy which enables them to accelerate intensely. Those energetic electrons oscillate repeatedly

inside the shocking and compressing region in spherical harmonic oscillation mode. A strong
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shock waves and particle interaction is occurred inside the shocking region. An explosive wave
is developed and propagates in spherical harmonic expansion until the source of current over
flow is stopped. This creates electromagnetic field burst in fractions of seconds. To model the
explosive waves in fully spherical harmonic oscillation mode is natural. However, to solve this
natural model numerically is very difficult due to its sophisticated nature. The radial component
of velocity shock wave function is taken by ¥ (r, t) as a function of radial space-time coordinate.
For small motion of electron beam layer coupled with VSP, we obtain the equation of shock
waves followed by blast wave that depends on radial space-time coordinate expressed by
Eq.(2.111).

2[2%% | 209] _ 9%y
v [6r2 +r6r T a2 (2'111)

Where v = ¢, + V propagation relative velocity field of shock wave, c, is sound speed, if
c; » V for slowly propagating shock waves, Eq.(2.111) is expressed as,

HE e (2.112)

Based on Eq.(2.112) a shock wave is not generated due to flowing of high conductivity plasma

fluids when flowing velocity is less than acoustic plasma velocity. However, when the high

conductivity plasma moves with v > ¢,# in radial direction, a moving shock of velocity field v
is generated through high conductivity plasma fluids. For 0 < 7 < 7, the shock front travel a
distance of 8§ = —al,# between the initial static boundary position of 7, and 7 - 0 for
imploding shock surfaces. The imploding shock surface is reflected at the convergence
center 7 — 0 or sinks at the stagnation region. We assumed that dynamic boundary of PVR, first
boundary and the center of convergence is also the second boundary. Initially at the first static
boundary of PVR, the value of a is zero while at final state, secondary boundary, when
imploding shock wave is reflected or sunk at center of convergence the value of « is large and
its value approaches to . The exploding primary shock surface originates from dynamic
boundary of PVR as well as from center of convergence which propagates a distance 7 > 7,
beyond dynamic boundary of PVR. The exploding shock wave is disappeared at distance r ~ oo
far away from center of PVR. The final state of exploding primary shock surface is assumed to

be at infinite r > r,. The boundary condition tells us that we assume that the explosive
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secondary shock wave function followed by blast wave to be position independent at moving
boundary ¥ (ry(t),t) = constant , it may be zero for primary explosive shock wave, y(r,0) =
f(r)yand o0y /ot|.—o = g(r); 0 <r <r,is considered as imploding shock. Using separation
of variable, ¥ = R(r)T(t), Eq.(2.111) transform in to Eq.(2.113) that represents blast wave.

RT IR _T7 _ 4 (2.113)

R rR ciT

The parameter A is constant real number which connects the two independent partial differential
equations. Because of the radial oscillation nature of the problem, let we choose, 1 = k2 > 0 :
k > 0 of Bessel differential equation order of zero, v = 0 integer value. The general solution of
radial differential separated equation for » > 0 is given by Eq.(2.114). Since J,(kr) and Y, (kr)
are respectively, the Bessel function of first and second kind order of v and A; and A, are
constant parameters which are determined by boundary conditions. Moreover, lim,._,,+ R(r) is
finite if and only if A, = 0 and so R(r) = ¢,J,(kr). Recall, J,(0) =0 if v>0and J,(0) =1
where Y,(kr) - o as r — 0%, this implies that velocity shock potential y(r,t) should be
bounded at r = 0 or r = Bl, = r,, for imploding shock wave followed by imploding blast wave
if the solution is bounded in the interval (0,7,) forr, > 0, which forces as to define 4, = 0,
thus R = A,J,(kr). Since the boundary condition ¥ (ry,t) = 0 is equivalent to R(ry) = 0, we
must have R = AJ,(kr) =0. We rule outA; =0, so consequentlyJ,(kry) = 0. When
X, = k,r, are positive roots of j,(kry) = 0, then x,, = k,r, and the Eigen values of the

problem are A, = k2 = x2/rZ and Eigen value functions are A;/,(k,,7).
Y(r,t) = Yo1[An cos(kxpt) + By, sin(kx,t)]](k,r) (2.114)

Using initial conditions to determine coefficients of A4,, and B,,; set t = 0; and using ¥(r,0) =
u(r,0) = f(r) yields that f (r) = Y>n_1 A, Jo(k,7). This last result is recognized as a Fourier-

Bessel equation of function of the interval (0,r,). Hence by direct substitution we obtain that

An = [ 1Jo (k) f (r)dlr (2.115)

Toz J g (knTo)

Differentiating the function of f(r) with respects of t and set t = 0, and use u;(r,0)|;=o =

g(r)yieldsthat g(r) = Y-, ck,B,.J,(k,7) and the second coefficient is given by,
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By = ——Jo " r)o(kyr) g (r)dr (2.116)

crgJf (knt)

We can understand that the imploding shock waves followed by implosive waves are bounded
between the boundary of PVR , and center of convergence before reflection. This kind of shock
wave is converging shock waves. The imploding shock decelerates electrons and ions at the
center of PVR suddenly. Thus, motion of plasma particles stopped suddenly and plasma is
compacted instantly. However, the exploding waves are bounded between the boundary of PVR
or convergence point and at infinite value of © — co or bounded between center of convergence

point and infinite radial distance in case of exploding and reflection of imploding shocks.
2.15.2.  Velocity shock potential (\VSP) followed by blast waves

The form of unknown potential energy which produces a moving shock surfaces in
continuum medium is known as velocity shock potential(\VSP). This kind of shock potential
energy is observed in high explosive phenomenon such as human made explosive weapons
[205], natural explosive events such as atmosphere blast waves and thunder storm during raining
time [206] and astronomical explosive events such as solar flares and CMEs [207, 208]. The
VSP can be existed in all kinds of material state. However, now we are concentrated on VSP
which appeared in hot plasma state at stellar surface and supper hot stellar atmosphere plasma

medium. Behind the moving shock surface, velocity potential becomes a source of blast waves

which propagates with velocity 7 =V + ¢, #.

Here, we assumed that the source of sudden implosion or explosion of high conductivity

plasma associated with normal propagating shock waves at velocity V is known as VVSP. Across
normal moving shock fronts, electrons and ions are accelerated or decelerated in random
direction. Electrons, ions and neutral particles gain enough energy from shock fronts due to
shock wave and particle interaction principle [209, 210]. When neutral particles cross continues
train of shock fronts, they become heated, ionized and accelerated. Due to development of highly
negative VSP, the PVR sucks the ambient plasma to its convergence point. The VSP is denoted
by y(r,t) = —y(r,t), is negative for imploding shock wave of local system to differentiate it
from exploding shock potential outside of PVR. Plasma elements which reach at stagnation

region (center of PVR when v, — 0) suddenly stop their motion before bounce. For exploding
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local system, plasma elements are blown out due to sudden formation of positive VSP, ¥ (r, t), at
local compacted region. By imploding local system, we do not meant imploding shock wave
fronts. For the imploding local system, the VSP outside of PVR is denoted by ¥ (r > 1y, t), also
a negative behind the dynamic boundary surface of PVR and it pulls or sucks the ambient plasma
towards the center of convergence. The VSP at instant boundary of PVR is given by y(r,, 0).
The high negative VSP inside PVR is y(r < ry, t), provides negative VSP. This VSP of local
hydrodynamic system which is coupled with particle kinematics is constant of polar and

azimuthal space components in this special case.

When the PVR is burst or collapsed, we can defines, ¥ (r(t) = 0,t = 7) = (0, 7) is the
condition of final state for imploding shock waves followed by implosive blast waves. The
convergence point can be considered as transition from implosive to explosive nature of the
system where, 7 is the time required to collapse the PVR. As the cavity is collapsed, the negative
velocity potential is annihilated, at the stagnation region, ¥ (0, ), is provided. This is only true if
collision of imploding plasma particles with reflected plasma particles is negligible. As soon as
PVR is collapsed, a positive VSP is developed instantly associated with secondary shock waves.
The positive VSP at the stagnation region is expressed as y(0,t —» t+) is a mechanism for
secondary explosive shock fronts which create constant positive shock acceleration potential
instantly. The positive VSP decreases away from its center during explosion. A sudden explosion
of this compacted local system creates intense explosive shock fronts followed by blast waves.

Fig.2.18a Implosive shock wave process Fig.2.18b Explosive shock wave process

The exploding primary and secondary VSP vanishes far away from stagnation region or point
like source, Y (r — oo, t - ) =~ 0, for both negative and positive VSP. The presence of induced

micro-magnetic field pressure affects the disseminating and bouncing of shock fronts.
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When PVR is once created inside a continuous high conductivity plasma medium, the
ambient plasma gives a tendency to fill up the PVR so as to keep the system in equilibrium
situation. An instantaneous dynamic boundary layer is created between the PVR and high density
region of continual medium. The PVR and high density plasma region from outside interacts due
to moving shock waves at dynamic boundary layer. Generally, we expect the dynamic boundary

layer between two regions inside continuum medium is described as follow.

1. Boundary layer between non-magnetized plasma and strong magnetized plasma.
2. Boundary layer between warm plasma and hot plasma.

3. Boundary layer between high density plasma and low density.

4

Boundary between plasma and vacuum region.
2.15.3.  VSPin the absence of electrostatic potential generates blast wave

The VSP is necessarily existed in high conductivity plasma when local cavity is created
inside the continuum medium as magnitude of aligned flowing velocity field is greater than
background sound speed. For the sake of simplicity, let we assumed that imploding velocity field
as well as exploding velocity field coupled with moving shock wave is radial velocity. The radial
imploding or exploding velocity is assumed here as ir-rotational velocity. Vorticity of the local
imploding plasma element is given by w = VXu=-VX le = 0 during collapsing of PVR
and explosion of local plasma in connection with radially moving normal shock fronts may be

occurred behind collapsing cavity. If plasma has both ir-rotational and incompressible behavior,
then we have a velocity shock potential field of imploding plasma elements as V= —Vl/) and
V-V =0 inside high conductivity background plasma fluid. Since the imploding or exploding

velocity is approximated by V7, using the assumption of V = V(7,t) and 1, is function of space-
time coordinates described by EQ.(2.110) in spherical harmonic mode. The velocity shock
potential function provides a strong blast wave behind of the dynamic boundary of PVR, and it

can be described by Laplace equation of VSP at steady state situation.
V2 =0 (2.117)

Formation of VP is the main mechanism for existence of VSP at small local region. Since we

have y(r, t) is the total VSP of local system with no sink or source of shock wave as observed
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from Eq.(2.117), this Laplace equation determines the nature of VSP and its solutions are

specified by boundary conditions in steady state. When flow potential creates a shock surface, its

velocity is equivalent to velocity field of shock fronts followed by blast waves (i.e., u = v
during collapsing of PVR or during explosion coupled with exploding shock waves) in the

absence of viscosity, collision and external field of local isolated system. Since p is plasma
density that shock wave passes over it and V-V = 0, for fast flowing plasma, and p is the
negative dynamic pressure of PVR, local system before shock passage or before collapsing.
During collapsing or explosion of local system when the dynamic boundary layer is
characterized by constant electrostatic potential, we approximate the imploding shock velocity
from Eq.(2.50) in the absence of collision and viscosity that yields

1/2

= 2k 1 2k dn; A
Vz[—[Tj—ETjO]+;jijn—j’+c 7 (2.118a)

mj

The quantity c is integration constant that is determined using boundary condition at steady state
situation. If the collapsing or growing process of PVR is spontaneous, the integration constant is
vanished. In case of sudden collapsing of or strong explosion from point, line or plane, the
velocity of fast propagating shock front is predicted from the concept of V > ¢, and the shock
velocity is constant for non-variable shock fronts. The expected minimum value of shock

velocity is obtained from Eq.(2.118a) for imploding neutral collapsing plasma spontaneously.

V= cs\/% [1+Inp]'/? (2.118b)
Fory = 4/3 forall relativistic gases we get that

V ~ 1.22 [1 + In p]¥/2¢; (2.118¢)
Fory = 5/3 for non-relativistic monoatomic gases we get that

V ~ 1.5[1 + Inp]*/2¢, (2.118d)

Since p(r,t) is the instantaneous dynamic pressure at radial arbitrary position 7 and time t of

collapsing or growing PVR, at initial state it is denoted by p(r,) at dynamic boundary of PVR.

The shock velocity is defined by gradient of velocity shock potential. Thus, V= —le, for
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Y =Y(r,t) and let we assume the process is spontaneous, u,, = 0 ,for the sake of simplicity.
Now, we can calculate the value of velocity shock potential y(r,t) for imploding shock waves
followed by imploding blast waves. The positive VSP is approximated from Eq.(2.118a), the
imploding or exploding velocity shock potential is given by Eq.(2.119a).

P = £[Kt - V?t] (2.119a)

k=2 + + = ¢ lnp = constant (2.119b)

at
The quantity K is position independent function for K « V2, Eq.(2.119a) results Eq.(2.119c).

Y~ V2t (2.119¢)

The velocity shock potential given by Eq.(2.119c) can be specified in terms of radial position

vector. If we consider the ratio of change in dynamic pressure to density and In p is constant of

the integration Eq.(2.119c) can be expressed by Eq.(2.119d) in terms of position.

W~ —1V (2.119d)

From EQ@s.(2.119c) and (2.119d) we understand that strong VSP dependents of propagating

velocity through high conductivity medium.

Y= V2t y Y= =2k

otential

-20 Qo

Fig.2.19a Implosive shock velocity potential Fig.2.19b Explosive shock velocity potential

From Fig.2.19a and Fig.2.19b, we understand that due to non-linear behavior of shock wave, the
process is ceased at large time for both strong and weak shock process. Fig.2.19a shows the

strength of shock velocity potential is in maximum limit at convergence point that leads to
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sudden collapse of local PVR; the shock velocity potential is connected with strong VP at
convergence point. While Fig.2.19b shows the maximum limit of shock velocity potential at
initial time in the compacted local region after collapse. When we consider the imploding or
exploding plasma suffices quasi-neutrality condition. The shock velocity and corresponding VSP

are obtained Eq.(2.50) and using V= —Wj in steady state condition, given by Egs.(2.120) and
(2.121) near the convergence point associated with position dependent electrostatic potential.

V(r) = A exp {i GW”Z + 2uln T)}f” — A exp {21 ( vr? + 2uln r)}f [2# :igf +

%Z—I:] exp {—i(%vrz + 2uln r)}] drf (2.120)

Y = —f(A1 exp{ievrz +2,ulnr)})dr+f(exp{21 ( vr +2,ulnr)}f [ [% 2

m or

1o exp{ 2#( vr +2,ulnr)}] dr) dr (2.121)

p or
The value of constant function, A,, is determined using the boundary condition concept. The
shock velocity and corresponding V'SP function given by Eqgs.(2.120) and (2.121) are not simple
to understand. The presence of plasma viscosity and collision of plasma particles makes the
process is so complex. Thus, the propagating shock wave may create turbulence behind of it in
steady state condition. The shock wave acceleration coupled with constant plasma density in case
of collision-less process is obtained from Eq.(2.119a) and is described by Eq.(2.122a) in in terms
of shock wave velocity radially.

= i[w+5—v]f (2.122a)
20l pv v

The shock acceleration is inversely proportional to time, see Eq.(2.122a) and the collapsing
shock acceleration is arisen due to time dependent velocity shock potential. The shock wave
acceleration is given by oV /ot = a at non-steady state situation has non-linear behavior, see EQq.
(2.122a). If the position constant function K given by Eq.(2.119b) is highly time-dependent, the

shock wave acceleration is described by Eq.(2.122b) in unsteady state during collapsing.

1 [2c? K toK

i=—|Z-v+o-o=|f (2.122b)
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The imploding shock acceleration is inversely proportional to collapsing radial distance. This
shows that at stagnation region, the acceleration of shock wave front is smaller as it travels
maximum distance. To predict the intensity of VSP,y(r,t), it is important to determine the
value of dynamic pressure as functions of density and time at fixed position, p(p(r),t) of
dynamic boundary. Since, p(r, 0) = p, at static boundary of PVR, a distance of r away from
center of convergence point and value of y(r, t) at initial condition ¥ (r,0) = f(r) at electron
beam layer boundary. When surface electrostatic potential plays a crucial role for accelerating of
charged particles, the VSP given by Eq.(2.119a). In the absence of particle collision, viscosity
and other external forces for constant plasma motion, velocity of shock is approximated by

]1/2

V= [cg + % +%(p — Do) + 2ycilnp| f (2.122b)

If the shock velocity is equal to acoustic velocity in aligned radial motion of plasma elements,
the VSP is known as sonic velocity potential. Near the stagnation region or convergence region
the VSP can be included the viscosity and collision term of incompressible high density plasma.
Thus, fast moving shock fronts inside the PVR reflected back and forth many times between the
moving boundary and center of PVR before complete collapse of local system. When, |v| = ¢,
speed of sound behind moving shock wave the quantity ¢ = ¥(r,t) become sonic shock
potential (SSP). The solution of Eq.(2.111) radial component VSP is obtained for both radial
imploding shock and exploding shock waves followed by blast waves in terms of velocity shock

wave function given by Eq.(2.123a).
W(rt) = %[f(r +vt) + f(r —vb)] (2.123q)

The functions f(r + vt) = Ee*+v) and f(r — vt) = Fe*0~v9  denote the shock wave
function and also 7 is measured from the source of shock wave fronts to interest point. The
constants E and F are determined using the boundary condition and initial value. The functions
f(r+wvt) and f(r — vt) are arbitrary shock functions. The function f(r + vt) represents the
imploding shock waves to a point while f(r — vt) is exploding shock wave from a point to

infinity or from dynamic boundary layer to infinity.
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As we see from Fig.2.20a, the velocity shock potential has a rapid change near its source
or at convergence point. The factor 1/r affects only the shock wave magnitude and represents
the spreading of the wave energy over larger surface as it propagates away from the source.
Fig.2.20b explains that the oscillating amplitude of shock wave increases at convergence region.
Thus, the un-stability condition is increasing. Equating Eq.(2.119a) in to Eq.(2.123a) for
imploding velocity shock potential, the arbitrary shock wave function of f(r + vt) that is

described by Eq.(2.123a) can be expressed as follow.
f(r+vt) =[K-V23]rt (2.123b)

We assume that the imploding blast wave has radial component of constant phase velocity v
behind the imploding blast wave. The shock surface is followed by trains of implosive or
exploding blast waves if v > u, only. The implosive blast wave travels a distance x = r, + vt
where x is the distance travelled by shock surfaces which produces a blast waves with relative to
initial distance r, boundary position. The relative velocity of blast wave is given by u, + c,#
which implies the moving shock is followed by blast wave. Fig.2.20a represents the behavior of
radial functions of shock potential for unity of shock wave number. In Fig.2.20a the red line
represents the exponentially growing shock wave function while the blue line represents the
exponentially decaying shock wave function. The solution of shock velocity potential that is
defined by Eq.(2.123a) for both implosive and explosive shock velocity potential is well

illustrated in Fig.2.20a and Fig.2.20b. The graphs of Fig.2.20a and Fig.2.20b show for both
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implosive and explosive cases. The shock velocity potential has maximum strength at initial time

and finally vanished as time is progressed.

2.15.4. Analytical solution of implosive and explosive waves

When the collapsing cavity is filling up with highly shocked dense compacted plasma,
the imploding plasma bounces back or ceases its motion at convergence point instantly. The
secondary shock wave fronts are generated and followed by strong explosive blast waves at the
compacted plasma region. The surrounding plasma continuous it’s imploding to center of
convergence until VP is disappeared. Interaction of imploding shock waves with reflected
imploding shock waves makes the process is more dynamic and complex. If we assumed that the
collapsing process is collision-less and there is no effects of plasma viscosity, ions and electrons
of compacting plasma enter to charged particle runaway condition quickly. Thus, the collapsing
and compacting plasma is highly unstable. The reflected high pressure plasma element
continuously changes its behavior across the shock waves. This shock discontinuity creates the

front of advancing blast wave system as it progresses further outward.

Let us consider the radially expanding shock wave followed by the sudden release of
some large amount of energy E from a small cell volume, as in an explosion of detonation. Let
us further consider that the shock wave at times t after the time of the energy release t, = 0, has
propagated to some radial distance r that is large compared to the original radius of small
compacted region that total energy is deposited. We will find that the motion is determined
solely by the explosion energy, and the initial density and thermodynamic characteristics of the
plasma into which the shock wave is propagating. This problem was first considered and solved
by Sedov in 1946 for neutral explosive plasma or gas particles. At that time, the Sedov blast
wave has reached a radius, R, contained within the volume behind the blast wave is a mass of
plasma element and density of small compacted region before explosion shock is denoted by p in
Eq.(2.124). Let consider the collapsing cavity of PVR is created inside a dense perturbed plasma
fluid at stellar atmosphere. The collapsed cavity was a sphere of initial radius position 7, of

isolated local region. Thus, we obtain a compacted mass, M, is described by Eq.(2.124).

M= gnR3p (2.124)
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We can calculate the shock speed associated with blast wave due to dynamic pressure difference
between the convergence point of PVR and high density surrounding plasma. The VSP creates a
high blast wave or explosive wave that swept out plasma mass to surrounding. In spherical
symmetric, the linear wave EQ.(2.112) of isolated system has solution given by Eq.(2.123a)
analytically. For supper sonic flow, the minimum velocity of flowing plasma associated with
shock wave is equals to plasma acoustic velocity v = ¢,#, and ¥ = Y(r,t) is the VSP for
imploding cavity. Sonic VSP is also the source of shock waves and it accelerates electrons and
ions non-thermally across shock fronts. Where, r(t) =1, + R(t), 1o is initial radius of the
collapsed cavity which VSP is independent position and time at initial state. The general solution
of Eq.(2.112) is given by Eq.(2.125) in terms of shock wave functions.

Y(r,t) = rHf(r +cst) + f(r — cst)] (2.125)

The solution r1[f(r + cst)] represents for sonic wave is propagating radially inward while
r Y f(r — cst)] is propagating radially outward. The source of shock wave is at small point in
case of explosive secondary shock fronts while at the initial dynamic boundary of PVR for
primary shock fronts. Let we considered speed of sound is constant at background plasma fluid
is c¢g, of the unperturbed media. The mass of fast flowing plasma jet is negligible when we

compare to mass of the whole plasma of star.

Our focus is at small local system or micro system of huge global plasma system. The
velocity and change in pressure of local system for imploding primary shock fronts and
exploding shock waves followed by blast wave can be calculated by Egs.(2.126a), (2.126b) and
(2.126¢) describe sonic shock wave. When plasma number density remains constant across the
non-radiative moving shock wave, only heat energy and magnetic energy may be generated by
the moving shock wave. From Eq.(2.50), replacing velocity of flowing plasma by velocity of
shock front to fulfill its minimum requirement of shock wave propagation through high
conductivity plasma, we get Eqgs.(2.126a) and (2.126b) in terms of electron temperature gradient

and ion temperature gradient respectively.

—

V ~ 1.52 x 108 V[[ T, (r, t)dt — T,(r)t] (2.126a)

V ~ 8.25 x 103 [[ VT (r, t)dt — VT,(r)t] (2.126h)
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The EQs.(2.126a) and (2.126b) show that steep temperature gradient is the cause of sonic shock
during spontaneous plasma flow. To find velocity of moving shock arises from spontaneous
plasma flow, let we define the traveled distance by shock fronts in terms of dimension-less
parameter, &« using Eq.(2.125) and V = — dy/dr the shock velocity is given by Eq.(2.126c) for

imploding shock waves followed by blast waves for negligible radiation effect.
=  a3c 1)2 10\ |
V= [(1 +2) —2(1+ ;)] # (2.126¢)

Where, acst =Vt and a > 1,forV > c,, the dimensionless parameter « relates the distance

travelled by moving shock surface with distance travelled by small pressure disturbance waves.

a*c? 1\2
p="2(142) (2.127)
4 Sz 1 2
-m= 2 (14 e120

The shock wave function and difference in dynamic pressure can be defined in terms of the
dimensionless parameter. This helps to simulate the propagating shock wave followed by blast
wave through high conductivity plasma fluid during implosion or explosion. We consider that
the radial flow from a point, to simulate the explosion, we assumed that the exploding shock
front is to be spherical shell which suffices spherical symmetry of radial flow. The blast wave or
explosive wave propagates behind of shock fronts that pushed the surrounding plasma which was
engulfed by the headed moving shock fronts. The blast waves which moves behind of the
moving shock wave is described by linearized form Eq.(2.111) and its solution is given by
Eq.(2.123a) propagating behind the fast moving shock fronts. The blast wave or explosive wave
fronts may propagate in front of the small disturbance or behind the small disturbance inside the

shocked spherical region.

2.15.5. Propagation of slowly and fast exploding blast wave

Let us consider the blast wave or explosive wave fronts that are propagating before the
small disturbance or behind the small disturbance. The exploding shock front travels a radial
distance of R(t) before the imploding or exploding blast wave. The position of blast wave inside
the shocked spherical region is denoted by 7(t) = vt = ac,t# implies that 0 < a < 1 for slow
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propagation of blast wave behind shock while @ > 1 for fast imploding or exploding shock
waves which is followed by blast waves, the fast moving shock wave propagates before small
disturbance. The relative position of exploding blast wave behind shock front is w = (a — 1)c,t
inside exploding sphere. The relative velocity of slow blast wave for constants « and c; is
specified by dw/dt = w/t that yields dw/dt = (a — 1)cs < ¢, for slow blast waves and
dw/dt = (a — 1)cg > ¢, for fast propagating imploding or exploding blast waves preceded by
fast moving shock waves. When the dimension-less parameter a(r,t) is position and time
dependent, acceleration of implosive or explosive Dblast wave is given by
d*w/dt? = c; da(r,t)/dt behind of moving shock front. This shows acceleration of imploding
or exploding blast waves behind the fast moving shock fronts. Acceleration of blast wave
through high conductivity completely ionized plasma creates discharging of electrons and ions.
The discharging process arises due to absence of plasma viscosity and collision. The bulk

accelerating plasma creates out flowing plasma jet from small local region.

The undisturbed ambient plasma outside of the first propagating shock front with v = 0
and p = p, at position 7(t) = ut remains undisturbed at infinity large distance far away from
center of explosion. The blast wave potential, velocity of blast waves inside the imploding or
exploding sphere and change in pressure between shocked plasma and dynamic boundary are

described by Egs.(2.129a) to (2.130c). For a « 1 the velocity shock potential is approximated as

Yx —— it (2.129a)

V=~ #cs (2.129b)
2 2

P —Po ~ T Poc? (2.129c)

For @ > 1 corresponding fast exploding blast shock propagates behind of small disturbance

(17N f_i ~t (2.130a)
csa®
V= o (2.130Db)
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(2.130c)

The relationship between velocity shock potential of implosive and explosive process can be

described by the following velocity shock potential versus time, velocity and pressure graphs.
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These plots are illustrated from Egs.(2.129a) - (2.130c) which describes the behavior of
shock induced blast waves, associated dynamic pressure change and corresponding velocity of
shock. Fig.2.21a shows the non-linear relation of velocity shock potential in space-time
coordinate in non-relativistic sense in slow exploding sonic shock process (i.e., during
explosion). The graphs of Fig.2.21b and Fig.2.21c show the non-linear relation of shock Mach
number with position and change in dynamic pressure with position respectively in case of slow
shock wave process. In similar manner, the graph of Fig.2.21d indicates the shock velocity
potential so complex in space-time coordinate for fast shock process (i.e., during explosion). The
relationship between shock Mach number and position, and change in dynamic pressure and
position during explosion process is well described by graphs of Fig.2.21le and Fig.2.21f
respectively. In Fig.2.21a - Fig.2.21f the dimensionless parameter a represents the ratio of

distance travelled by shock front to Debye length.

2.16. Energy Estimation of Explosive Instant Compacted Local Region

The source of explosion energy is the internal energy of compacted high conductivity
non-magnetized plasma fluid. Even in the absence of plasma resistivity, huge amount of stored
energy is released in the forms of kinetic energy, heat energy, and radiation energy and magnetic
energy due to anomalous resistivity across shock wave fronts. The released amounts of energy
can be approximated by using the power low energy distribution behind the shock fronts in
connection with blast waves. The total energy is stored at high conductivity compacted plasma of
local system. It is represented by E; and would be stored at small local region of radius, 7. due to
imploded strong shock followed by imploded blast wave. As the total energy is released, it is

time dependent as we see from Eq. (2.131) for real parameter n > 0 during explosion.
Et = Eotn (2131)

The quantity E, is initial constant energy before exploding of blast waves and n is constant real
number. The case n = 0 corresponds to the shock wave followed by blast wave or explosive
wave has constant energy. When n > 0 in case of imploding or exploding events, the total
energy increases with time. The dissipation effect is ignored in the absence of particles collision
and viscosity for the sake of simplicity behind the moving normal shock fronts. The radial flow

suffice in spherical symmetry unsteady inflow behind shock fronts relate to VSP in connection

SWIF model © Atakalti B.A. AAU,  5/13/2018 138



with blast wave can be expressed by the following equations behind of imploding or exploding

shock waves:
ap ov dp , kvp
E+p;+v;+7—0 (2.132a)
v v 10p _
E-I_UE-I_;;_ 0 (2132b)
2 p ) +vZ(p) =0 (2.132¢)
at pp a,r. pp "

The variable functions p, v, and p are mass particle density, particle velocity and pressure behind
shock wave respectively, are position and time dependent. The value of k = 0, 1, 2 represent for
plane, cylindrical and spherical coordinates respectively in Eq.(2.132a). In case of imploding
shock waves, the distance traveled by shock front is || < |ry| converges at a point while for
primary and secondary exploding shock, |r| > |r,| converges at infinity. If we consider the
energy stored in small local region include electrical energy and magnetic energy in addition to
thermal and internal energy, Eq.(2.132c) can be defined by Eq.(2.133) across shock wave front.

(1 2z P L le gz B k(i [tz ¥ e g2 BTN L
at(zpu +y_1+260ET+2#0)+rk(r u[zpu +y_1+2€0ET++2H0])—0 (2.133)

Letx = r/R where,R = R(t), distance is travelled by the shock fronts. Thus, x = 1 represents
the locus of the shock wave front. For x < 1, represents the situation behind of shock fronts
while for x > 1, the situation before the reachability of shock fronts. The solution of strong
shock front in connection with exploding blast wave in self-similar form, the velocity of blast
wave, sudden change in pressure and mass density through high conductivity plasma are

expressed in terms of shock velocity.

v=+4—V (2.134)
y+1
_ 2 2
p= iy+1 poV (2.135)
_ v+1
P=Po, (2.136)
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The negative sign in Egs.(2.134) and (2.135) shows the streaming of local plasma is towards
center of convergence. The stored total energy before explosion is denoted by E,. When the local
region is exploded due to formation of secondary shock waves, the distance travelled by
exploding shock in connection with the stored energy excluding viscosity, collision and electric
potential energy is specified by Eq.(2.137) for neutral plasma fluid.

(n+3)

2
R(t) =H [g]“” tr+s (2.137)

_1
1 y+3)

B P (A Vi
Where, H = [Po i G- [ﬁ+y2(y—1)]

, the blast wave propagates behind of the moving
shock wave travels a distance given by Eq.(2.137) that describes the propagation of sonic shock

waves through high conductivity pre-unmagnetized neutral plasma.
2.16.1. Energy of explosive (blast) wave

The sudden release of large amount of energy, E from the small locally compressed
region that surrounded by high conductivity background plasma with density of p, creates a
strong explosion. It is identified by infinitely trains of fast moving shock fronts followed by
intense explosive or blast waves emanated from small compacted local region. This explosion is
occurred due to formation of intense intrinsic explosive, VSP, in the same principle as detonation
process of solid explosive materials. The expected source of explosion is the collapsed current
sheet due to strong response of high negative dynamic pressure at the center of convergence
region, see chapter 2 Egs.(2.74a), (2.74b), (2.75a), (2.75b), (2.76a), (2.98) and (2.99).

The exploding shock wave propagates in spherical harmonic oscillation mode. However,
in this model it is much difficult to solve the second order partial differential equation in
spherical harmonic oscillation numerically due to complex nature of shock waves dynamics.
Here, we focus that the exploding shock wave propagates in radial direction so as to minimize
complexity. The exploding shock wave propagates a distance of r(t) for r(t) > r,. and the mass
is swept out or ejected from the small local region by the generated strong explosive wave
surfaces. The swept out plasma mass coupled with exploding shock surface is specified by
Eq.(2.124).
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M, = %nmener3 (2.138)

This ejected plasma mass pushes the background high conductivity plasma. Some of the
background plasma particles are accelerated by the exploding shock fronts. The mass n, denoted

the number electron density that is ejected behind of infinitely strong shock wave passage.

Velocity of the fast moving shock is given by V =R/t followed by blast waves. Total kinetic

energy and thermal energy of the ejected plasma elements behind shock fronts is calculated.
2 5
Exin =370 3 (2139)
Ey = %kr (2.140)

The quantities P(r,t), p(t) and T(t) are specified behind the explosive shock fronts. Since
electron, neutral and ion are accelerated by shock surface, radiation pressure from the accelerated
electrons and ions of plasma jet may plays a crucial role even in non-radiative shock waves. The
total energy behind of the shock surface across neutral plasma is mainly given by Eq.(2.141) for

negligible shock wave induced electric field and magnetic field behind ejected plasma radiation.

_ [2mpar® (1) | 2 16 3.4
B2 = [ 3 t2 ((y—l) +y+1)] + 3 ol (2.141)

The subscript 2 represents the state behind of moving shock while the subscript 1 represents the
state before shock. These shock surface moves with a radial velocity of V(r,t) and engulfs
plasma density of p; before the expected explosive shock fronts. The density of plasma p,behind
the secondary shock surface has dynamic pressure of P, and plasma element flows with lower
velocity u, behind the secondary shock surface (i.e., V> u,) is assumed. The dynamic pressure
behind fast moving shock wave is related with the state before shock wave is given by

Eq.(2.135), describes the dynamic pressure. Radiation energy and compressive pressure behind
the shock surface are given by E,,q = hv and p,,q = ‘;—jT“ where h and v are planks constant

and electromagnetic frequency respectively.

We assumed that the radiation is thermal radiation behind of shock passage which affects

the surrounding high conductivity collision-less plasma in the absence of electric field and
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magnetic field. Most probably the non-thermal radiation is relativistic radiation. The intense
radiation pressure is generated by shock wave [211]. From the explosive shock waves we can
observe a secondary light while from the primary imploding and exploding shock waves we
observe the primary light. If the shock wave is radiative shock, the shock front could be a source
of radiation. However, in this model the primary light or first light is existed not only thermal
radiation but from non-thermal radiation due to the induction of intense electric field and
presence of surface induce magnetic field, and fast propagating shock waves. In both primary
and secondary shock waves non-thermal acceleration due to infinitely intense shock wave is

inevitable.
2.17. Summary

Before the development of SWIF-1SQR model, it is clearly defined that how the surface
plasma dynamics is described with concomitant plausible plasma theory and kinetic theory
integrated with evolution of electric field and magnetic field. From observational view point, the
global nature of stellar surface is stated in steady state or hydrostatic situation with continuous
emission of electromagnetic radiation and accelerated particles from its surface for ignorable
effects of magnetic field. When the star has been treated in steady state situation, electrostatic
potential is developed on its uniformly rotating surface. The agent of stellar surface electric field
is the migrating electrons from interior to surface. The electron depletion on the stellar surface
determines the age of the star. Migration of electrons from stellar interior to its surface in steady
state situation provides radial steady surface current that is predicted using symmetry condition.
The radial steady surface current generates most probably non-radial magnetic field. The non-
radial magnetic field interacts with the pre-existed magnetic field, if there, and confines the

stellar materials from dispersing to surrounding strong vacuum potential space.

However, from contemporary observational evidences, the solar surface is in small
perturbation about the equilibrium condition. It is observed that plasma element is in highly
dynamic motion at local region of stellar atmosphere. This dynamic motion is raised from
surface convection, surface non-radial oscillation and turbulence motion of local surface plasma.
The local surface electron plasma steep density gradient creates strong charge separation. Due to

the steep density gradient associated with surface plasma turbulent, a local low density cavity
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(PVR) is developed at stellar atmosphere. The formation of PVR is well known at high
conductivity completely ionized plasma associated with shock surfaces. A small sized PVR is
also created interior of the star, at convection zone, during local nuclear reaction, due to steep
temperature gradient that brings convective bubble of hot plasma reaches at stellar surface. The

adiabatic convection process and plasma quasi-neutrality process is violated at stellar surface.

Moreover, we are focused on PVR that is formed on the stellar surface and above. The
non-radial oscillation of stellar surface may create local PVR at photosphere, mass deficiency
region and nearby mass excess region coupled with surface plasma convection and turbulence.
Due to extreme difference in dynamic pressure at convergence point and surrounding plasma, the
VSP is created during sudden collapsing of PVR due to strong vacuum potential (VP)
development at center of convergence. Here, we assumed that the collapsing or growing cavity
(PVR) is in local spherical coordinate. The high conductivity plasma is instantly compacted at
convergence region followed by sudden explosion. The fast moving imploding or exploding
shock wave generated instant intense over-voltage electron current near the convergence region.
The shock induced imploding or exploding current generated strong local magnetic field with its
strength intensity is comparable to star-spots (sunspots) magnetic field strength. The shock
induced secondary complex magnetic field brings a strong blown of clamps of magnetized
plasma, CME from small local region. The SWIF-1SQR model manifests the delivery of stellar

flares, CMEs and electromagnetic wave burst from stellar, solar, atmosphere.
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CHAPTER 3
3. SHOCK WAVE INDUCED FLARE IN SOLAR ACTIVE REGION

3.1. Aim of SWIF-2SAR Model development

In this thesis chapter, our aim is to advance a physical model which predicts and explains
energy of stellar explosive events in-connection with force free magnetic field. Solar atmosphere
is characterized by inhomogeneous force free or non-potential magnetic field associated with its
highly dynamical nature of rare dense hot plasma [212, 213]. Electron and ion move along the
force free magnetic field line at strong magnetic flux region of solar atmosphere with small drift
across magnetic field lines. However, where the thermal energy of super-hot plasma is dominant
at the region where weak magnetic field fluxes, plasma particles may move in random direction,

see chapter 2, section 2.2 - 2.9.

The dynamical nature of solar atmosphere plasma coupled with complex magnetic field is
a main cause of solar explosive events such as solar flares and CMEs (i.e., that is theorized by
SWIF-1SQR model as we have seen before in chapter 2). Many observations from LASCO,
YOHKOH, SOHO, SDO and other observatory stations show that, more impulse solar flares are
frequently existed and more populated at the solar active region than quite region. From
observational view point, we can suggest that intense solar explosive events are frequently
occurred at solar active region. The strong solar magnetic field intensifies the explosive events
most probably occurred at solar atmosphere region between 15 degree and 65 degree latitude of
both north and south [214, 215]. The shock wave induced flare in solar atmosphere, SWIF-2SAR
model, is differed from the first model, SWIF-1SQR model because of the presence force free or
non-potential complex and strong magnetic field. Flares which can be modeled by SWIF-2SAR
model occurred everywhere on the solar atmosphere at a region where strong magnetic field
while solar flares that can be modeled by the first model, SWIF-1SQR model, defines the region
of weak magnetic field. The second SWIF-2SAR model of solar flares is developed based on the
idea of shock wave acceleration in magnetized plasma associated with fast magnetic

reconnection (FMR) theory model, see chapter 4, section 4.7.
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The idea of Fermi like acceleration and shock wave acceleration associated with the
concept of fast magnetic reconnection theory in high conductivity plasma fluids leads to the
formation of extreme intense solar explosive events. The problem of slow magnetic diffusion
which hinders the fast magnetic reconnection problem is solved by the effect of surface shock
wave acceleration associated with high magnetic pressure and formation of PVR followed by
strong implosion-explosion process. Thus, SWIF-2SAR model is the continual of SWIF-1SQR
model most probably effective at upper layer of inhomogeneous magnetized stellar photosphere,

chromosphere and corona.

3.2. Magnetized Plasma Flows at Solar Active Region

Several data from YOHKOH X-ray telescope show that solar active region temperature
ranges from 3MK to 10MK at corona and during intense flares [216]. However, the temperature
of solar active region at solar surface is at lower temperature relative to the solar quiet region
[217]. This inhomogeneity in temperature on solar surface is due to existence of discrete bundle
of closed and opened magnetic flux tubes. Foot points of strong magnetic flux tubes are anchored
at deep solar photosphere having a magnitude from 10G to 3000G [218, 219]. Random motion of
plasma at active region of solar atmosphere is prohibited from diffusing across magnetic flux
tubes [220].

Let we assume that magnetic flux tubes are most probably radial at the thin layer solar
photosphere. Horizontal flowing plasma outside magnetic flux tubes are in random motion at
high collisional local system of solar surface is occurred. Due to plasma pressure perturbation, an
alignment of flowing plasma is occurred inside and outside magnetic flux tubes. The aligned
horizontally flowing photosphere plasma pushes the magnetic flux tubes wall and bounce back.
Most of plasma particles do not cross the strong magnetic flux tubes. When the aligned plasma
streaming exerts high pressure, the magnetic flux tube may be deformed. Collisions between
magnetic flux tubes and head on fast flowing plasma create a shock and Fermi like acceleration,
see chapter 4, section 4.7. Based on the first model (i.e., SWIF-1SQR model) when parcel of fast
flowing hot plasma density is higher than the background density, electrons move in front of ions
and they induces an intense surface electric field at the front surface boundary of plasma
element. When ions and electrons are at the same temperature, and if inertial velocity of
electrons and ions are greater than their thermal velocity, electrons and ions enter to electron
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runaway, and ion runaway condition [135, 221, 222]. When the fast moving plasma elements
collide with wall of magnetic flux tube, fast moving electrons push the wall of magnetic flux

tubes faster than ions. And, bounce back with velocity is twice their incident velocity.

Some of the fast moving electron and ion may
trapped by the strong magnetic surface flux tubes.
These trapped particles drift towards the center of
magnetic flux tubes due to high magnetic gradient.
However due to instantaneous charge separation

process, a strong shock is developed inside the

: i magnetic flux tubes as well as around of the
Fig.3.1rotating magnetizedactivestar/sun . gnetic flux tubes. Electron and ion decrease their
velocity on the surface of magnetic flux tubes suddenly. The abrupt change of electron and ion
velocity before bouncing is due to wave-particle interaction and overloading of phase velocity of
gyrating electron and ion on surface of magnetic flux. So, the expected bouncing velocity of
electron and ion must be greater than twice their incoming velocity. This shows that energetic
particles are created on magnetic surface due to non-thermal effect. Before we develop our
second model of strong solar flares, SWIF-2SAR model, let we explain the nature of stellar
surface and atmosphere associated with its rotational, oscillation effects in the presence of
complex magnetic flux, and arbitrary topology of magnetic fields, presence of strong electric

currents at solar atmosphere briefly.

3.3. Effects of Magnetic Fields on Rotating Stellar Surface and Atmosphere

The star is made up of a self-gravitating giant ball of plasma cloud situated at low density
space vacuum. Like most astronomical objects the sun rotates on its rotational axis at the center
of solar system. However, based on differential rotation theory, different part of the star rotates at
different rate. We can detect rotation of stellar surface by observing the motion of solar
structures such as sunspots on the visible solar surfaces, prominences, magnetic flux tubes and
coronal holes [94, 135, 223 - 225].The local regions of the solar surface near its equator rotate
once about every 25 days [226]. The Sun's surface rotation rate decreases with increasing
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latitude, so that its surface rotation rate is slowest near its poles, see Fig.3.2. At its poles the Sun
rotates once about every 35 days [69]. The interior of the Sun does not spin the same way as does
its surface. Scientists believe that the inner region of the Sun, including the Sun's core and
radiative zone, do rotate more like a solid body. The outer parts of the Sun, from the convective
zone outward, rotate at different rates that vary with latitude [227]. The boundary between the
inner parts of the Sun that spin together as a whole and the outer parts that spin at different rates

is called the "tachocline" [69].

The behavior of the Sun's magnetic field is strongly influenced by the combination of
convective currents, which bring the charged particles from deep within the Sun to the Sun's
surface, and the differential rotation of the outer layers of the Sun. Differential rotation is
apparently the main driver of the 11 year sunspot cycle and the associated 22 year solar cycle
[228]. The notion that differential rotation and convective motion drive these cycles was first put
forth in 1961 by the American astronomer Horace Babcock, and is now known as the Babcock

Model [229, 230].

Let we consider a parcel of plasma having a position

31 days

/ , 28days vector field 7 fixed on the surface of the rotating star.

N 35 days
/

_ 26 days

The surface of star rotates at a uniform angular
- 25days velocity, 2 = 2(8), the velocity of parcel of plasma
relative to the rotating system of solar surface has

velocity of v % 0 while relative to non-rotating

system is @ = 2 x 7, and considering the spherical
Fig.3.2 Surface rotation of active sun layer of solar photosphere which consists of a strong

inhomogeneous magnetic flux tubes and partially
ionized plasma. The momentum equation describes the movement of plasma particles at stellar
surface. It is possible to predict the velocity of solar energetic particles coupled with force free
oscillating magnetic field lines. To model the solar atmosphere, using the spherical coordinate is
more natural than other coordinates. The spherical coordinate divides the star in to longitudinal
(meridians), which are South-North lines extending from South Pole to North Pole and latitudes

(parallels), which are West-East lines parallel to each other extending around the star.
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Inertial acceleration of surface plasma elements, on solar surface is derived by
considering that, to an observer fixed in space, the absolute velocity of the plasma element

(ms~1) of a parcel of plasma in motion near the surface of the lower part of solar photosphere is
given by v, = v + 0 x 7, where ¥ is the local velocity of plasma element, defined as local

vector, v = v, + vg0 + v, and the horizontal local velocity vector is given by v, = vl +

v, in spherical coordinate. The quantity represented by Q2 X 7 is rate of change in position of
plasma element due to solar rotation. The solar angular velocity vector (rad s=1) and radius

vector (m) are defined as 0 =0sin0#+Ncosb ¢ which is constant at stellar surface for the
sake of simplicity. Local acceleration is the rate of change of velocity of plasma element fluid in
motion of rotating magnetized stellar atmosphere relative to coordinate system fixed on star
includes Coriolis acceleration and centrifugal acceleration. The Coriolis acceleration is the
change of velocity of parcels of plasma due to rotation of spherical star underneath the partially

ionized photosphere plasma.

The solar centrifugal acceleration field is the outward directed rate of change of velocity
field of parcel of plasma due to its motion around the solar axis. As we have seen in chapter 2,
the stratified surface plasma of rotation star at steady state or static equilibrium situation
generates instantaneously static surface electric field. Stellar surface charged particle distribution
at steady state or equilibrium situation of isothermal condition coupled with constant magnetic

beta parameter is given by the following Eq.(3.1).

id i in? ) — - 2Bi . =
nj=noexp{—[i’—T+—m]iTg—%—m;T r251n29]—f(Kl-ds)+fR—CJn-ds+:—TfK-ds—

- o 2 =
%(v-s)+k—?(A-s)+c} (3.1)

— 2 — N — — — —
The functionspivl (zBTO) =K, A=0xv, (Qx7)XBy=Kand 7 =7, + 3. The parameter
j 0

pB; is magnetic beta which is constant at isothermal layer with constant magnetic field strength.
The radius of magnetic curvature and its unit vector pointing to center of curvature is given by
R, and 7 respectively. The displacement s is considered as a fixed point above the critical stellar
surface and measured from stellar critical surface. The integration constant ¢ could be

determined using the boundary condition in steady state situation. The constant parameter v is
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particles collision frequency and v is velocity of plasma elements in steady state. At static
equilibrium the particle collision effects and Coriolis effects are vanished as v is vanished. The
integration is extended from solar radius of 7, to some height of 7, + s at isothermal layer of
stellar atmosphere coupled with constant magnetic beta. The Eq.(3.1) is similar to Eq.(2.1) at

static equilibrium situation except the last two magnetic terms inside the brace.

The additional magnetic terms in Eq.(3.1) indicates the effect of collisions of plasma
particles and effect of magnetic fields. The effect of plasma viscosity in steady state introduced a
non-linear effect that makes the system is so complex. In Egs.(2.1) and (3.1), we use the
assumption of that isothermal and convective stellar surface layer moves with constant angular

rotational velocity 2(6) on solar surface. In steady state or static equilibrium it is a good
assumption that the magnetized isothermal plasma is considered as incompressible high

conductivity plasma.

3.4. Stellar Surface Pressure at Equilibrium Coupled with Magnetic Fields

The stellar surface is emitting electromagnetic radiation and particle radiation in steady
state monotonously. This continuously production of electromagnetic radiation, particle radiation
and relatively uncommon phenomena such as stellar explosive events accompanied with
evolution of magnetic fields and stellar rotation are arisen from deviation about equilibrium state.
From linearized momentum equation of constantly rotating in-homogeneously stellar surface at
steady state, we obtained Eq.(3.2) that describes the propagation of small disturbance of surface
plasma fluid. The propagating acoustic speed on the stellar magnetized surface is influenced by
the surface electrostatic potential, surface magnetic field, and surface centrifugal force coupled
with gravitational force is driven from equation of momentum described by Eq.(3.2) for

spontaneous propagation of sound waves on surface or photosphere.

csz=—y[%+d>g] —%yvj[1—}25]+%f(1?-d§)—yv(ﬁ-§)+y.(22r25in29+2yf(/f-d§)

(3.2)

SWIF model © Atakalti B.A. AAU,  5/13/2018 149



Where, i+ § = s, for, ry; <'s, on stellar surface. Here we assumed that the surface plasma
density is constant of position at minimum temperature surface layer of stratified magnetized
plasma fluid. If elements of magnetized plasma on stellar surface flows with velocity greater
than sound speed, ¢, < v, formation of shock wave is inevitable. The plasma dynamic pressure
on stellar surface is constant and negligible compared to dynamic pressure at stellar center. At
steady state situation, the stellar surface produces non-radial magnetic field that confines the

surface charged particles coupled with gravitational force and stellar centripetal force.

3.5. Effects of Magnetic Field on Solar Surface Plasma Convection

From observational evidences, the minimum temperature of stratified stellar (solar)
surface is specified with in-homogeneously magnetized plasma [231, 232]. Beneath the stellar
surface the convective plasma is expected in adiabatic process. However, the stellar surface is in
steady state slow plasma motion below the critical surface. Strong magnetic flux influences
plasma motion above the solar surfaces [147, 233, 234]. The non-radial components of complex
magnetic field hinder ionized plasma from radially flow out. Neutral particles are not affected by
the presence of magnetic field at stellar atmosphere. Only shock waves and plasma radiation can
affect neutral particles in non-thermal sense. To show how shock waves can influence neutral
particle, see chapter 2, and effects of radiation and pressure on neutral particles would be beyond

of our scope.

To theorize the dynamics of magnetized stellar surface or atmosphere we use the concept
of magneto-hydrodynamics and particle kinematics in connection with particle-field or particle-
wave interaction. In this section we will see that how magnetic field can influence ionized
plasma convection. Situations below the stellar critical surface are considered in steady state
slow radial plasma motion. When the surface convective plasma is assumed to be in double
adiabatic condition, using the assumption of spherical symmetry condition the adiabatic
condition is described by Egs.(3.3a) and (3.3b) at steady state analogous to Egs.(2.11a) and
(2.11b) neglecting viscosity and collision. However, on stellar critical layer the effect of particle
collision and viscosity remains constant at thin layer of plasma cloud. The process is
characterized by adiabatic heating through the thin surface layer that fulfills the symmetry

condition coupled with magnetic field.
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Including linear terms of plasma viscosity and surface electrostatic potential at steady state, the

adiabatic Eq.(3.3a) can be described by Eq.(3.3b) as linearized form that includes viscosity term.

ary _w=DTdp _Td|[1 > 4% 1 02202 B2| | T[B2(A+)
(dr)ad_ y pdr pdr[zpv +mj+p(pg Zp.QT' sin 9+2#0]+P[#0Rc pvy, +
2
2pA, —pr—’;vr] (3.3b)

Here, we assumed that density of convective magnetized plasma is position independent
at solar photosphere. Compare Egs.(3.3b) and (2.11a) yields additional terms due to presence of
magnetic field. The surface plasma collision, stellar surface rotation condition and additional
local inertial forces associated with the generated shock waves on stellar surface, the situation
becomes so complex. The non-radial components of magnetic field confines ionized surface
plasma. On the stellar surface, the ionized plasma moves along magnetic flux tubes to a specified
direction. The temperature gradient below the stellar surface is influenced by the strong
magnetic fluxes. At the magnetized solar surface, the radiation process is dominant over
convection. We assumed that effect of magnetic field on radiation at solar surface is neglected
here. The temperature gradient at solar surface is described as in the sense of magneto-
hydrostatic condition before surface perturbation. When the stellar convective stability condition
is violated, the instability convective condition is described by Eq.(3.4) in comparison to
Eq.(2.2a) of non-magnetized young star.

3 pci k Fraa
4ac (y—1) T* 4mr?

y-1T d _ﬁi[lz _ 19222 12]
<| » dr(lnp) Zar SV + @ Z.QT sin 0+2vA +

YTV rn o\, B 2u
g[R—C(n r)+;Kr—vvr+2Ar—r—2vr]

(3.4)

where v, is Alfven velocity. Stellar plasma convection process begins if this Eq.(3.4) suffices.
So, stellar surface is convective and convectively unstable plasma coupled with surface magnetic
field. From Eq.(3.4) we understand that the Alfven velocity associated with small radius of
magnetic curvature plays a crucial role for stellar surface instability. When the effects of
collision and viscosity are negligible, the plasma becomes unstable on the stellar surface. Surface
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plasma turbulence is developed. This turbulence may lead to formation of shock waves due to

non-linear perturbing effects of physical quantities.

3.6. Convective Energy Transport of Magnetized Photosphere Plasma

Magnetic field influences the energy transportation by convection method at solar
surface. The temperature gradient is influenced by the nature of magnetic gradient through the
high conductivity plasma fluids in addition to collisional and viscosity effect. Steep magnetic
gradient which arises from inhomogeneous distribution of magnetic flux leads to formation of

electric current at place where comparable to characteristic scale length of local magnetic field.

Let we consider a parcel of plasma raises adiabatically through magnetized background
plasma until it spreads out and mixes with the surrounding material at stellar surface, delivering
its heat to solar surface. When the superhot ionized plasma element rises a distance dr more
probably along magnetic flux tubes, the warm magnetized surrounding plasma changes its
temperature. The radial sub-photosphere temperature distribution of convective magnetized
plasma is obtained from momentum equation for constant ionized number density of convective
photosphere plasma. Neglecting plasma collision and viscosity in steady state during convection
process of magnetized plasma on solar surface the surface temperature distribution is described
by Eq.(3.5).

_ G-, (P _ Y [L 2 _ 192,202 T2l X 2% 5.2
T(r)—TOexp{—zy ln(po) 2c§[zv + @y — 2 02°r"sin 9+2vA]+2C§vaRC(n 7) +

2] =

Where p, and p are the dynamic surface pressure at lower boundary layer and upper boundary
layer of sub-photosphere plasma respectively, as we go from high surface pressure region to
lower pressure region radially. Analogous to Eq.(2.5), radial acceleration of convective plasma
can be specified at the convective stellar photosphere is given by Eq.(3.6), critical layer, CL, in
unsteady convective plasma, for ah = r where « is constant parameter its value is near to unity.

- Zp A 2[ 1 2.2 2.2 1 21 A 1 2/ A q 2[1. A
a=——1"——|®, —=N*°r<sin“ 0 +-vs |1 —v;(n-r —K. —vv 24, ——=v.|T
pah ahl™9 2 +2 AT+ R A( )+m r rt LA

(3.6)
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The quantity a is acceleration of moving up plasma elements from below the photosphere. We
assumed that motion of plasma elements is uniformly accelerated motion. The horizontal plasma
motion under the stellar photosphere has negligible acceleration compared to radial plasma
motion. The velocity of parcel of plasma at the terminal point, i.e., at the solar surface or lower
part of convection zone is given by simple formula Egs.(3.7a) and (3.7b) equivalent to Eq.(2.22)

in the absence of magnetic flux for condition (7 - #*) = 1 is sufficed.
1/2
v, = [ 2 —4 Ll/cf + @, — %.erz sin? 6 + %vj] + 2ah [Ri v: + %Kr + ZAT” (3.79)

We assumed here, the effects of viscosity and plasma collision is negligible when we take the
average convective velocity. When the initial velocity of convective plasma is vanished,v;, ~ 0,
the convection is known as spontaneous convection of magnetized plasma and the Eq.(3.7a) also

can be expressed by Eq.(3.7b)
1/2
v, = lZah [Ri v: + %Kr + 2Ar] —4 Ll/ cZ+ dy — %.erz sin” 6 + %vj]l (3.7b)

The quantity v, is terminal velocity of convective plasma fluid when flowing up. When
the convective plasma elements reach upper layer of stellar surface, the adiabatic conditions of
Eq.(3.3) is violated and solar explosive events may be formed when small plasma fluids are
blown out from small local region. Based on theory of SWIF-1SQR model as we have seen in
chapter 2, myriads of Nano flares and micro flares are created on solar surface that are located at
top of convective cell. These phenomena may be taken as a precursor of extreme flares and
CMEs. Several researches have been conducted on observations of solar explosive events such as
locations of flares, prominences and CMEs [235 - 237]. The presence of magnetic field
intensifies the stellar explosive events such as flares and CMEs by providing additional magnetic
energy stored at small spherical volume is 2m(B2/uy)r2dr at local region of solar atmosphere
for magnetic field is position independent. This is a good calculation in simple way to understand
how plasma convection process is working in stellar (solar) convection zone which has a
significant effect on the solar surface explosive events such as solar flares, solar winds and

CMEs in connection with in-homogeneous bundles of force free magnetic fields.
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Perturbation of solar plasma and magnetic fields under solar photosphere is the source of
energy for solar explosive events at solar atmosphere and CMEs. Plasma flows horizontally as
well as vertically on observable solar surface region [238, 239]. The motion of plasma at the
photosphere is specified by two conditions. The first condition is motion of partially ionized
plasma at weak magnetic field region of star (sun), properties of a local region is controlled by
hydrodynamic system as a view of macro-system associated with particle kinematics and particle
wave interaction. The second condition is that a local region of star (sun) is highly dominated by
magnetic field; this local system is described by magneto-hydrodynamics and charged particle
kinematics with wave interaction. When the quantity of change in temperature gradients
&6(dT /dr) is extreme steeping at the local solar surface along magnetic fields, the surrounding
plasma particles absorb heat energy and this local plasma is extremely heated and hot plasma can
flow from photosphere to chromosphere is observed from SOHO, LASCO and SDO [240 - 242].

In reality the adiabatic process is violated at stellar (solar) surface due to dynamic nature
of stellar plasma even in the presence of magnetic field. Due to the plasma convection motion
associated with magnetic flux tubes, the stratified solar photosphere is expected as in-
homogeneously plasma density. When the non-radial force free magnetic field and surface
plasma density remains independent position and time, the scale height of rotating magnetized
stellar surface or photosphere is approximated from equation of motion by Eq.(3.8) that
describes the isothermal increment of vertical heat distribution.

hx——— [Csz + ¥poPgo + gnodo + V/ﬂ (3.8)

= yro02sin26

The convective amplitude of moving up plasma is controlled by gravitational force,
surface dynamic pressure, surface electrostatic potential and surface centrifugal force. However,
inhomogeneity of stellar surface magnetic field influences the scale height of stratified
magnetized photosphere plasma at equilibrium. When the magnetized plasma of stellar surface is
in steady state situation, the surface dynamic pressure is determined by local gravitational
potential, surface electric potential, binary collision of surface plasma and surface force free
magnetic field. The quantity plasma velocity, surface plasma density and non-radial magnetic
field is assumed to be position independent in steady state condition. The stellar surface dynamic

pressure of rotating star can be influenced by force free magnetic field.
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The Fig.3.3a and Fig.3.3b show that the vertical or radial scale height length of stellar
atmosphere in steady state situation or in hydrostatic condition of rotating active star depends on
polar angle. The maximum value of scale height is obtained at equator region while its minimum
value is also obtained at polar region. The surface dynamic pressure is described by Eg.(3.9) at

minimum surface temperature of magnetized active star.

1 . 1 : .
Po = —PoPgo — GnoPo + [pO.QZ sin? 0 + S @no{2sin 6 Boq,] 12 = 2poN vgsin O r — pyvv,T —

HiO(BgO +BZo)Inr +i [ fY%dr +c (3.9)

2
Where, f = [Zpo.(l(vq, cos 8 — v, sin 9) + poVVg — pof2*rsin@ cos O — ﬁ (BQOBTO - Béo cot 9)] +

2
[anQrBOr sin @ — 2py vy cos 6 + povv, — % ( Byo + By cot 9)]
0

The integration constant c is determined using the boundary condition at steady state. We
assumed that a thin electron cloud layer characterized by minimum effective temperature of
rotating surface with constant surface rotational velocity at fixed latitude. We can evaluate the
acoustic blast waves which is responsible for shock wave formation at the thin electron cloud
layer when the violation of adiabatic condition of Eq.(3.4) suffices. As the star was so aged, the
instantaneous volume charge separation leads to supernovae explosion [228]. The complex term
of EQ.(3.9) tells us that the system is at equilibrium and also isolated or in steady state
surrounding by interplanetary space of high VP. There is no strong interaction with its
surrounding vacuum space due to formation of surface induced magnetic fields, see chapter 2,

and complex magnetic field emanated from stellar interior [243]. The surface induced magnetic
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field may interact with the stellar potential magnetic fields and charged particles, see Egs.(2.24),
(2.25a) and (2.25b). If there were strong interaction between the star and the surrounding low
density space, the surrounding vacuum would suck the stellar material and the isolated system

would burst suddenly.

However, due to small perturbing of self-gravitating star, very small amount of mass
relative to total mass of star is emanated monotonously to surrounding low density space coupled
by electromagnetic fields radiation and particle radiation from the stellar surface to surrounding
low density space. Alfven wave is a fundamental physical phenomenon in all kinds of
magnetized plasma that regulates the stellar atmosphere. Scientists believed that Alfven waves
contribute to variety of physical processes at solar atmosphere. These processes are such as
heating of solar chromosphere and corona, wave-particle interaction, generation of force free
magnetic perturbation, turbulence of high conductivity magnetized plasma and solar wind
acceleration of electrons and ions. Kinetic Alfven waves are the extension of magneto-
hydrodynamic Alfven waves to the range of short (kinetic) cross-field scales comparable to the
ion gyro-radius and to the electrons inertial length. Kinetic Alfven waves interact with plasma
particles and their energy can be converted in to the energy of electrons and ions (heating and
acceleration). Kinetic Alfvén waves interact non-linearly with each other and form a power-law
turbulent spectrum at low density plasma of stellar atmosphere coupled with force free magnetic
field [39, 244].

3.7. Brunt-Vaisala like Frequency of Magnetized Plasma of Stellar Surface

The Brunt-Vaisala like frequency of stellar surface tells us that how much plasma
elements can rise from stellar surface against the gravitational force and magnetic force of
inhomogeneous force free surface magnetic field. The surface induced electric field, stellar
surface rotation, surface plasma collision and plasma viscosity influences the Brunt-Vaisala like
frequency due to introduction of nonlinear plasma effects. Here we have driven the Brunt-
Vaisala like frequency of magnetized plasma from vertical component of momentum equation
and using the first order term of Taylor series expansion. The Brunt-Vaisala like frequency is
arisen from first order approximation of stellar perturbation in case of collision-less and non-
viscous plasma. The inertial radial convective acceleration of magnetized surface plasma
elements most probably occurred at active region of stellar surface is described by Eq.(3.10).
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The effective surface gravitational acceleration in case of (i-7) =1 is denoted by H =

N

— (aar[ + ﬂ+ by + - |.Qr sin9|2] + 2Ar) and 2 x D = A, represents the Coriolis force

effect term. For vanishing magnetic pressure, the Brunt-Vaisala like frequency is obtained from
Eq.(3.10) that yields Eq.(3.11). The oscillation frequency N of parcel of magnetized plasma fluid
is displaced around its equilibrium position in a medium of effective gravity, H, see Eq.(3.10).

NZ = [z+é] (- 1) (3.11a)

p Rl \dr cZadr

where N is Bruit Vaisala like frequency and this oscillation is known as gravity wave like
oscillation. At equilibrium condition, the density inside the plasma elements and surrounding is
the same. To determine the nature of Bruit Vaisala like frequency, N, we use two kinds of
assumption as we have seen in chapter 2, see Eqgs.(2.12) and (2.13). For non-vanished gradients
of plasma pressure, perturbed stellar radial displacement which is measured from stratified

magnetized surface is solved from Eq.(3.10) that yield Eq.(3.11b).

£ =A exp{ [1 + [1 + 2 %m 1/2]1/2 } (3.11b)
The physical quantity A is normalization constant and p,,, also magnetic pressure. If the value of
Brunt-Vaisala like frequency is imaginary, some plasma elements rise with radial amplitude
distance that is given by Eq.(3.11b). The instability of Brunt-Vaisala like frequency indicates the
radial motion of surface plasma associated extreme amplitude of surface oscillation. When
magnetic field is position independent at small thickness of stellar surface Eq.(3.11b) can be
expressed as follow.

& =A exp{ th} (3.11¢)

The perturbing plasma column of stellar surface due to convection effect is oscillatory. When
the stellar surface plasma is stable for N is real. While the perturbing stellar surface is decaying
or growing exponentially if system is not stable for N is complex. Plasma elements may sink or

blown out at local region of stellar surface due to instability surface convective effect.

SWIF model © Atakalti B.A. AAU,  5/13/2018 157



3.8. Stellar Surface Oscillation Associated with Global Magnetic Fields

We consider the non-radial oscillating inhomogeneous stellar photosphere is situated in
magneto-hydrodynamic situation and distribution of magnetic flux is inhomogeneous. The
surface temperature distribution is influenced by magnetic flux distribution. Small non-radial
perturbation of solar surface is observed from space born and ground based solar observatory
[170, 245]. The small amplitude solar surface perturbation triggers solar explosive events; the
presence of magnetic field at local region also intensifies solar explosive events. The source of
steady state inhomogeneous blowing of solar winds of our active star depends on small
perturbation of stellar surface and nature of complex magnetic field. The stellar surface non-
radial oscillation is assumed to be occurred due to small perturbation in dynamic quantities such
as pressures and magnetic fields ...etc. The first order of continuity and momentum equations
are given by Eq.(3.12) and Eq.(3.13).

8L 1+ V(po®) = 0 (3.12)
Po % = —Vp; — gn1 Vo — gnoVep; — Pov(pm - P1V‘Dgo + uio [—2§(§0 ' §1) +
(§0 .V )El + (El .V )EO] + gn,rysin [Bo(pf — BOrgﬁ] + gnylrysin 6 [Bl(pf“ — Blrcﬁ] +

gnof¢ sin 6 [Bo,# — Bor @] — pov, + P02V [rs€, sin? 6] + %plﬂzv(ro sin )2 + 2pyA,
(3.13)

The function ﬁxﬁl =/Tl denotes the Coriolis term and the quantity «,5 represents
complex instantaneous displacement of oscillating surface plasma. If the small perturbation in
surface mass density, p; — 0, the perturbation in dynamic pressure is coupled with temperature
perturbation at constant mass density, the surface acoustic propagating speed is determined by
temperature perturbation associated with Alfven wave, surface electrostatic potential and surface
rotational effects see EqQ.(3.2). The non-radial surface oscillation amplitude is calculated from
continuity and momentum equations by decomposing in to radial and non-radial components.
The perturbed non-radial distance of solar surface given by Eq.(2.11) is modified as Eq.(3.14)

including effects plasma collision, viscosity and magnetic fields on stellar oscillation.
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The quantity &, &, ;, ¢1, D41, are the normalized quantities of radial perturbing
displacement field, perturbing non-radial displacement field, perturbed dynamic pressure,
electrostatic potential and gravitational potential respectively. The functions of Q,, 4;,, Q5 and
A1, represent the normalized terms that express the radial and non-radial components of field
particle interaction and effects of Coriolis forces respectively at stellar surface of perturbing
plasma. Generally the surface instantaneous electrostatic potential and magnetic field coupled
with constantly rotating surface and non-radially oscillating stellar surface influences the nature
of stellar atmosphere. The instantaneous velocity of oscillating magnetized plasma can be
calculated from Eq.(3.14) is equivalent to Eq.(2.42) obtained by Eq.(3.15),

b= —iwé (3.15)

This shows that the surface oscillating velocity depends on instantaneous oscillating
displacement amplitude and oscillation frequency. The oscillating surface acceleration also

obtained from momentum Eqg.(3.15).

ag = _“’zmlgﬁ + 5|05+ 05 6<p]l Vi (6, @)e ™t (3.16)

The EQ.(3.16) tells us that plasma particles are accelerating uniformly at solar surface. The
blowing out plasma particles gain additional heat energy from rare density of solar atmosphere
and their velocity is increasing uniformly. The surface oscillation acceleration is influenced by

the emergence of bundles of magnetic flux tubes, surface centrifugal force, Coriolis forces,
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particle collision and local gravitational forces as we have seen from Eq.(3.16) clearly. This
kinds of acceleration is oscillatory acceleration if the oscillation frequency, w is purely real.
When the oscillation frequency is complex or imaginary, the blowing accelerating particles may
increase their velocity exponentially or decay their velocity exponentially. The instability in
stellar surface plasma leads to formation of local cavity and shock surfaces.

The surface perturbation acceleration contributes on radiation of energetic particles and
radiations of electromagnetic fields in connection with the non-thermal particle accelerations and
electromagnetic bursts at stellar atmosphere. For the sake of simplicity we assumed that the
plasma collision is effective as we go from stellar interior radially out ward. By substitution of
the non-radial displacement field, Eq.(3.13) in to Eqg.(3.12), we obtain the perturbing surface

dynamic pressure given by Eq.(3.17) at magnetized stellar surface near its equilibrium condition.

2
p1 = % [p1 + ikrpoér] + [—Wlofpl - %Q sin @ [ny79Bor + noToB1r + no$Bor] — -%01”71}1] +
h h LKp

1 . 1 . 2
P [—2ky(B1rBor + BinBon) + kB1Bon + kBoByn] + 22poroéy sin? 6 + 2 py 0%r¢ sin® 6 — %, Podin

(3.17)

The perturbing dynamic surface oscillating pressure includes the electron pressure, ion pressure,
neutral pressure and radiation pressure. Substitution of Eq.(3.17) in to the perturbing radial
displacement field that is obtained from Eq.(3.13) yields Eq.(3.18). The initial unperturbed

condition is determined using the quasi-neutrality of stellar surface plasma, gn, is vanished.

k2 i)z L w7 . . kr .
w?po [1 + K2 + %] $r=—p19 + L,:_’zllkrm + ik poPgy + ikrgni o — k_hq)-m’o sin 6 [n, By, +

ik,

k k Ky -
nlBO(p] + o [_k (B1Bon + BoByp) — P (B1Bor + BOBlr)] + 2py (_k A — Alr) (3.18)
0 h r h

The radial vector function iErpl(DgO = —g indicates local gravitational acceleration at stellar
surface. From Eq.(3.18) clearly, we see that, the third term on left hand side shows collisional
effect, the fourth term on right hand side is effects of electrostatic potential, and the fifth term on
right hand side indicates the interaction of charged particles with magnetic field couples on the
rotating stellar surface. The last term of Eq.(3.18) on the right hand side shows the effects of
Coriolis force on the perturbing stellar surface. The stellar surface potential dynamics can be
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expressed using Poisson’s like Eq.(3.19). Using the spherical harmonic expansion, the Poisson’s

like equation of first order is expressed as

L2 22 + 2w = anGp, - Tt o] (3.19)

r2or ar r2

Where V2= [(l+ 1)/r% and ¥ = Py + P1 + Afl stellar dynamic potential field and J surface

current density, 4, is surface vector magnetic potential.

From EQ.(3.19) we understand that stellar surface is
characterized by force free magnetic field and intense electric
current coupled with stellar gravity. From observational
evidences of stellar surface, plasma flows in random direction
at solar quite region while at solar active region parcels of

plasma moves in aligned motion [246]. The velocity potential

difference is occurred because of difference in pressure
Fig.3.4 Solar active region, between two regions. The diagram of Fig.3.4 indicates the
Credited: NASA stellar active region is located at the region between equator
and poles in both hemispheres. Intense flares are occurred at this active region of rotating star
(sun). Most of the flares are followed by CMEs associated with topological change in structure

of magnetic flux tubes.

3.9. Evolution of Dynamics Cavity on Stellar Surface (SWIF-model-2SAR)

Solar surface plasma is highly magnetized plasma at the site of strong magnetic field
region [247, 248]. The solar active region is the place where strong in-homogenously bundles of
magnetic fluxes are situated. The presence of magnetic flux tubes at the solar photosphere affects
local solar surface oscillation amplitudes. Formation of PVR or flowing of dense plasma through
lower density background plasma at high velocity is observed on solar surface [249, 250]. Due to
an extreme local pressure perturbation of solar interior region associated with the local plasma
convection theory, a layer of plasma cloud lift up from solar surface if the buoyancy frequency is
imaginary, see Egs.(3.15) and (3.16). Thus, stream of plasma may be blown out from local
stellar surface to its surrounding atmosphere and plasma cloud is created above solar surface.

This stream of plasma is controlled by strong magnetic flux tubes, see chapter 4. The blowing
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out plasma creates inhomogeneous distributions of plasma elements at stellar atmosphere
coupled with inhomogeneous distributions of magnetic flux tubes. The dynamics of stellar
atmosphere increases its complexity. The field-field interaction and particle-field interaction at
rare plasma density makes the solar atmosphere is so sophisticated.

When floating cloud of plasma cools and falls down, the fast electron diffuse from all
directions to convergence point faster than ions at the region outside of magnetic flux tubes or
inside magnetic flux. Here, we assumed that at high temperature of strong magnetic flux tube,
electrons are moving faster than ions parallel to magnetic field lines. When dense enough plasma
flows through magnetic flux tubes, electron runaway condition is fulfilled faster than ion
runaway condition through magnetic flux tubes for negligible collision and viscosity processes,
see EQgs.(2.126a) and (2.126b). A strong shock wave is developed through magnetic flux tubes.
Outside magnetic flux tubes, flowing electrons induce instant electric field on the front surface of
flowing plasma fluid, see chapter 2, Fig.2.7. Let us consider a PVR of spherical shape with
radius of 7 is measured from its center of convergence inside high conductivity magnetized
plasma at solar photosphere associated with surface convection and non-radial surface oscillation

mode. To determine the topology of solar magnetic field associated with PVR is very difficult.

However, the force-free magnetic field inside the cavity can be expressed in local
spherical coordinate obtains an arbitrary topological orientation. The magnetized plasma inside
PVR may have an incompressible behavior at equilibrium. When the high conductivity plasma is
in non-uniform directional flow, its compressibility depends on applied inertial force. The
orientation of magnetic field may be determined by topological orientation of magnetic field

lines.

Due to formation of PVR, a strong imploding primary shock wave and exploding primary
shock surfaces are developed and propagate through magnetized cavity. We can evaluate the
separated equation of motion for electron fluid plasma at inner side dynamic boundary surface of
collapsing PVR similarly as we have modeled in chapter 2 in the absence of pre-existed
magnetic field. Let7(t) is the instant radius of the local coordinate of collapsing PVR inside

uniform high conductivity plasma fluid. The motion of plasma is determined by the presence of

complex magnetic flied. The complex magnetic field is denoted by B has the same strength

inside PVR as well as outside for the sake of simplicity at equilibrium. This magnetic field may
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be average value of induced local magnetic field and original solar potential field which is force

free magnetic field.

When high conductivity plasma fluid flows along magnetic field lines, a parallel electric
current is created along magnetic field lines. When this longitudinal plasma current induces
strong enough magnetic field, the external magnetic field created a bundle of magnetic flux
tubes. Due to new induction of temporary micro magnetic field, the system becomes so complex.
If the solar magnetic field is strong enough to trap electron, the shock wave which is generated
by fast flowing electron is most probably propagating along magnetic field line. The shock wave
generated by ion interacts with shock wave generated by electron inside the magnetic flux. Here,
we assumed that the size of PVR is smaller than the thickness of magnetic flux tube so as to
minimize the complexity. Since PVR has been created, the magnetized plasma is collapsing due
to strong local VP. The inflowing plasma during collapsing of magnetized PVR may not be
necessary radial. The magnetic fluxes inside the PVR hinder plasma from flowing across
magnetic field lines. A flux of collapsing electrons collides to magnetic flux wall when electrons

try to cross magnetic field lines.

However, formation of imploding and exploding shock fronts is inevitable even in the
presence of magnetic field. When VP is strong enough at convergence point, the wall of
magnetic flux is highly deformed. We consider the local system which produces shock waves
and explosive waves in spherical coordinate as we have seen in chapter 2. The plasma
continuity, momentum and energy equation respectively in non-relativistic magnetized plasma
fluid is given Egs.(3.20), (3.21) and (3.22) at small local region.

7]

ai rz or (pT‘ vr) + rsmeg(pv‘9 sin6) + rsinf dg (pv‘p) =0 (3-20)
= 2T+ naVp Y (5) + - (B-V)B +u [T +39(V @) - pvi (3.21)
%Gpv2+£+%+§e05) = |[(5pv? +- +—+ EOEZ)v——B+ ]xB] (3.22)

So, the equations of continuity, momentum and energy are described by Egs.(3.20),

(3.21) and (3.22) are specified at local cavity inside magnetic flux tube. Where V= ?;—T+
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] 19 = . g . . .
£+rsin9£ and B, is the force free magnetic field inside PVR during collapsing or

&
growing. We consider here the geometry of PVR is nearly spherical at local region of solar
atmosphere (i.e., photosphere) for the sake of simplicity. However, the real geometrical shape of
PVR may be spherical, cylindrical, plane like or line like shaped. The imploding electron plasma
of spherical shell induces predominantly radial component of intense electron shell induced

electric field, see chapter 2.

However, the imploding plasma momentum depends on angular parameters due to the
presence of complex magnetic field. Initial plasma speed v, is equivalent to the thermal speed of
background plasma in the absence of external inertial force. Utilizing conservation of
momentum, it is possible to evaluate how electron plasma fluid behaves at the dynamic boundary
surface of PVR associated with strong magnetic fluxes. Due to the intense electric field inside
PVR, the convergence point, line or plane of PVR reflects imploding waves and plasma fluids.
Electrons and ions are accelerated non-thermally from the PVR because of intense instantaneous
electric field coupled with synchrotrons and cyclotron radiation, see chapter 4, section 4.1. The
accelerating particles are highly oscillating around the strong magnetic flied lines at the PVR and
finally move across the magnetic field lines after they have gain enough kinetic energy which
enables them to escape from confinement by magnetic field. The accelerated electrons and ions
would have gain kinetic energy from shock wave much greater than magnetic energy of the PVR
in case of weak magnetic field. The non-thermal acceleration may be cyclotron acceleration,
synchrotron acceleration due to force free complex magnetic field and particle acceleration due

to fast moving shock wave fronts propagating through rare density plasma.

During shock passage exterior PVR throughout magnetized plasma, the PVR is strongly
compressed by the dynamic electron boundary followed by ambient plasma. The rate of
acceleration of charged particles at the dynamic boundary is determined by the surface energy
density of magnetic PVR dynamic boundary. Most probably the plasma electrical resistivity n
may be effective at the convergence region in connection with the reflection of moving shock
fronts at that point. Another new plasma resistivity may be arisen due to non-linear phase wave
interaction. This kind of plasma resistivity is known as anomalous resistivity of high
conductivity plasma. This anomalous resistivity is arisen from overloading of mechanical waves
annihilation and creation of electromagnetic waves and particle-wave interaction principles. The
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body (volume) current of collapsing PVR in steady state situation for collision-less, non-viscous
and for negligible anomalous resistivity, n = 0 of plasma in adiabatic collapsing process is given

by Eq.(3.23) inside collapsing magnetic PVR.
- e B2 1 n s 1/2
]—\/—;[p—%+pc¢+%fH x| % (3.23)

The quantities p, net charge density inside magnetized PVR, H represents magnetic tension
force, dX is infinitesimal displacement and X unit position vector in local spherical coordinates.
In unsteady state situation inside magnetized PVR, charged particles are accelerated due to
surface induced electrostatic potential, strong oscillations of magnetic field lines and inertial
force exerted by VP. The acceleration of charged particles at magnetized PVR has been derived
from Eq.(3.21) and effects of collision are negligible to suffice adiabatic condition behind shock
passage. This kind of collapsing acceleration is known as adiabatic acceleration or non-thermal
acceleration of charged particles.

d(r,t)=V[%c§+%¢—%v2]—VL(%)-)?+;—’Z*(?1-)?) (3.24)

[

From Eq.(3.24) we can understand that radiation inside magnetized PVR is occurred due to
thermal and non-thermal effect such as velocity gradient, electric field gradient, and magnetic
field gradient and strong deformation of magnetic field line is occurred. As the radius of
magnetic curvature is so smaller for 7 - X = 1, the non-thermal acceleration may be dominated
by cyclotron and synchrotron radiation. In collision-less motion, instantaneous strong charge
separation process generates instantaneous electrostatic potential field most probably along

magnetic field lines.

When the flowing plasma moves with velocity much greater than sound speed of
background magnetized plasma, shock wave is produced in front of the moving plasma element
coupled with the fast oscillating electron of dynamic surface inside the magnetic flux. Since we
have chosen the local coordinate is a spherical coordinate, the shock wave fronts are produced at
collapsing dynamic boundary of electron shell, see chapter 2, section 2.14. In reality the shape of
PVR may not be necessarily spherical and it depends on topology of magnetic flux. The induced

electrostatic potential due to strong inertial forces that separate electrons and ions sufficiently
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could be greater than Direicer electrostatic potential yields Direicer electric field ED. When the
PVR is highly magnetized, the electrons and ions distribution is no more Maxwellian distribution
at equilibrium. The PVR is continuously perturbed due to unstable high VP which creates a local
inertial compressive force. When the VP inside PVR is so much higher than the magnetic
potential inside PVR, the magnetic flux surface is highly deformed and compressed at small
local region. Plasma particles and magnetic fields are compacted and heated continuously at
stagnation region or convergence region controlled by magnetic pressure. The compacted and

shocked charged particles interact with the magnetic field and shock waves.

If the collapsing ambient plasma density is very high, collisional effects play a crucial
role in dissipation of electric current. During collapsing process electrons bounce several times
between the convergence point and dynamic surface boundary current layer of PVR in addition
to surface magnetic flux. These kinds of electrons motion inside the PVR with velocity much
higher than electron velocity of collapsing dynamic boundary across magnetic field lines. Fermi
acceleration plays a crucial role inside magnetized PVR before collapsing. Generally, most of
electrons are expected as to create electron radiation at PVR while most ion may create ion
radiation at high density region behind of collapsing dynamic boundary region in case of
unsteady collapse of PVR, see Eq.(3.24). This indicates that ions require large enough energy
from shock wave fronts so as to radiate intensely and to carry large momentum. The radial

particle distribution of magnetized PVR in this situation is given by Eq.(3.25).
n(r,t) = ng exp{—ln( )+kaT6r( 2) — f;(:f —%f%[Q +ih1/2]dr+c} (3.25)

Let p and ¢ are only radial position dependent and we have,
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From EQ.(3.25), it is clearly shown that the plasma number density distribution has
complexity due to its exponential non-linear function coupled with the integrand function. The
imaginary part of Eq.(3.25) comes from the orthogonally properties of vector force quantities.
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When plasma particles are accelerating out from inside PVR, they should have a frequency
higher than frequency of magnetic field inside PVR and the dynamic boundary layer. The plasma
particle acceleration inside the local isolated cavity is approximated by Eq.(3.24). The dynamic
pressure of PVR in steady state is obtained from Eq.(3.21) in the absence of plasma particles
collision and viscosity behind and after shock wave passage inside PVR surrounded by high

density plasma is,

B> 1
P=—pPto -

0 3

f[ui—pﬁ]-df+%pvfﬁ-d9? (3.26)
0

where, U= (v-V)b =U,7+Ugf +U,p and H = H,# + Hgf + H,p, the term p.¢p in
Eq.(3.26) represents the radiation pressure loss inside PVR at steady state. As we have seen in
our first model (i.e., SWIF-1QSR model) an intense electric surface current sheet of nearly
spherical shell is created during cavity collapsing or growing. At the small local region when the
intense plasma current is collapsing, magnetic field is highly compressed. An anomalous plasma
resistivity is created due the complexity of collapsing high conductivity plasma. The non-linear
effect of negative dynamic pressure, magnetic pressure and inertial velocity inside PVR results
particle radiation. Using symmetry assumption of polar and azimuthal coordinates over all types
of forces inside PVR, Poison’s equation for constant plasma density in steady results Eq.(3.27)

during implosion or explosion of PVR.

et il e o] =2 @27)
The function p, = —p2/2 €, is radiation pressure exerted by accelerated charged particles
corresponding to p.¢ term in EQ.(3.26) due to electrostatic effect of plasma. As we have
obtained from Eq.(3.27), the strong radial position variation of dynamic and magnetic pressure
creates a radiation pressure inside collapsing cavity. From the solution of Eq.(3.27) for
incompressible plasma fluid and negligible magnetic tension force, the temperature distribution
collapsing dynamic PVR is obtained.

Go
r

1 1
T =—-mv?+ %mwgrz + m[ + c] (3.28)

" kg2

The quantity G, would be determined using initial condition and boundary value of dynamic

pressure and magnetic pressure. The integration constant ¢ in Eq.(3.28) would be determined
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using initial value of inertial velocity and corresponding boundary value. The Alfven kinetic
energy and plasma oscillation kinetic energy associated with strong negative dynamic pressure
generates or controls the plasma temperature inside PVR during collapsing or growing. In case
of unsteady collapsing or growing PVR, the radial temperature distribution given by

11 1 1 1 ¢, G
T =—-mv?+—mar + —mw?2r? + — [c =2 —O] 3.29
kB 2 A + kB + 3kB p + leB + T T ( )

The second phase integration constant ¢, also determined using initial condition and boundary
value of PVR as before. The inertial acceleration, a , is constant radial acceleration of imploding
or exploding PVR and w; = g*n/m €, is plasma frequency. At this situation, when the plasma
density is so small and magnetic field strong enough for infrequent particle collision, the local
plasma inside PVR can be described by plasma orbit theory. At solar atmosphere we do not
ignore radiative effects on solar prominences, CMEs, magnetic flux tubes and magnetic field

produced by fast ejecting plasma elements.

3.10. Spherical Dynamics PVR Coupled with Magnetic field

Let we considered that the initial condition of static magnetized PVR on perturbing
stellar surface or atmosphere of high conductivity plasma medium. We now proceed to identify
the subsequent dynamics of PVR growth and collapse process through high conductivity
magnetized plasma results solar explosive events at stellar or solar atmosphere. The behavior of
PVR is defined in an infinite domain of high conductivity magnetized plasma relatively at rest
far away from the developing PVR and with uniform temperature of surrounding plasma. The
spherically symmetric situation provides a simple case that is amenable to analysis and reveals a
number of important phenomena of PVR dynamics.

Consider the spherical PVR of radius R(t) where t is time, in an infinite domain of high
conductivity magnetized plasma with temperature and pressure far from convergence point of
PVR are T, and p.(t) respectively. The temperature, T,, , is assumed to be a simple constant
since temperature gradients were eliminated a priori and uniform shock heating of the plasma
due to internal heat sources or generation of shock waves. Radiation will not be considered
before and after shock wave propagation in non-relativistic case. The surrounding dynamic

pressure, p(t), is assumed to be a known input which regulates the formation and collapse of the
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D) PVR results explosive waves, out flowing plasma
jets and radiation to surrounding ambient plasma.
7(t)  Though compressibility of the plasma, it can be

‘ important in the context of PVR collapse, it will, for

the present, be assumed that the exterior plasma

density, p., , IS a constant. Furthermore, the

Fig.3.5 Spherical cavity (PVR) model - qynamical viscosity, x, is assumed constant and
uniform if plasma density of collapsing cavity is
high enough. It will also be assumed that the contents of the PVVR are homogeneous and that the
temperature, T;,(t) and pressure, p;,(t), within the PVR are assumed uniform before shock
wave passage. These assumptions may not be justified across the moving normal shock fronts.
The radial position within the surrounding plasma or inside PVR will be denoted by the distance,
r, from the center of the convergence region; the dynamic boundary pressure, p(r,t) , radial
inward velocity during collapse or growing with outward velocity during growth, u(r,t), and

temperature, T(r,t), within the PVR or surrounding plasma will be so designated.

Conservation of mass, momentum and energy are expressed by Egs.(3.20), (3.21) and

(3.22) inside PVR with no mass flux is passing across the dynamic boundary. Here we assumed

that p;, < pey and Ein > Eex of collapsing or growing PVR at local surface. Let us study the
interaction between PVR and its surrounding higher density plasma through the dynamic
boundary surface. To study the dynamics of PVR in simple way, we assumed that the symmetry
of polar and azimuthal coordinates. The collapsing or growing velocity of dynamic surface
electron beam is approximated by u(R,t) = dR/dt. Using Eq.(3.20) for vanishing non-radial

components collapsing or growing velocity field is obtained as follow.
U(r,t) = 5 G(r ) (3.30)

Here, the function G(r, t) is imagined as gradient of velocity shock potential function. We have
to consider two cases during collapsing process of dynamic PVR which has a velocity field
of u(r,t) given by Eq.(3.30). These are: (1) Collapsing of PVR with no particles passing
through dynamic boundary. (2) Collapsing of PVR, with accelerated particles passing through
dynamic boundary. From Eq.(3.21), using Eq.(3.30), and assuming G(t) only time dependent
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dynamic pressure difference between the convergence point and dynamic electron surface of
PVR near boundary is given by Eq.(3.31) describes spontaneous velocity shock potential.

19G(t) lG(t)z a

pe—p=plr ol 30|+ =2 (V.iv}- r)dr+f”Ad —

(3.31)

We use the assumption p - p. asr — 0, p and p. are dynamic pressure near boundary of
dynamic electron surface of PVR and at convergence center respectively. The integration
constant, c would be determined using the boundary value of PVR during collapsing or
expansion in steady state situation, but we chose its value is zero in case of spontaneous process.
To determine the dynamic pressure difference between convergence region and dynamic
boundary of PVR, it is mandatory to consider the energy density at dynamic electron surface
boundary of PVR. The dynamic boundary of PVR is assumed to be as thin enough that stored
energy density of €, in addition to surface pressure and viscosity term. Considering the dynamic
surface pressure, surface energy density and plasma viscosity of collision-less plasma, using

Eq.(3.31) for position is time independent dr/dt = 0 near dynamic boundary electron surface.

pc—p3=4—”d—R+E—“+pRat2+—p(d—R) +———f(VlvA )dr+ @ -7 [ Adr+vR— (3.32)

dt

The plasma pressure at dynamic boundary is denoted by pg in Eq.(3.32). The Eq.(3.32) shows
that the difference in dynamic pressure between the center of convergence point and the dynamic
boundary. The surrounding exterior plasma density is connected to interior dynamic pressure
through the dynamic surface boundary. Let p;,, = p mass density inside the PVR and n;, = n
plasma number density inside PVR during collapsing or exploding. Assuming pg(t) is balanced
by exterior dynamic pressure at instant boundary position of collapsing or growing PVR far
away from dynamic boundary and p., dynamic pressure at dynamic boundary surface of
collapsing PVR for r = R from outside. We can approximate p,, is the current surface dynamic
pressure equals to the boundary pressure. By using the surface energy density, €, of dynamic
PVR boundary surface, we can verify the dynamic pressure difference between surface boundary

and surrounding far region of high conductivity plasma medium.

d%R dR

2 — . A e dR
Pe(t) = Dex = ——— — =%+ Pex [Rﬁ"_%(ﬁ) ]—%f(Vlvje -#)dr + (n-r)f%dr+vRE (3.333)
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When the system is characterized by collision-less and non-viscous condition, Eq.(3.33a) is
reduced to Eq.(3.33b) and the collapsing or growing cavity becomes unstable.
2 2 N 2
Pe(t) — Pex = _21% + Pex [RZTI; +%(z_};) ] - %f(vlv/%e ’ f) dr + va_A:dr (3.33Db)
In steady state situation for p,, — pg # 0 the energy density of dynamic boundary layer could be
determined by dynamic pressure difference between the dynamic surface boundary and
surrounding dynamic pressure and nature of magnetic fields. If the magnetic field is non-

deformable and non-radial associated with collision-less plasma, the surface boundary energy

density is approximated by Eq.(3.33c) in steady state situation.
1 2
€a= R[5 (p = Pex) + V] (3.33¢)

When the difference in dynamic pressure between surface boundary and far region of high
conductivity plasma medium is vanished, the boundary surface energy density is verified from
Eq.(3.33a) in unsteady state condition that is described by Eq.(3.33d).

1 3%R . 3 (dR\? 1 = R 1 de
Ea: —E,DexR [RF +E(E) ] +ZR.[(VJ.v£e ’ 7") dr _ER f%d?" (333d)

Verifying Eq.(3.33d) at steady state situation, the dynamic boundary surface energy density of
PVR is determined by magnetic intensity in case of 7 - # is unity and the ratio of magnitude of

Alvfen velocity square to magnetic curvature radius as constant of position, results Eq.(3.33e).

1 1 1
Eq= ERUEe I:E_R_C:I (3.33¢)

The EQq.(3.33e) indicates that the dynamic surface energy density stores magnetic energy density
that prevents charged particles from passing through it but neutral particles may passed. For

viscous less high conductivity plasma fluid, the first term on right hand side of Eq.(3.33a) is

vanishing. When PVR is collapsing or growing by 4"R22_I; rate also mass rate PVR must be

increase by pin4nR2% during expanding or collapsing with mass rate pex47'[R2§ of PVR. If

some mass is passing across the dynamic surface boundary, then in turn mass must be equal to
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the mass flow of plasma inward relative to the interface, and hence the inward velocity of plasma

relative to the interface is given by

<)

= [1 + pi] S G(r t)F (3.34b)

The quantity p/p., < 1 mass density ratio and the direction of flowing velocity are radially
inward during collapsing and radially out ward during growing. The flowing radial velocity
exterior, v,,, of PVR may be radial outward or inward and also the same is true inside PVR for
V;, may be radially inward or outward. When the dynamic pressure difference between center of
convergence point and surrounding high conductivity plasma is tends to infinitely large, the PVR
is collapsed suddenly, see Eq.(3.31), (3.32), (3.33a) and (3.33b) of collapsing or growing PVR.
During sudden collapsing of PVR, the collapsing velocity that is given by Eq.(3.30) or (3.34b) is
equal to velocity of shock wave.

3.11. Formation and Propagation of Shock Waves in Magnetized Plasma

In chapter 2, we have developed the SWIF-1SQR model that describes the solar
hydrodynamic explosive events on stellar (solar) atmosphere of weak magnetic field region.
Based on SWIF-1SQR model solar explosive events are arisen because of supersonic flows of
local ionized hydrogen plasma coupled with strong surface charge separation process of fast
moving electrons at weak magnetic field region (i.e., Quiet region). The model of SWIF-1SQR
model well describes the nature of micro flares and Nano flares at stellar surface associated with
surface plasma convection and non-radial stellar oscillation modes. However, the presence of
strong magnetic field associated with SWIF-1SQR model nicely describes the most intense
explosive events on stellar (solar) atmosphere (i.e., photosphere, chromosphere and corona) that
enables us to develop the further second model of SWIF-2SAR model. Formation of PVR at
strong magnetic field region of high conductivity medium leads to sudden release of huge
amounts of energy. Electrons and other charged particles are discharged from the complex
surface current at maximum limit of electron surface current. The surface of magnetic flux tube
is characterized by strong wave-particle interaction and field-particles interaction. The induced
instantaneous surface net electric field accelerates the nearby electrons and ions. The second

model of SWIF-2SAR model is more effective at upper layers of solar atmosphere than the first
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model of SWIF-1SQR model which is preferable on weak magnetic field region. By reducing the
model of SWIF-2SAR model for small magnetic beta, we get the first model of SWIF-1SQR
model.

When discrete magnetic fluxes tubes are approaching to each other through high
conductivity plasma, no matter their topological structure, the density of un-magnetized plasma
between the approaching magnetic flux tubes continuously decrease behinds of the approaching
fluxes, see chapter 4. The attracting magnetic fluxes may be ranging up to several current
carrying fluxes. At head on magnetic surfaces, magnetic pressure becomes dominant over the
dynamic pressure for strongly attracting fluxes. Normal shock surface is generated on the
magnetic surface and propagates through the low density un-magnetized plasma in front of
approaching fluxes. The magnetic field surface propagates behind of normal shock surface
against plasma dynamic pressure. The attracting magnetic fluxes are meeting quickly at
convergence plane or region or line. Electrons and ions are drift or moved from contacting
magnetic surfaces quickly. The reconnection process becomes so fast and magnetic energy is
stored quickly at small convergence region inside high conductivity gaseous medium. The

oscillating contacting magnetic surface continuously generated moving shock fronts.

As we have observed from Eq.(3.32), the fifth, sixth and seventh terms on the right hand
side indicate that surface electrostatic potential and force free complex magnetic field makes the
dynamic pressure difference between convergence point and dynamic surface boundary is so
high. Inside the PVR, if the non-radial magnetic field lines are deformed with very small radius
of curvature, the restoring magnetic pressure becomes so high. The restoring magnetic pressure
generates fast moving shock surfaces propagating through magnetized plasma. The complexity
of collapsing local region of high conductivity medium creates anomalous plasma resistivity..
Those charged particles choose their path along local magnetic field lines. However, due to
propagating fast moving shock surface, instantaneous surface electrostatic potential and high
negative dynamic pressure of convergence point, line or plane, the charged particles gain high
inertial force and moves across the magnetic field lines to wards of convergence point, line or
plane. lons and electrons are repeatedly reflected between successive shock fronts and finally
accelerated. This acceleration is known as shock wave acceleration. Non-radial flow of ambient

plasma during collapsing may be created because of non-radial strong magnetic field lines
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alignment and vorticity effects of imploding plasma fluids. The continuous oscillation of electron
and ion lead to cyclotron acceleration, synchrotron acceleration of electrons and ions in addition

to Fermi like acceleration and shock wave acceleration.

When magnetic field inside PVR is highly deformable, the imploding electrons and ions
create local plasma current along the deforming magnetic field surface. If the highly deforming
magnetic field is strong enough, electrons and ions are oscillating several times and they form
non-thermal in addition to non-thermal shock acceleration. However, when the magnetic flux is
strong enough inside PVR, it prohibits plasma from fast reaching of the convergence point, line
or plane across magnetic field line. Electromagnetic radiation and particle radiation may be
emanating from dynamic boundary of PVR. From observational evidences, the solar surface is
expected as partially ionized hydrogen plasma [251, 252]. The evolutional life time of PVR is
controlled by ionization process in partially ionized plasma fluid. Initially, it is assumed that the
PVR plasma satisfies quasi-neutral condition. The radial electron density distribution has been
obtained from radial momentum distribution of spherical uniform plasma. Consider the PVR is
in isothermal condition of collision-less and non-viscous plasma and also magnetic curvature is
position independent and (7 - #*) = 1. The radial electron distribution inside isothermal PVR is

obtained from Eq.(3.25) in steady state if shock wave is not yet developed.
n.(r) = ny exp {— Emvez —ep + %mvj [1 — i—r] — mc]/kBTe} (3.35)

The integration constant ¢ in Eq.(3.35) would be determined using boundary condition in steady
state. The electron number density distribution depends on the orientation of deforming magnetic
field lines. Thus, we neglect the neutral particles during collapsing of PVR or growing of PVR
inside dense high conductivity plasma fluid so as to minimize complexity. Across a single
moving shock surface electrons become much hotter than ions. The hot electrons are remaining
in thermodynamic like equilibrium at electron temperature T,(r) is much higher than ion
temperature coupled with low-frequency plasma waves. Before collapsing of PVR, the radial
electron density distribution is described by Eq.(3.35) at thermal equilibrium.

The quantity ¢(r) is surface electrostatic potential associated with moving dynamic

boundary and shock surface in steady state. The quantity n, defines the number density of
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electron or ion of static PVR at initial state before production of shock surface and electrostatic
potential begins at upstream region. Thus, the electron number density given by Eq.(3.35)

includes initial number density denoted by n, before shock passage. The imploding normal

shock surface from dynamic boundary belongs to shock velocity V(r) surrounded by ambient

shocked plasma. The imploding shock surface produces radial imploding instant and static

electron surface current density given by f = —eneI7 followed by imploding dense ambient

plasma.

Across the moving shock frame, the electrostatic potential remains constant of time in
steady state situation. As an observer is set at the collapsing or exploding shock surfaces, he/she
sees a stream of ion that is engulfed by shock surface from PVR or a stream of plasma is
engulfed by shock surfaces from ambient plasma behind of it. The moving observer also

observed electron cloud that is created at dynamic boundary layer. Since we assumed that T; <«

T, before shock surface, all ions are incident with the same velocity u, = 170 to shock surface.
The electron distribution is bi-Maxwellian for the magnetized plasma inside PVR, if the shock
surface is moving with velocity intermediate between ion sound speed and electron sound speed.
We assumed that the imploding shock surface moves with ions acoustic velocity. However, the
shock surface generated by fast moving electron beam never move with velocity slower than

electron acoustic velocity.

So, the shock surface that is moving with velocity slower than electron thermal velocity
is known as ion-acoustic shock surface while shock surface moves with velocity greater than ion
acoustic velocity is known as electron acoustic shock surface. The velocity of electron or ion at
the outlet shock surface from dynamic boundary in steady state situation is calculated from
momentum equation using EQ.(3.35) at collapsing time of PVR is given by Eq.(3.37) and
neglecting plasma viscosity and collision at isothermal electron layer or isothermal ions layer for
the sake of simplicity. The graph of Fig.3.6a -3.6d shows the electron distribution of collapsing
or growing magnetized PVR is described by EQ.(3.35) when the magnetic tension force is
dominant over other forces. The graph of Fig.3.6a describes the electron distribution of PVR
when the magnetic curvature radius is smaller than the characteristic scale of length PVR while

the graph of Fig.3.6b describes the electron distribution of PVR in case of non-deformable
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magnetic field. In general case, the electron distribution at fixed position inside PVR as magnetic
field is deforming described by the graph of Fig.3.6¢ and Fig.3.6d describes non-linear electron
distribution inside PVR for R, < r and R, < r respectively in case of dominant magnetic tension

force region.
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3.12. Imploding Shock Wave in Magnetized Plasma (Electrostatic shock surface)

Initially, electron, ion and neutral are imping in to imploding shock surface from dynamic
boundary of PVR inside high conductivity plasma medium. As long as PVR is developed inside
high conductivity plasma medium, intense electrostatic potential is created before generation of
imploding shock surfaces at dynamic boundary layer. Electrons and ions from upstream region

may not freely move in to shock surface if magnetic field is strong enough to trap electrons and
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ions. Most probably, accelerating charged particles are entered quickly to shock surface before
entrance of normal flowing particles across or parallel to magnetic field lines. Due to strong
electrostatic potential and steep gradient of magnetic field and dynamic pressure inside PVR,
electrons and ions are accelerating before arrival of imploding shock surface. The imploding

velocity of dynamic boundary is approximated by velocity of imploding shock surface.

Here, the moving shock surface is considered as electrostatic shock surface coupled with
current currying double layer. For the sake of simplicity we assumed that electrons, ions and
neutrals are at the same temperature inside the magnetized PVR before shock surface arrival.
However, the temperature distribution of magnetized plasma before shock wave and behind
shock wave is determined as parallel and perpendicular temperature distribution relative to
orientation direction of magnetic field lines. Neutral particles are ionized across shock surface if
the electrostatic shock surface is strong enough. The strength of single shock surface could not
be determined simply. Its strength may depend on the nature of shock generation for non-

relativistic and non-radiative shock wave.

When the dynamic boundary surface associated with continuous production imploding
shock surface and exploding shock wave moves to center of convergence point, we use two
assumptions. These are, when the electrostatic potential remains so strong during collapsing of
PVR, electrons are pushed toward center of convergence region while ions are pulled toward
imploding dynamic surface across or parallel to magnetic field lines. The tendency motion of
neutral particles inside PVR depends on the strength of VP at convergence point. The second
assumption is that, when the electrostatic potential of dynamic boundary remains constant of
position, it does not exert electric force on charged particles inside PVR. However, the
orientation of magnetic field inside PVR makes the system is complex. To minimize complexity,
using the idea of polar and azimuthal symmetry condition in steady state situation that suffice
adiabatic process before shock wave and behind shock wave, the radial particle distribution of
upstream or downstream region is obtained from momentum equation. When the plasma number
density is position independent in steady state of high conductivity magnetized plasma fluid
under definite inertial force we get the radial charged particle distribution that is expressed by
Eq.(3.36) indicates that the plasma density depends on gradients of magnetic pressure,

electrostatic potential energy, plasma kinetic energy and thermal energy.
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n= [ ) ~ ] Grlaw =5 + ko] (336

Here, we assumed 7 - 7 = 1, the particle number density n is constant of position. The particle
velocity inside PVR is triggered by gradient of magnetic field, electrostatic potential,
temperature and other unknown potential. Where v is inertial velocity in steady state, and ¢ is
electrostatic potential associated with imploding dynamic boundary which generates imploding
and exploding shock waves. Let we consider the imploding collision-less shock surface is
generated from a large amplitude ion wave and electron wave. The minimum velocity of
imploding shock surface is approximated by collapsing velocity of dynamic boundary. If
velocity of imploding shock surface is slower than velocity of imploding dynamic boundary
surface, the imploding shock surface enters to region behind dynamic surface boundary. At the
imploding shock surface frame, the intense electrostatic potential remains constant of time
coordinate, it is position dependent. As the observer is set at the imploding shock front or
dynamic surface boundary, he sees a stream of plasma impinging in to shock surface.

Since motion of electrons and ions have been controlled by strong magnetic field and

intense electrostatic potential, we have assumed that ions are engulfed by imploding shock
surface with velocity of u; + V while electrons are engulfed with velocity of u, + V even behind

of instant dynamic surface boundary. The imploding velocity of shock surface is given by V and
the approaching ions velocity to shock surface and receding electron velocity from shock surface
is given by u; and u, respectively. The radial particle distribution of magnetized plasma before
shock wave and behind shock wave is no longer Maxwellian. When we modeled PVR, the
intense electrostatic potential is more effective inside PVR than far exterior. Generally, the
electrostatic potential that is drop inside the PVR is greater than exterior region. Thus, ¢ >
¢, and p;, K pey , Where ¢ and p;, are electrostatic potential and plasma density inside PVR,

and ¢, and p,., are electrostatic potential and plasma density exterior of PVR respectively.

lons enter in to imploding shock surface with relative velocity approximated by velocity

of dynamic shock waves V while electrons with velocity slightly different that of ions velocity.
The shocked plasma is emanated from electrostatic shock surface with velocity of u,; left behind

of shock surface. Since Mg,; =V /cg,; and My,; =V /v45; , SOnic shock Mach number, and

SWIF model © Atakalti B.A. AAU,  5/13/2018 178



Alfven shock Mach number for ions respectively. The initial velocity could not be thermal
velocity for spontaneous process; it is initial inertial velocity of impinging ion approximated by
velocity of shock surface v, = V, and the emanating velocity of ions from shock surface is given
by ¥ = u,;. Thus, by choosing across the jump condition, ¢; = 0, spontaneous change across
the moving shock surface. From momentum equation that suffice adiabatic process behind of
shock surface the magnitude of ions’ velocity behind of electrostatic shock surface is given by

Eq.(3.37) when plasma number density is position independent.

1/2
2 1 2
uyi =V [1 06 =D == (1 R—r)] (3.37)

Where, X; = ze¢/kgT;, is dimension-less parameter. The parameter M,,; remains constant of
position behind shock surface of non-variable shock wave and we take v,,; /R, Or vk, are
position independent at fixed point behind imploding shock surface. The symbol k. is magnitude
of magnetic curvature at local region. Here, we choose that v,,;/R, is position independent at
local region behind of imploding shock surface at steady state situation. However, in reality the

electrostatic shock surface process could be time dependent shock wave process.

Here, we assumed that V > u,; and V' > u,4,, thus the relative velocity is approximated
by shock velocity during impinging of ions to shock surface. The engulfed plasma fluid by shock

surface with velocity of V and the emanated plasma from shock surface has velocity of u,; # v
for imploding shock surface. We have used the continuity equation in steady state across the
moving shock surface so as to evaluate mass conservation law. We assumed that no sink or
source of mass, momentum and energy inside shock surface. By equating the impinging ions flux
in to imploding shock surface with the emanating ions flux from moving shock or stationary
shock on moving coordinate, the emanating ion number density in steady state situation can be

expressed in terms of X;, My,; and M,,; behind of imploding shock surface.

n; =g [1 +2 -1 - (1- E)]_l/z (3.38)

s2i 24i ai

Where, a;Ap =R, , &Ap; =1 and ny is ion number density that enters to shock surface

instantly. The value of dimensionless parameter «; is a real number, 0 < a; < oo for ion beam
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inside fast moving electron plasma layer. However, the interaction between ions and electrons
makes the system is complex. If the radius of magnetic curvature is so small for very intense
magnetic field of rare dense plasma, huge amount of magnetic energy will be stored at small
local region, see chapter 4, section 4.7. Let we consider that ions and electrons are at the same
temperature behind of imploding shock surface in steady state. Since electrons are moving faster
than ions, during electrons are impinging in to imploding shock surface as well as emanating
from shock surface, it is a good assumption that they are spontaneous flowing particles and the
electron number density emanating from moving shock surface is given by Eq.(3.39) that
describes behavior of shocked electron fluid.

, ox|

)] [[1 4] % 3 2 (3.39)

1 [ B2 ) (B_Z
¢

M2 = g Lnge 98 oy
Where X,, = e¢/kgT,, and c2, = kzT,./m, behind shock surface. When ions and electrons
are at the same temperature behind shock surface, X = X;, = X,,, the plasma fulfills adiabatic
condition. Here we evaluate effects of electrostatic shock surface near region behind of
imploding dynamic surface boundary. It is also necessary to evaluate the radial electron
distribution behind of shock surface coupled with the dynamic shock surface boundary region
with the assumption of polar and azimuthal symmetry in steady state. The electron radial
distribution and ion radial distribution of number density behind shock surface given by
Egs.(3.38) and (3.39) is uniform charged particle distribution. Using Poisson’s equation,
manipulating Egs.(3.38) and (3.39) behind the imploding shock surface results the following

equation that describes pseudo-potential that suffices Poison’s equation is Eq.(3.40).

-1 -1/2

ax _ l[‘i ~12 w3 [[1 bl %42, 28| - [1 2D (1- 5)] (3.40)

agz a 208 a¢ ¢

When the electrostatic shock surface manifests as non-relativistic current layer or charge layer,
the function y «< 1 is considerable for thermal plasma. Let us choose &, =~ & =& so as to
minimize complexity. Since small disturbance of electron sound speed remains very small, that
gradient of c,, remains constant, zero at fixed point for small of magnetic curvature, a; > 2¢

and if v2,/a is independent of & and M,,; also independent of X at fixed point before imploding
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shock surface simplifies the complexity. Using the assumption of ¢/a; <2 and ¢ «
« integrating Eq.(3.40) over variable X results the Egs.(3.41a) and (3.41b) that describe the steep

gradient of effective electrostatic potential across the electrostatic shock wave.

w(X) =X (1+ )+1M5222—5M522+ L (1-25) (3.41a)

2 2
521 2 MAZe aMAZe 2MZAL a;i

Where, v (X), is effective electric field across imploding shock surface. If £ /a; < 2 and § K «
the effective electric field behind shock surface produced by non-relativistic electric current layer
or charge layer is given by the following Eq.(3.41b).

2
1 Msze

) e (3.41b)

v(X) = (1—# +

2A42

2
M 24i

s2i

When the imploding shock surface, imploding dynamic boundary surface, provides very strong
current layer, X > 1, the effective electric potential behind of dynamic boundary surface is

approximated by Eq.(3.42) that is obtained from solutions of Eq.(3.40), Poison’s equation.

-1/2

- (1- 5)] dx (3.42)

a;

o) = (-5 ey [1 +

MAZe 321

However, if y < M,,;, and

(1 - 5)| < 1, for very strong current layer or charge layer of

2Ai ai

outer side of imploding shock surface dominated by strong VSP. The strong current layer or
charge layer may be double layer or single layer. In reality, the outer ions layer of imploding
dynamic boundary surface is expected as temporary layer because the shocked ions are quickly
replaced by injecting electrons [253]. Thus, Eq.(3.42) yields Egs.(3.43a), (3.43b) and (3.43c) that
are described below.

w(X) = X [1 o (1- 5)] o L (3.43)

If¢é/a; <« 2and &/a < 1/2 Eq.(3.43a) yields

_ 1] x2 1 Mg

SWIF model © Atakalti B.A. AAU,  5/13/2018 181



If&/a; > 2and &/a > 1/2 Eq.(3.43a) yields

_ _ 28| X M
w(X) = X [1 2| - A - L (3.430)

This condition suffices criteria for non-relativistic moving shock surface or dynamic boundary
layer. The local magnetic curvature plays a crucial role on production of effective electrostatic
potential across the moving shock surface. When the temperature T; is constant of position
behind of shock surface and ions are in isothermal adiabatic plasma behind shock wave. The
emanating of velocity ion from the imploding shock surface in to the shocked region of collision-
less plasma is obtained as follow.

2 2 V2
Uy =V |14 3= (X —Innp + 5% (344

2 .
Mgy My, @i

Applying Eq.(3.44) on the continuity equation across the moving electrostatic shock surface, the
ion number density distribution behind of shock surface in isothermal condition of steady state
situation is obtained as follow.

-1/2
(X —Inn) + —=% (3.45)

2 .
My @i

2

2
Mszi

ni=ng|l+

The EQ.(3.45) tells us that the radial distribution of ions is non-uniform behind of imploding
shock waves. The corresponding radial distribution of spontaneous diffusing electrons behind of
electrostatic imploding shock surface coupled with dynamic surface of PVR is approximated

from electron momentum equation as follow.
ne(§) = ngexp{M?¢/a — X} (3.46)

The dimensionless parameter M = M,,/M,,, denotes the ratio of sonic Mach number to Alfven
Mach number. The ion and electron distribution behind electrostatic shock surface is given by
Egs.(3.45) and (3.46) are not more Maxwellian. In Eq.(3.45) using the assumption of X > Inn;
approximation and substituting Eq.(3.45) and (3.46) in to Poison’s equation when strong VSP is

dominant over coulomb forces we get that
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if X/MZ2,; < 2 and é/a; < 1 the above equation becomes

1/2

w(X) = e /ax) _y2 |1 4 2y 2L —Mizf/ai[l - — [ d¢ (3.47D)

521 My @i MA 2i i MAZL 4

The function M; = M,;/M,,; is ratio of ion sonic Mach to Alfven Mach number and here we
assumed that M3, £/M3,.a is constant of X but the variable X is dependent of & in the
expression EQs.(3.47a) and (3.47b). This condition is existed due to anisotropic nature of
magnetized plasma. The electron distribution before fast moving shock surface is influenced by
presence of magnetic field and electrostatic potential. When the average magnetic field is

vanished behind of the imploding shock surface, ions distribution behind of shock surface is still

under the control of electrostatic surface potential.
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Fig.3.7a Electric field generated by ions across shock Fig.3.7b Electric field generated by magnetized ions

The graphs of Fig.3.7a and Fig.3.7b describe the steep gradients of electrostatic potential across
the moving shock fronts in steady state situation associated with sonic Mach number and Alfven
Mach number respectively. The presence of magnetic field in high conductivity plasma makes
the gradient of electrostatic potential is so steep, see Fig.3.7a and Fig.3.7b. The radial ion
distribution behind shock surface is obtained as follow. When n; is position independent behind

of imploding shock surface in steady state, using the polar and azimuthal spherical symmetry
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condition we can approximate the emanating velocity of ion behind shock surface for negligible

effects of magnetic field.

1/2
2X; 2
Uy =V [1 + - Mfzi] (3.482)
The ion number density distribution is uniform behind shock surface we get that
-1/2
2X; 2
= 1+_n__] 3.48b
M=o [ M3, M3, ( )

The electron distribution behind of imploding shock surface can be evaluated in the absence of
magnetic field at equilibrium situation yields ¢ = — kT, /e of the surface of moving shock
waves. This electrostatic potential remains constant of position coupled with the moving shock
frame. This shows that the production of electrostatic potential is arisen by sudden change in
electron temperature behind shock surface. The electron distribution is spontaneous distribution
and uniform on back surface of electrostatic shock surface. The electron radial distribution is
independent of physical quantities behind of moving shock surface given by Eq.(3.48b). The
effective electric field produced by the pseudo-potential across shock surface in the absence of
magnetic field effect is obtained as follow.

v =x(1- Z—o) - (3x?-x) (3.49)

If electron number density before shock wave and behind shock wave remains constant, only

ions generate electric field behind shock. In this sense Eq.(3.49a) can be written as follow.

v () = (X -2 x?) (3.49b)
When isothermal condition behind shock surface is sufficed, and temperature T; is position
independent behind of imploding shock surface, the impinging ions distribution to imploding
shock surface is related to non-linear ion distribution behind of shock surface.

1/2
7m=ni1+$;—¥;Mni (3.50)
Mszi s2i
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If X;/MZ,; < 1/2 and Inn;/MZ,; < 1/2 Eq.(3.50) can be expressed as

ng =n; [1 + Miz — Lzln n; (3.51)
s2i s2i
However, for relativistic current layer or strong charge layerX; > Inn;, thus EQ.(3.50) is

reduced to the following Eq.(3.52) described below.

— 3.52
M, ( )

ng = n; [1 + zx]l/z

In this condition the electron distribution behind of shock surface remains Maxwellian.
The non-linear ion distribution across the fast moving shock wave is well described in graphs of
Fig.3.8a and Fig.3.8b. The Fig.3.8b describes the absolute value of under square root value in
Eq.(3.51) by normalizing the inverse of shock Mach number so as to minimize computational
errors. The Fig.3.8c describes non-linear distribution of ions behind fast propagating shock
waves and the when medium is characterized by thermal condition. In this case the ratio of
electric energy to thermal energy is vanished. Form graph of Fig.3.8a the non-linear distribution
of ion density ratio across the fast moving shock wave is determined at interval between
1 — Inn; that yields real value. While the graph of Fig.3.8b describes non-linearity ion’s density

distribution ratio including the interval of Inn; > 1.

The graphs of Fig.3.8c, Fig.3.8d and Fig.3.8e describe ion density across shock fronts for
dominant thermal energy distribution; the non-linear distribution of ions across the moving shock
wave front is clearly shown. The graphs of Fig.3.8f and Fig.3.8g describe the non-linear relation
of ions distribution across fast moving shock waves. Fig.3.8h describes ion density distribution
across fast moving shock waves when the effect of electrostatic potential is significant. The ion
number distribution across fast moving shock wave front for negligible effects of magnetic field
is described by Fig.3.8] below. The steep gradient of electrostatic potential across the fast
moving shock wave is described by figures of Fig.3.8k and Fig.3.8L. The graph of Fig.3.8m
describes steep gradient electrostatic potential when velocity of shock is equals to plasma
acoustic speed. Here, we assumed that electron and ion are at the same temperature. The

effective electric field near region behind of imploding shock surface is approximated as follow.
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The electrostatic potential field coupled with the moving shock surface is evaluated from

(3.53)

Poisson’s equation, see chapter 4, fast magnetic reconnection process. From Egs.(3.41a) - (3.53),

we understand that shock waves have a characteristic of sharp electric field in the pressure

transition region. The electric field is oriented in the direction of propagation and it enables to

reflect charged particles under certain condition with a maximum of twice incident velocity.
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Fig.3.8L Induced electric field across shock
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Fig.3.8m Induced electric field across sonic shock

The Fig.3.8a - Fig.3.8m illustrated the nature of electrons and ions across fast propagating shock

surfaces. For instance, Shock wave formed in solar atmosphere in front of a plasma jet flying at

supersonic speeds produced normal electric field on its surface. On Langmuir moving shock

surface or turbulent shock surface intense instant electrostatic field is generated, see Eqgs.(3.41a),

r

Fig.3.9 Static electric field versus
energy ratio

Fig.3.10 Electrostatic potential across shock surface
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(3.42), (3.47a), (3.49) and (3.53).

The ions, which flow from upstream (i.e., most
probably inside PVR before collapse) to
downstream (most probably surrounding PVR),
may be slowed down by the surface electrostatic
shock potential, and reflected back into the
upstream for strong imploding shock waves.
Fig.3.9 is obtained from Eq.(3.53) for sonic shock.

Let we consider non-magnetized plasma;

ions from the upstream region enter to

shock surface more freely, while electrons

v
from the downstream region can be either
free or trapped. When incident ions from
x ambient surrounding plasma may be

reflected at shock surface with their

velocity is twice shock velocity, the shock
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accelerated ions in steady state obtain the shock kinetic energy is given by 2m;V? for u,; < v,
and indicates that the evaluation of changes in kinetic energy of ions during their interaction with

the shock surface.

E, = 2m;V? (3.54)
Generally, ion at upstream region far away from the shock surface moves with velocity

Uy, + V towards shock surface. When the inflowing charged particles are reflected at shock

— = . . . - — 2
surface with velocity 2(z,;; = V) belong to kinetic energy of proportional to 4(u,; + V) after
reflection at the upstream region. When ions passed through shock surface, they are propagating

through the downstream plasma with velocity of u,; + V relative to the inertial frame.

3.13. Normal Moving Shock Waves through Magnetized Plasma

Shock wave occurs both in steady and unsteady flow of high conductivity fluid. The
existed shock waves associated with physical phenomena of local system makes a change on
physical quantities. For instance, the gravitational collapse creates a shock that triggers nuclear
reaction interior of stars, and chemical reaction changes the shock in to explosive waves. Shock
waves in low density region responsible for acceleration of particles and electromagnetic wave
burst. This kind of shock may be collisional shock or collision-less shock which is observed from
space and astronomical objects like solar explosive events, supernovae explosions, Earth’s bow

shock and inter-Galactic shocks [27, 254, 255].

Let us imagine that a fast moving normal shock wave is propagating through high
conductivity magnetized neutral plasma. Since we have assumed a system, through which fast
moving shock wave field is propagating, electrons, ions and neutrals are accelerated due to non-
linear effects of wave function and also neutrals are ionized. The propagating shock wave field is
constructed from continuous trains of shock wave surfaces. To minimize complexity, the average
value of shock surface induced electrostatic field is assumed to be zero except at outer dynamic
boundary surface of the isolated system. The moving shock field may be collisional shock or
collision-less shock field. The thickness of collisional shock may be approximated by mean free
path of plasma particles. Collisional shock field is characterized by energy dissipation across the
moving shock field. However, we do not know the thickness of collision-less shock field. The
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thickness of collision-less shock field is much less than the plasma particle mean free path. In
collision dominated shock field the wave profile results from a balance between convective and
dissipative effects while in collision-less shock field the wave profile is arisen from a balance

between convective and dispersive effects.

We evaluate the physical quantities passing through the propagating normal shock field
excluding the surface of local system. We imagine that the topology of complex magnetic field
has an arbitrary geometrical coordinate. The considered complex magnetic field is assumed to be
the average value of plasma induced micro magnetic field and external magnetic field located at
the interesting region. The moving shock field can be unsteady moving shock field and steady
moving shock field in space and time coordinates. As we see in chapter 2 and 5, SWIF-1SQR
model, when the PVR reaches its minimum low density limit during its evolution, the

electrostatic potential field becomes independent of position in steady state situation.

Consider a radial moving one dimensional normal shock field. The term shock field
defines continuous trains of same families of shock wave fronts. In magneto-hydrodynamics
(MHD) there are three fundamental small amplitude shock waves. These are fast, intermediate
(Alfven) and slow mode waves. So as to define the physical system in terms of different
characteristic speed, there could be different Mach numbers before shock field as well as behind
shock field. These are Alfven Mach number (M,), shock Mach number or sonic Mack number
(M.), slow Mach number (M) and fast Mach number (My) which are the flow speed divided by
Alfven, sound, slow and fast speed respectively. Because of the formation of three different
small amplitude wave modes, it could be difficult to determine the nature of moving shock field
in high conductivity magnetized plasma medium. The complexity in moving shock wave is
arisen from non-linearity of small amplitude waves and particle-wave interaction principle. The
behavior of magnetized plasma before shock wave and behind shock wave is in double adiabatic

process if the magnetic field is strong enough.

Intermediate waves are purely transverse and do not steepen to form shock waves
through high conducing plasma. The fast and slow modes in general contain both transverse and
longitudinal components and these modes give rise to shock waves through high conductivity

medium. For collision dominated shock wave, the dissipation mechanism is expected as
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viscosity, heat conductivity, and electrical conductivity (Joule heating) coupled with non-linear
effects of wave phases. The mass conservation, momentum conservation and energy
conservation equations across normal moving shock surface in steady state situation independent
of shock structure is described Egs.(3.55), (3.56) and (3.57) that relates the behavior of neutral
magnetized plasma upstream to downstream, see Egs.(2.81), (2.82) and (2.83) in chapter 2.

Charged particles inside PVR before shock wave passage are trapped if magnetic field is
strong enough. The imploding plasma element may be in parallel motion or perpendicular
motion to the strong local magnetic field. lons and electrons that are passing through continuous
trains of shock wave fronts may absorb wave energy and gain enough kinetic energy which
enables them to escape from trapping by magnetic force. They may form electromagnetic and
particle radiation behind shock passage. When the propagation direction of shock fronts is at an
angle of, 65, with magnetic field B, the magnetic field is influenced by propagating local shock
wave fronts at the local system. Magnetic energy may be changed in to kinetic energy, heat

energy and radiation energy.

The primary imploding shock wave moves, as we have seen in chapter 2 that u; + V is
the relative shock speed, and u,; + c; is the propagation speed of small disturbances of plasma
elements before the shock wave. The relative speed u, + c, denotes the propagation speed of
small disturbances behind of the shock wave passage. Propagation speed of Alfven wave before
shock wave front as well as behind shock wave front is given by u; + ¢; + v4; and u, + ¢, +
vy, respectively. The shock velocity may be time and position dependent, V(X,t) where
X(r,6,) in spherical coordinate. Thus, the Mach number before shock wave is M,; > 1 for
supersonic flow of high conductivity plasma. So that, V > c;and V > v,, the shock wave travels
faster than speed of sound and Alfven speed respectively. The condition of V 4+ u, + v4, < u, +
¢, + v, show that the shock travels slower than small pressure wave in magnetized plasma
behind the shock wave, while the equation, V + u; + v;4 > uy + v14 + ¢; show that the shock
wave travels faster than small pressure waves and Alfven wave in the magnetized plasma. Using
assumption of azimuthal and polar symmetry of space coordinate, the set of resistive MHD

equations in steady state across moving shock wave can be obtained as

p1V = poV £ (uyn — uzp)l (3-55)
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240
The symbol I represents the dyadic tensor and b and 7 are the unit vectors of magnetic field and
direction motion of normal moving shock surfaces respectively. The symbols n, and n, represent
the electrical resistivity before shock wave and behind shock wave respectively. The subscript 1
and 2 denotes the condition before and behind the moving shock surface. For normal moving
shock surface, the tangential shock velocity remains the same before shock surface and behind
shock surface. From Eq.(3.55), we have found that tangential flowing velocity before shock
surface and behind shock surface is continuous, u,; = u,, for neutral plasma elements. The
velocity of normal moving shock surface is much smaller than speed of light but faster than

acoustic plasma speed in radial direction.

The Egs.(3.55), (3.56) and (3.57) represent the conservation of mass, momentum, and
energy, respectively. The mass flux, momentum flux and energy flux across the normal moving
shock surface can be split in to tangential plane component and normal component. The
represented normal and tangential components of physical quantities are relative to normal unit
vector of moving shock surface. Based on this condition, the high conductivity plasma fluid in
magnetic field can support two further modes of wave propagation. These are the tangential (one
longitudinal) and normal (two transverse) that have three degrees of freedom in high
conductivity plasma relative to direction of magnetic field line. However, we have used here the
orientation of directional flow and direction of magnetic field relative to direction of normal unit
vector of shock surface. For simplicity, we restrict our discussion to plane shocks moving in a

radial direction normal in spherical coordinate of the shock surface.

Let this be the 7 local radial position vector; then all variables are functions of  only

inside the shock wave field and are constant outside the shock field in steady state situation.

From V- B = 0 we have obtained that

B,-Ai=B,-A (3.58a)

SWIF model © Atakalti B.A. AAU,  5/13/2018 192



Bl t= B2 'f: (358b)

The unit vector £ is a unit vector tangential to direction motion of normal shock surface. The
Egs.(3.58a) and (3.58b) indicate that normal component of magnetic field is continuous across
shock surface. This is only true if and only if there are no particles inside the non-relativistic
shock wave. However, if the thickness of shock wave is large enough comparing with ion and
electron gyro-radius and plasma frequency wave length, interaction of particles and fields inside
the shock region is inevitable. Magnetic energy can be converted in to heat energy, Kinetic
energy, and radiation energy and vice versa. From Ampere’s law, the tangential and normal
continuity of electric field is described by Eq.(3.59a) and (3.59b).

[V x By xft—nyjy x it = ([V £ (@ — )] X By) X 7t — 1], X (3.59)
[VxBy|xt—njyxt=([V+£ @y —1)] xBy) X E—ny5, %t (3.59b)

The EQq.(3.59a) describes continuity of tangential electric field while Eq.(3.59b) describes
continuity of normal electric field across fast moving shock waves. The quantity n; and n,
denotes plasma resistivity before shock surface and after shock surface tends to zero for high
conductivity plasma corresponds to j; and j, respectively. The Eq.(3.58a) and (3.59a) give the
jump conditions for the magnetic field expressing the continuity of the normal component of B
and the tangential component of electric field E;, = —V x B, before shock wave and E, =
—[Vi(ﬁl—ﬁz)] ><1§2 behind of the moving shock surface. The pressure is anisotropic
upstream and downstream region. Across the normal moving shock, necessary condition to fulfill
shock condition is V - 7 % 0 which shows that the propagation of normal shock surface through
high conductivity plasma fluid. The tangential velocity of plasma element is continuous across
moving normal shock wave, u,; = u,; which shows that tangential flowing of high conductivity
plasma fluid is not influenced by the presence of normal moving shock surface in high

conductivity plasma.

Evaluating the tangential energy flux which satisfies discontinuity in tangential
component of energy flux and equating with Eq.(3.55) in steady state situation yields the relation

between normal flowing speed of high conductivity plasma and magnetic field across normal
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shock wave that is described by Eq.(3.60) in terms of shock wave speed and components of
magnetic field.

Upn — Uz, = £V [1 - 222t) (3.60)

BanBat

The Eq.(3.60) indicates that change in plasma velocity across normal moving shock wave is
controlled by velocity of moving normal shock waves and magnitudes of normal and tangential
magnetic field components. As magnetic field behind shock surface decreases, the change in
normal flow of plasma along shock wave propagation may increase or decrease by V times the
factor of (1 — B;,,B1:/B2nB>;:) tends to negative infinite. If tangential component of magnetic
field across normal shock wave is continuous, B;; = B,; we get that

Upn — Uy = £V [1 - 22 (3.61a)

Ban
While the normal component of magnetic field across normal shock surface is continuous,
Bi, = B, the tangential components of magnetic field changes abruptly we get that

Uzn — Upn = £V [1 - 2] (3.61b)

Bat

If By < By in EQ.(3.61b), the change in normal flow of plasma is controlled by switch-off
normal shock surface while for B;; > B,; the shock switch-on condition controls the change in
radial flow of high conductivity plasma across normal moving shock surface. In case of shock
switch-on condition, for constant magnitude of normal magnetic field, the shock wave converts
flow energy to magnetic energy while the magnetic energy is converted to shock kinetic
energy~p, V2 through shock field during shock switch-off condition. Particle radiation is created
coupled with shock surface. In this special case we assumed that total mass flux including the
normal and tangential mass density distribution before and behind normal moving shock surface
remains constant of position in steady state situation. Using Eq.(3.55) the change velocity of
normal flow across normal moving shock wave is described by Eqg.(3.62).

=+ (P, — (LB
oy = tip = ko (P = P) £ (72— ) (3.62)
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If u;, =0, P, » Pand B, < B;the system supports spontaneous explosion or implosion and
strong magnetic field is produced behind of moving shock surfaces or vice versa. Anisotropy
plasma pressure, p,I = p;+ + p1, = P, across the normal moving shock fronts is assumed
small. Let us define the dynamic pressure of flowing magnetized plasma across moving normal
shock surface, namely,p,, is the corresponding pressure tangential to moving shock normal
vector, and p,, also the corresponding pressure parallel to moving shock normal. When
collision-less flowing magnetized plasma passes through normal moving shock wave, and if the
temperature develops an anisotropy such that p, # p,, the anisotropy persists for long time.
From tangential component of momentum flux, a discontinuity in tangential component in
dynamic pressure and magnetic pressure can be described by Eq.(3.63).

2 2
Dot — P — B _ Bir
2t 1= 500 " 2,

(3.63)

Here, also there is no shock wave formed and the discontinuity is a contact discontinuity. The
Eq.(3.63) shows that total tangential pressure is conserved in the system. If tangential magnetic
field remains constant across the normal moving shock surface, tangential dynamic pressure
continuous across the moving shock surface. Thus, the normal dynamic pressure, magnetic
pressure and velocity are continuous. Only the temperature and mass are changed along
tangential direction of the normal moving shock surface. Substituting Eq.(3.60) in to Eq.(3.62)
results the change in dynamic pressure across normal moving shock surface in terms of shock
velocity and magnetic field components that is described by Eq.(3.64).

Py—P =pV?(1- %) - (% - f—i) (3.64)
Using anisotropy properties of high conductivity magnetized plasma medium through which
normal shock surface propagates, the general expressions of Egs.(3.62) and (3.64) is defined by
Egs.(3.65) and (3.66).

4 L _ 1 (Bin _Bin\ 4 i [, _ Bl _ Bj:

Upp — Uiy = T v (P2n — D1n) £ oV (2“0 2“0) t+ oV [Pzr Pit t (Zuo 2#0)] (3.65)
_ _ 2[4 _ BinBut Bin _ Bin\ _ o _ Bf¢ B}

P2n — P1in = P1V [1 —anth] + (_2”0 _ZMo) 2i [Pzr P1it t (_4”0 4#0)] (3.66)
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The complex terms in Egs.(3.65) and (3.66) indicate the orthogonally properties of vector
physical quantity of momentum conservation. The physical quantities in the complex term do not
participate in shock wave process when the local system does not interact with its environment.
Only the real part of Eq.(3.65) and (3.66) take part in shock wave process and are unstable terms.
Here, we approximate the tangential dynamic pressure as p, = 2p is exerted on plane and normal
dynamic pressure as p,, = p respectively. The entropy corresponds to the tangential discontinuity
remains constant both at upstream and downstream region. To determine the quasi-parallel and
quasi-perpendicular normal moving shock surface, we take angles between the shock normal unit
vectors and flowing plasma element before and after the shock surface is given by 6, and 6,
respectively. The normal and tangential velocity components of flowing plasma are denoted
by u;, = u; cos6,, u;; = u, sin 8, and u,,, = u, cos 6,, u,; = u, sin @, at adiabatic process of
steady state situation after shock surfaces and behind shock surfaces. The angles between shock
normal unit vector and magnetic field also given as by 6z,and 65, before and behind shock
surface respectively. Since the tangential flow remains the same in upstream and downstream
region, the flowing angle of downstream relative to direction normal shock motion is evaluated

from Eq.(3.55) in high conductivity magnetized plasma medium.
0, = tan~(tan 6,,;) (3.67)

The flowing angles 6,,; and 6, is angle between shock normal and magnetized plasma flow
before shock wave and behind normal shock wave respectively in steady state. However, the
presence of magnetic field make the situation is difficult so as to determine direction of flow.
The EQq.(3.67) is valued when normal shock wave is propagating through high conductivity
magnetized plasma medium. From Eq.(3.59a) of the tangential change of static electric field
across the moving shock surface which interacts with downstream plasma particles is defined by

the following equations for high conductivity plasma across electrostatic shock waves.
Eigt — Epse = £(Ugn — Upn) X By (3.68)

This shows that tangential electric field is continuous across the moving normal shock fronts.

The shock wave generated electric field lies on tangential plane to normal shock fronts. The

static electric fields of Elst =V x Eu and EzSt =V x §2t are laid on tangential plasma of front
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side and back side of electrostatic normal shock surface. The quantity u; x §2 = 0 because u,

and §2 are in two different regions which are separated by shock boundary layer. There is no

space and time connection at the two different regions at the same time across the moving shock
surface. For single passage of shock surface through high conductivity plasma V x §2 =0
because the shock wave, velocity, V and magnetic field, B, behind shock wave are not connected

by time coordinates. Thus, EzSt = 0 for resistive plasma fluid we get that
Ez = i(EZSt - Elst) + (M2)2 — N1J1) (3.69a)

Ez = i(EZSt - Elst) + uio (772V X §2 - 771V X El) (3.69b)

The quantity E, is given by i,, X By, plasma induced electric field behind shock surface of
neutral plasma. From Egs.(3.69a) and (3.69b) we understand that the change in tangential
electric field across shock surface may influence the plasma behind shock passage. When a
shock fronts are moving in magnetized plasma, static electric field is created at the back side of

shock fronts. Where Em and EzSt are tangential static electric field induced due to moving
normal shock surfaces in the front side and back side of moving shock surface boundary. The
fast moving shock surfaces separates electrons from ions in high conductivity plasma medium,
see EQs.(3.68) and (3.69b). The electric field produced across the normal moving shock wave in
perpendicular to the plane containing normal shock wave velocity component. It is expressed in
terms of pressure, density and magnetic field that relate the upstream region with downstream
region obtained from normal momentum flux components. This is evaluated from cross product

of Eq.(3.68) coupling with jump condition in magnetic field yields Eq.(3.70).

_ L _ Bizn B % 1/2
V= \l p1(B1t—Bat) [pln Pan + 2o 2;10] (3.70)

Here, we assumed that the direction of magnetic field before and behind shock surfaces are in
same direction and also direction of plasma flowing before shock surface and behind shock
surface is also the same but their magnitude may not be the same. As we have investigated
Eq.(3.70), when B,; = —B,; the shock surface moves with velocity is the same as normal

velocity component of plasma flow before shock surface as long as direction of magnetic field
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remains the same aftershock surface. When the shock velocity is much greater than change in
normal flow velocity behind shock surface and before shock surface, |uy, — uznl < V.
substituting EQ.(3.60) in to EQ.(3.55) and manipulation with tangential discontinuity of
Eq.(3.55), we verify the tangential dynamic pressure ratio behind shock surface to before shock
surface in steady state situation results Eq.(3.71).

P2t _ YVaze __Bin _ Y2

Pt =g 4 D 2 o Bye| - LM2, (3.71)
The parameter vZ,,/c? = M3,, is tangential Alfven Mach number before shock wave surface.
From Eq.(3.71) we understand that the tangential discontinuity is arisen from effects of normal

shock wave surface through high conductivity plasma. Across the normal moving shock surface,
it may be happened that some of the flow energy is converted into magnetic energy so
that |B,| > |By|. Since the normal component of B has conserved, the passage of the shock
surface creates a tangential component and it is said to be a switch-on shock, see Eq.(3.61b). The
tangential dynamic pressure ratio is influenced by complex magnetic pressure across the moving
shock surface. When the shock velocity is less than change in normal flow velocity behind shock
and before shock, |u,, — u,,| > V, the tangential dynamic pressure ratio is verified by Eq.(3.72)
as normal magnetic field remains constant before and behind shock B,,, = By, and B,; = —B;;

in case of collision-less shock wave process.

P2t _ Y [VAze _ np2
Bt = q 41 [26% M| (3.72)

When the shock switch-off and shock switch-on condition is sufficed, from Eq.(3.71) we have
obtained Eq.(3.73a) and (3.73Db).

Pat o 1 —ZyM2,, (3.73q)
P1t 2

P2t _ 1 _ l)’vizt

L (3.73b)

When the velocity of moving shock surface is balanced by change in normal flowing velocity of

plasma fluid behind shock surface and before shock surfaces, the tangential dynamic pressure

SWIF model © Atakalti B.A. AAU,  5/13/2018 198



ratio given by EQ.(3.71) is approximated as shown in Eq.(3.73c) that is described in terms of
Alfven Mach number.

P2t 1 _ Y 2

In this case the density ratio across normal shock surface is approximated by p,/p; = 1/2
indicates tangential density distribution decrease by half across normal moving shock surface.
The tangential dynamic pressure behind shock wave depends on Alfven Mach number before
shock wave passage. For the condition of My, « 1 the tangential dynamic pressure remains
constant. Considering the anisotropic pressure behind and before shock surface for vanishing off-
diagonal components of pressure tensor, the change in normal velocity component across shock
surface depends on change magnetic pressure across moving shock wave and also change in
sound speed across shock surfaces associated with mass flux enter to shock surface. Considering
the conservation of momentum flux across the moving normal shock surface for continuous
tangential flowing velocity, the change of normal flowing velocity in anisotropic plasma pressure
behind and before normal moving shock is obtained as following.
f

— e, = 432 — G| 4 (Pma _ Pm2
o = gy = £ [cF — | £ (B - o2 (3.74a)

The quantity p,V;,, = I3 is defined as the mass flux enters to shock surface or mass flux engulfed
by shock surface against to or supported by magnetic pressure p,,; = BZ/2p, across the normal
moving shock surface. Magnetic pressure behind normal moving shock surface is defined by
Pmz2 = B%/2u, in high conductivity plasma medium. When u,,, ~ 0 and u,, > 0 a spontaneous
exploding plasma jet is observed behind the moving normal shock wave. When u,, > ¢, , a
spontaneous supersonic plasma flow is created behind shock surface. The spontaneous velocity
behind normal moving shock surface is given by Eq. (3.74b). The agent of shock wave is the

flowing plasma jets and its velocity behind of propagating shock wave is given by.

Uy = £

|3 — L] + (e Pm2) (3.74b)

3
14 14 I I

The fast flowing high conductivity plasma is cooling behind shock surface when u,, < uq,

instantly. The upstream flowing velocity of plasma element is given by Eq.(3.74a) for u,, = 0,
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condensation and cooling process behind shock surface. If the tangential flowing velocity creates
a discontinuity across the normal moving shock due to non-linear wave properties, the complex
plasma density behind shock surface can be obtained from mass conservation law for non-
continuous tangential flowing velocity is verified from Eq.(3.55) by spitting the mass flux in to
tangential and normal components relative to direction of shock wave motion is given by
Eq.(3.75).

-1/2
However, in this work we assumed that tangential velocity of flowing plasma element is
continuous across the normal moving shock surface and the second term on right hand side under
the square root of Eq.(3.75) in bracket is vanished and yields Eq.(2.81). The magnetized plasma
behind shock wave and before shock wave is considered as in adiabatic condition. The dynamic
pressure before shock wave and behind shock wave is defined by P, = c¢2p,/y and P, = c2p,/y
respectively in adiabatic condition. From energy flux of EQ.(3.57) and momentum flux of
Eq.(3.56) we have obtained Egs.(3.76) and (3.77) which describe the corresponding sound speed
behind shock surface respectively.

2 2 v-1 Blzt 3221,‘ 32211 31211 1 1 y-1) 2
d=ct+—|RH 242y — B, By ——BuBy| — = (U — upp)?
2 1 p1 L2uo  2uo  2uo 22U Ho 2nP2t Ho 1nP1it 2 ( 1in Zn)

1y 2y Bl _ Bin _Ban _

01 [pr + 20 2o to th] (Ugn — Uzn) (3.76)
Cz=C2+l(3_22_3_12)+[i_yV_FL(B_ZZ_B_f)](u —Uyp) — Y (Ugy — Upy)? (3.77)
2 Ui \epe  2pe/ — v 1V 21y 2ug in 2n in 2n .

Equating Egs.(3.76) and (3.77) for sound speed behind shock passage in adiabatic condition, we
found quadratic equation of Eq.(3.78) in terms of change in radial flow velocity of magnetized
plasma before shock and behind shock passage.

[ By _ B Bfn _ B3n _ BanBat + BlnBlt] +X [B_ft _ B3 4 BanBac BlnBlt] + [V _d oy (Bfn B _
2Uop1  2M0P1  2M0P1  2HoP1 Hop1 Hop1 p1Luo Ho Ko Mo 17 V.o opiV \2uo  2po

B?, B 1 (B2 B2 B (y+1)

=2t 4 Bzz) + ( 2t e Bzr)] (Ugn — Uzn) + == (Usy — Upp)* = 0 (3-78)
Ho Mo p1V \2uo  2Mo Mo 2
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So as to evaluate the solutions of Eq.(3.78), let us specify the functions of G(V,B) and F(V,B)
are independent of variable u,,, and u,,, but functions F and G are shock velocity and magnetic
field dependent. Thus, solution of Eq.(3.78) is given by Eq.(3.79) in terms of F and G.

Uy — Uy = +——(F + G) (3.79)

T T+

2 2 2 2 2
_ ‘1 Y Bi B3¢ , BanBat 1 (Bt Bjn _ BanBat
Where, F = - [1 - L+ -L_(: + + P!
P1 Ho Ho Ho Ho Ho Ho

2
G = [[1 _i_l_ 4 (B%n B} —B—§t+ BZnth) + 1 (Bgt B3n BZnBZt)] _ 2(y*+1) [B3: + BinBir  Bfy
V2

p1VZ\2puy 210 Ho Ko p1V2 \2pg 24 Ko p1V? l2u Hop1 Ko

1/2
anth] + 2(y*+1) (B%n _ B%n)]
Ho p1V? \2po  2po

The density ratio across normal moving shock wave is obtained using Egs.(3.55) and (3.79) as

normal shock wave propagates through high conductivity plasma and given by Eqg.(3.80a).

Pz _ (F+6) -1
2 — [1 o (3.80a)

When magnitude of the function (F + G)/(y + 1) « 1, is small the mass density ratio across

moving normal shock wave is described by Eq.(3.81b) for weak magnetized plasma.

% =1- %f (3.81b)

While (F + G)/(y + 1) > 1, density ratio across shock wave is described by Eq. (3.81c),

P2 Y42 (3.81¢)

p1 F+G

Using Egs.(3.62) and (3.79) we verify the dynamic plasma pressure across moving normal shock
incase of p,/p; =1—(F+ G)/(y + 1) is found as Eq.(3.82a).

Pr_ 4 _ ¥V a2 1oz ([1 — F*6)vae _
m=1 (y+1)MS(F+G)+2yMA1([1 Tl 1) (3.82a)

Where, V2 /c? = M2 the shock Mach number |(F + G)/(y + 1)| < 1 we get that
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I=MZ(F +G) +7 V"AZ (3.82b)

(v +1)
For p,/p; = (y +1)/(F + G) we get that

Py
Py

2(F 4 G) 4+ YYD Vi (3.82¢)

= _ZM,§1
2 ( F+G 2c?

The parameter M2, = v2,/c? is Alfven much number before shock wave propagation through
high conductivity magnetized plasma. For non-magnetized plasma through which normal shock
wave is propagating, the change in velocity flow behind and before shock surface approximated
from Eq.(3.79) results Eq.(3.83) that relates the change in normal velocity of flowing plasma
behind shock wave and before shock wave in terms of velocity of moving shock wave fronts.

Upn — Upy = + = 1= 2] (3.83)

For strong shock wave (i.e., imploding shock surface), the EQ.(3.83) is approximated by
Eq.(3.84a) for very large value of shock Mach number, equivalent to Eq.(2.134) for vanishing

Uy, in case of spontaneous explosion.

(3.84a)

For weak shock wave (i.e., exploding shock surface) Eq.(3.83) is approximated to Eq.(3.84b).

2 v
+ ()/+1)M_s2

(3.84b)

Uip —Uzp =

From Egs.(3.83), (3.84a) and (3.84b) we suggest that the change in normal velocity of flowing
plasma across the normal moving shock wave is determined by velocity of normal shock wave in

un-magnetized plasma.

3.14. Summary

From observational evidences, magnetic field on stellar (solar) atmosphere is in-homogeneously
distributed. Charged particles are fast flowing through staller magnetic flux tube. The stellar active region
is characterized by strong magnetic field region where charged particles are under the control of magnetic

field. The most impulsive or explosive events are observed from solar active region. As we have seen in
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chapter 2, non-radial surface induced magnetic fled is created on stellar surface even for magnetized star.
The surface induced magnetic field interacts with pre-existed force free magnetic field and surface
charged particles. This makes the stellar atmosphere to have a sophisticated dynamic nature and the
surface particle distribution is no more Maxwellian. The presence of complex magnetic field on the solar
atmosphere makes the solar explosive events are more intense. Highly energetic flares and huge CMEs

are frequently observed from solar active region and highly populated during solar maximum activity.

The enhancement of magnetic field in to SWIF-1SQR model leads us to develop the second
phase SWIF-2SAR model. When we have developed the SWIF-2SAR model, pre-existed magnetic field
has been considered with the collapsing or growing PVR. The PVR is formed due to local plasma
turbulence coupled with instantaneous local charge separation process as magnetic field lines are twisted
and deformed through high conductivity gaseous medium. The fast propagating shock surface converts
the magnetic energy in to radiation, heat and kinetic energy. Based on the theorization of SWIF-2SAR
model, The VSP is intensified by the enhancement of magnetic energy. Basically, the SWIF-2SAR model
is well effective with the integration of fast magnetic reconnection (FMR) theory before complete
collapse of PVR. At solar active region, applying the SWIF-2SAR model, as shock induced magnetic
field is highly stronger than the pre-existed force free magnetic field, CMEs is released behind of flares
from solar corona. The oscillation frequency of magnetic field coupled with CMEs accelerates electrons
and ions non-thermally and emits electromagnetic radiation. Thus, the receding CMEs penetrates the solar
force free magnetic field envelop. The fast propagating shock wave through high conductivity plasma

fluid is the crucial mechanism for stellar (solar) flare formation.

All kinds of electromagnetic spectrum are released from small local region of stellar (solar)
atmosphere. The SWIF-2SAR model well explains how to form the electromagnetic burst at small local
region spontaneously. The formation of electromagnetic wave from local region is specified by
magnetized plasma pressure compression ratio, density compression ratio across shock wave fronts and
magnitude of shock velocity. The fast propagating shock wave fronts through high conductivity plasma
leaves a blast wave that blow out the plasma materials, explosion is created. Using the magnetic field
measurement with the help of SWIF-2SAR model, we can predict the energy released during solar flaring
time, the amount of ejected mass from solar surface, the intensity of electromagnetic burst on solar
atmosphere in successful way. The SWIF-2SAR model like physical model is applied on the Earth
laboratory, tokomak, stellator so as to simulate effective nuclear reaction, tested by Russian scientist and

they invent magnetic bomb in 1950s.
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CHAPTER 4

4. FAST MAGNETIC RECONNECTION ASSOCIATED WITH SWIF
MODEL

The fast magnetic reconnection (FMR) theory is a central field on SWIF-2SAR model
development. The force free stellar magnetic field interacts with the shock wave triggered
complex magnetic field during evolution of stellar flaring process. Annihilation and formation of
complex magnetic field associated with the non-linear behavior of particle and field interaction
brings weak and strong stellar (solar) explosive events within fraction of seconds. The SWIF
model which includes its first phase SWIF-1SQR and second phase of SWIF-2SAR supports by

the observational flare data.

4.1. Current Carrying Magnetic Flux Tubes on Stellar Atmosphere

When magnetic field exerts a pressure on high conductivity plasma fluids, the charged
particles may gain enough energy from the magnetic field due to wave and particle interaction
principle. Charged particles are trapped by surface magnetic field lines if the magnetic field is
strong enough. Since charged particles have been trapped by magnetic field, they are accelerated
due to steep magnetic field gradients across magnetic field lines or along magnetic field lines. As
free charged particles have been trapped by magnetic surface from surrounding, the trapped
particle may be accelerated non-thermally on the surface wall of magnetic flux tubes. Charged
particles are accelerated at magnetic surface of stellar (solar) magnetic flux tubes. The expected
acceleration of charged particles at stellar magnetic flux surface may be acceleration due electron
runaway or ion runaway condition, shock wave induced acceleration, Fermi acceleration and

other kinds of non-thermal acceleration.

The hot magnetic flux tube is characterized by intense electron current. The intense
electron currents has parallel (longitudinal) and perpendicular (traverse) components. The
electron current of magnetic flux tube induces complex micro magnetic field. The induced micro
magnetic field interacts with the originally potential magnetic field. Consequently, the magnetic
field of stellar atmosphere is complex and assumed as force free oscillating magnetic field. The
oscillation of magnetic field lines coupled with charged particles leads to formation of Alfven
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waves [256]. When the magnetic pressure of flux tube is balanced by the plasma dynamic
pressure, particle acceleration at magnetic surface or magnetic flux region is determined by steep
gradient magnetic field and gradient of plasma density in isothermal condition. However, when
magnetic pressure is higher than plasma dynamic pressure, trapped charged particles are freezing
while some of them are diffusing across magnetic field line. As gradient of magnetic field is so
steep and the magnetic field is strong enough, more charged particles drift towards region where
strong magnetic field lines (i.e., center of magnetic flux tube) and plasma density gradient is
developed soon. The dense plasma starts diffusing across inhomogeneous magnetic field lines.
The diffusing plasma could not passes the boundary surface of magnetic flux tubes unless the
charged particles are accelerated. Only accelerated charged particles are passing the magnetic

surface.

Now, let us assume that the plasma density exterior of magnetic flux tube is much lower
than interior. When the magnetic flux sucks the surrounding charged particles and it is filled, the
oscillation of plasma inside magnetic flux creates a shock wave at its magnetic surface. Let us
consider that the magnetic flux tube interacts with non-magnetized surrounding plasma at
magnetic boundary surface. The property of un-magnetized plasma is altered at the boundary of
magnetic surface. So, the magnetic surface separates the magnetized plasma region from its
surrounding of un-magnetized plasma region. The un-magnetized plasma of solar atmosphere is
most probably characterized by thermal radiation if and only if charged particles are in thermal

equilibrium or electrons and ions are Maxwellian.

However, the magnetized plasma region (i.e., inside magnetic flux tube) is characterized
both by thermal radiation as well as non-thermal radiation process, see Egs.(4.1) and(4.59), at
magnetic surface. At solar atmosphere, magnetic field accelerates charged particles due to
appearance of Lorentz force through neutral background plasma. The non-thermal acceleration
through magnetized neutral plasma is cyclotron acceleration in case of non-relativistic sense or
synchrotron acceleration in relativistic case is given by Eq.(4.1) that describes Synchrotron
Radiation.

= (yym®) =2 (5 x B) (41)
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Where y, = (1 — v?/c?)~'/2 the Lorentz factor and, m, is mass of particle with charge, ¢ and
t time coordinate. The trajectory of the particle is helical with a gyration frequency wg =
qﬁ/y,,mc and the pitch angle 8 = 90° for circular gyration motion and 8 = 0° for parallel
motion of particles to magnetic field lines. The radiated power from the accelerating charge is

given (in cgs units) by Eq.(4.2) below for electron in particular.

dE 2 g* .
——= gm%zc5 (yv)?(B sin 8)?
_ —15 E \% (Bsin®
=237 % 10 (—erg) ( - ) (4.2)

The final equality is given for electrons in particular, since the dependence on the mass-to-charge
ratio means that electrons are by several orders of magnitude dominant over protons or ions in
generating synchrotron radiation. The synchrotron power peaks at the characteristic frequency
(in Hz) is described by Eq.(4.3).

Ve = %T%sz
— 6.26 X 103 (%)2 (BS;—;‘Q) (4.3)

The Eq.(4.3) tells us that for radio observations (frequencies at or above tens of MHz) and with
typical magnetic field strengths of order uG , the observed population of electrons havey > 1.

The population of electrons has a power-law energy distribution given by Eq.(4.4).

ne(y)dy = noy " Pdy (4.4)

Where a typical value for the power law index isp = 2.5and the resulting synchrotron

luminosity is thus also a power law, described by Eq. (4.5) is applicable at stellar atmosphere.
L, cy~®~D/2 = y-a (4.5)

With a typical spectral index a = 0.75 forp = 2.5, the particles lose energy due to the power
emitted in Eqg.(4.1), with a characteristic timescale of 7 is given by Eq.(4.47) that is obtained

from induction equation of magnetized plasma during evolution of magnetic field and electric
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field for negligible diffusion. Gyrating electrons move faster than gyrating ions inside strong

magnetic field region.

Generally, electrons and ions drift across the magnetic field lines due to high gradients of
magnetic field, steep gradients of electrostatic potential and plasma density gradient. The plasma
may be high collision magnetized plasma or collision-less magnetized plasma, it depends on the
region of solar atmosphere. At low density and collision-less highly magnetized plasma region,
orbit theory contributes a significant effect on cyclotron radiation, synchrotron radiation, shock
wave radiation and other non-thermal radiation process. However, in high collision dense and
strongly magnetized plasma region, orbiting of charged particles around magnetic field lines
suffer several deflecting and scattering problems. Energy is dissipated due to high collisional
process, viscosity effect and electrical resistivity. These kinds of process may be effective

interior of star and at photosphere.

However, in stellar atmosphere, plasma is expected as highly in-homogeneous
magnetized and collision-less. From ground based and space born observations, stellar magnetic
flux tube migrates from place to other place at solar atmosphere and is emerged from stellar deep
region of photosphere [257, 258]. The intensity of magnetic pressure is higher in specified
direction towards low plasma dynamic pressure region. We assumed that background radiation
pressure depends on plasma temperature gradients and magnetic field gradient. However, foot
points of strong magnetic fluxes migrate at deep photosphere through the stratified photosphere
plasma [259]. The mechanism for migrating of foot points of magnetic flux tube is not clear.
When charged particles are injected in to magnetic flux tube the amount of plasma inside
magnetic flux tube is increased by the injected amount of plasma. The plasma inside the
magnetic flux tube is perturbed due to additional injected plasma and the thermal and non-

thermal acceleration process.

At equilibrium condition plasma’s charged particle gyrate around the guiding center of
magnetic field line and also moves along the guiding center for homogeneous and uniform
magnetic fields with velocity equals to or greater than the thermal velocity of charged particles
along the magnetic field. However, electrons and ions are oscillated around the guiding center of
magnetic field line due to inhomogeneity of magnetic field lines, plasma gradients, induced
electric fields and injection of electrons and ions from outside of diffusing plasma. The
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perturbing gyro-radius of charged particles leads to drifting of charged particles across the
guiding center. The electric current produced on magnetic flux tubes is greater than thermal
electron current. When the induced current is higher than the thermal current, it is associated

with fast moving shock wave fronts.

When plasma fluids flow fast along magnetic field lines, the dominant electric current is
longitudinal current. This intense parallel electric current induces an azimuthal micro magnetic
field on its surface in cylindrical coordinate. Radius of the stellar (solar) magnetic flux tube is
smaller at its foot points because the azimuthal micro magnetic flux around the current carrying
magnetic flux squeezes the original magnetic flux tubes. The surrounding dynamic plasma also
sgueezes the magnetic flux at photosphere. When the electron current along magnetic flux tube is
so strong, the induced azimuthal magnetic flux prevents incoming electrons and ions from
outside which were injected in to magnetic flux tubes. No more plasma particles penetrate the
surface of magnetic flux in this case. Then the induced azimuthal magnetic field is so strong,
electrons and ions may be trapped by azimuthal magnetic field lines and other secondary

azimuthal electron current is created.

We can classify the magnetic flux of this system as poloidal and toroidal magnetic field
flux. At static equilibrium situation, the azimuthal induced (toroidal) magnetic field is vanished.
Flowing of plasma inside magnetic flux tubes is highly influenced by motion of source plasma at
deep stellar (solar) atmosphere. The magnetic surface of current currying flux tube is a good site
for shock wave formation due to overloading of the same families of waves. The nonlinear effect
creates shock surface on magnetic surface. When electron and ion move along magnetic field
lines in helical path, micro electric current is produced. This micro electric current is also
induces micro magnetic field. Due to introduction of micro magnetic field over the original
magnetic field, the resultant field becomes non-potential magnetic field because some where part
of magnetic field is annihilated and also at other somewhere part of magnetic field is increased

instantly. Due to such kinds of process, the magnetic field line oscillates in helical fashion.

A non-linear wave is created due to interaction of magnetic field and charged particles.
This is known as Alfven wave. This kind of wave is a traverse wave which propagates along
magnetic field lines. Alfven wave is a low frequency wave at slowly perturbed magnetized
plasma due to smallness of induced micro magnetic field over strong magnetic field. On surface
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of strong current carrying magnetic flux, overloading of Alfven phase velocity is expected due to
poloidal and toroidal Alfven’s phase velocity associated with instantaneous plasma charge
separation leads to formation of plasma surface current layer on magnetic surface. A
discontinuity in physical quantities at magnetic surface leads to existence of shock wave surfaces

see in chapter 2 and 3.

Let we consider magnetic flux tube is filled with dense fast flowing hydrogen plasma.
Plasma density inside magnetic flux tube is higher than the surrounding un-magnetized plasma.
The total plasma pressure inside magnetic flux tube is balanced by external plasma pressure and
azimuthal magnetic pressure. When the fast flowing plasma inside magnetic flux tube is
suddenly stopped, part of magnetic flux behind intense current is suddenly deformed at small
region. The deformed part of magnetic flux creates strong disturbance and intense pulse. The
intense pulse makes electrons and ions to change their velocity instantly. A strong shock wave is
developed inside the magnetic flux tubes. The current currying magnetic flux is highly unstable
and suddenly burst. Generally, current carrying magnetic flux tube is exploded suddenly or it

may be characterized by emitting radiation.

4.2. Dynamics Stellar of Magnetic Flux Tubes

The solar dipole field is a tremendous complicated, very inhomogeneous, intermittent,
and highly dynamic nature of field. However, the overall average solar surface magnetic field
intensity is approximated about 1G. A group of polar magnetic fields being quite irregular and
variable at short timescales shows remarkably regular pattern at large timescales. The solar
magnetic flux of a dipole periodically weakens and subsequently undergoes a reversal of polarity
in period of 11 years is directly related to periodic change in sunspot numbers observed [27, 260,
261]. Based on observational evidences, the reversal of a dipole polarity marks the abrupt
changes in the configuration of star-spot (sunspots) and active regions over the entire solar
surface. New sunspot groups being appeared at high latitude of both solar hemispheres. Those
star-spots (sunspots) migrate towards solar equator; with sunspot velocity is larger at beginning
and slower later [262]. Solar scientists believed that Sunspots are huge conglomerates of
magnetic flux concentrations seen as dark spots characterized with their extremely complex
nature. Their temperature is about a thousand degrees lower than the average surface temperature
[263, 264]. Sunspot formation and their appearance at a visible surface is a gradual process that
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may take hours and days. The mechanism for formation of sunspot is the emergence of
extremely strong bundles of magnetic flux tubes from solar interior. The group of magnetic

fluxes emerged from local solar surface region penetrates solar surface plasma.

However, there is no evidence and theory that supports formation of discrete bundle of
magnetic flux tubes at small local region interior the star. Based on kinetic theory of magnetized
plasma, magnetic field lines could not diffuse and stored in small local region interior of the star.
To know the source of intense local magnetic field, a deep further research is needed. Whatever
the source of magnetic flux tubes interior of the star, we are concentrating here, on the dynamic
and phenomena appeared on stellar atmospheric plasma coupled with complex force free
magnetic field. The stellar (solar) magnetic flux tubes are in-homogeneously distributed on its
atmosphere. The foot points of magnetic flux tubes are anchored at solar photosphere. There are
two kinds of solar magnetic flux tubes. There are closed magnetic flux tubes and opened
magnetic flux tubes. The size of magnetic flux tubes varying from small scale to large scale that
extends to interplanetary space. The magnetic flux tubes are hot flux tubes, warm magnetic flux

tubes and cold magnetic flux tubes [265].

Evidences from SOHO, YOHKOH, LASCO, and SDO...etc, indicates that hot plasma
flows through magnetic flux tubes. When new magnetic flux tube has been emerged via solar
photosphere, it may grow up to large scale of interplanetary space. Open and closed magnetic
flux tube exerts a magnetic pressure on surrounding plasma as they grow. Deformation of
magnetic flux tubes at solar photosphere is inevitable if the flowing plasma’s dynamic pressure is

higher than that of flux tube magnetic pressure.

4.3. Deforming and Twisting Magnetic Flux Tubes at Stellar Atmosphere

Most probably, solar magnetic flux tubes may be deformed at the lower region of
atmosphere, photosphere, because of horizontal and vertical external flowing of ionized plasma,
magnetic flux collision followed by fast reconnection process. When the plasma flowing on
stellar (solar) it exerts strong enough dynamic pressure, as it pushes the wall of magnetic flux
tube the weaker magnetic flux tube may be deformed while flowing plasma bounce back at wall
of strong magnetic flux tube. In this case the dynamic plasma pressure is characterized by

electrons and ions pressure.
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However, motion of neutral particles is not influenced in presence of magnetic field. As
the oscillating and convective local stellar (solar) surface plasma is highly ionized in the
presence of strong magnetic field, this local region is specified by particle magnetic field
interaction. Some plasma particles are trapped by magnetic flux surface, and others may be
reflected back. Thus, the flowing completely ionized plasma may sweep out the weak magnetic
flux. At the interface boundary surface between magnetic flux surface and colliding plasma
element, a shock wave is generated due to effects of non-linear waves. If the external flowing
plasma element has high enough density, collisional effect plays a vital role at the interface
boundary surface. Most probably this kind of process may be happened at foot points of
magnetic flux tubes, at photosphere region. Even the magnetic flux tube would be non-
deformable; plasma magnetic flux tube interaction is obvious. Here, due to magnetic flux and
dense plasma interaction principle, most of the time, the foot points of magnetic flux tube are
hotter than their upper part [266, 267].

4.4. Plasma Flow through Magnetic Flux Tubes

As magnetic flux tube has been emerged from solar surface, it is filled by electrons and
ions from the background medium. The growing magnetic flux tube sucks electrons and ions of
surrounding medium. The injecting amounts of electrons and ions in to magnetic flux tube are
determined by strength of radial gradients of magnetic field flux tube. When external
surrounding plasma pressure is balanced by radial magnetic pressure at dynamic boundary
surface, the magnetic flux tube may continue its life. However, due to continuous production of

its intensity from its source, the magnetic flux tube grows toward the lower density space.

Let us consider a closed magnetic flux tube has an arcade shape situated at stellar (solar)
atmosphere in magneto-hydrostatic situation. The static magnetic flux tube is assumed in
cylindrical coordinate. Completely ionized plasma elements are pumped from stellar (solar)
interior, most probably from lower region of photosphere. The pumping plasma flows through
magnetic flux tubes and provides parallel electric current and perpendicular electron current, see

section 4.1.
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Fig.4.1a Static magnetic flux tube Fig.4.1b Static magnetic field line Fig.4.1c Magnetic flux

In magneto-hydrostatic situation, the inertial force is neglected when the plasma flowing velocity
inside magnetic flux tube is much smaller than plasma sound speed,(yp/p)'/?, Alfven
velocity,B,/ (1op)'/? and gravitational free fall speed (2gh)*/2 for the characteristic height of
flux tube of impressible ionized plasma fluid. To understand the nature of static magnetic flux
tube, evaluating the magnetic plasma beta, f = 8np/B? is mandatory. Let we assume here, the
magnetic plasma beta, § inside magnetic flux tube is constant, the ratio of plasma static pressure
to static magnetic pressure remains constant inside magnetic flux tube. The pressure distribution
and corresponding temperature distribution inside static magnetic flux tube are specified by
Eqgs.(4.6) and (4.7) respectively that are obtained from equation of motion in steady state

condition or at equilibrium condition.

p = po exp {— [% + %]/[1 + %]} (4.6)

= () emf- e+ 3) 1

Where H = kgzT /mg scales height, independent of position inside static magnetic flux tube. If
the constant parameter f « 1, the static magnetic flux tube is characterized by non-thermal
electron and ion acceleration. If plasma density inside static magnetic flux tube is much lower
than outside, the magnetic flux tube may collapse suddenly for g <« 1 condition is sufficed.
When if > 1 and plasma density interior of magnetic flux tube is much higher than
surrounding, the static magnetic flux tube may burst suddenly due to entrance of un-stability. If

stellar (solar) magnetic field sufficesfxE = 0 condition, the magnetic field is force free

magnetic field. The force free magnetic field may be current free J=0or potential magnetic

field. Magneto-hydrostatics is relevant to a variety of solar structures that appear to remain
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motionless or move slowly for long periods of time. It has been applied, for example, to active-
region loops or the global structure of the coronal magnetic field, which often appear stationary
for times that are long compared with the Alfven travel time (e.g., Sakurai 1989) [170, 268, 269].

When the electrons and ions dynamic pressure is dominated by magnetic pressure, the
magnetic field also is known as force free magnetic field. At the upper region of solar
atmosphere (i.e., solar corona), the magnetic field is force free. If plasma dynamic pressure
interior of magnetic flux tube is much smaller than magnetic pressure, the magnetic flux tube is
force free flux tube. When plasma moves through magnetic flux tube, electron current inside flux
tube is generated. If the longitudinal motion of plasma is collision-less, a discontinuity in pulse
along magnetic field creates a shock wave. The discontinuity in pulse is created due to unstable

nature of collision-less flowing plasma.

4.5. Force Free Magnetic Flux of Stellar Atmosphere

When electrons and ions flow through magnetic flux tube, along magnetic field lines, the
induced micro-magnetic field interacts with the original magnetic field lines of flux tube.
Magnetic field lines may be braided, deformed and twisted inside magnetic flux tubes due to
original magnetic field line and induced magnetic field line interaction inside magnetic flux
tubes. Longitudinal and transverse Alfven waves are created due to current produced by charged
particles during interaction process at magnetic flux tube. The curling of magnetic field lines
inside flux tube is specified by V x B = aB inside ionized plasma. Where, a = a(r, ¢, z,t) a
scalar functions of dimensionless parameter which determines the nature of parallel current
inside solar magnetic flux tube at solar atmosphere. To minimize complexity, let us choose a is
constant of space and time, the local isolated magnetic flux tube of solar atmosphere is in steady

state condition or in static equilibrium.

Generally, the force free magnetic field can be expressed in terms of radial unknown

function of axial component, B, and B, of force free magnetic field given by Eq.(4.13) in terms

of un known function of radial position in steady state. Verifying equations of V x B = aB for
force free magnetic flux tubes, we obtain the radial, azimuthal and axial components of curl of
magnetic field by Eqs.(4.8), (4.9) and (4.10) respectively.
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Differentiating EQ.(4.9) with respects of ¢ and also differentiating Eq.(4.10) with z and

manipulating them results the following Eq.(4.11) that is described below.

10 (0B, a 0B 0B,
raz<ar( w)>_?£( ) 73_;—“5—0 (4.11)

By differentiating Eq.(4.8) with respects to z and multiplying with Eq.(4.9) and followed by
eliminating B, from the equating equations yield the following Eq.(4.12).

2
6(1632) By _ 9B _ 2p _ (4.12)

dz \r d¢p 0z2 a ar ¢

In order to solve Egs.(4.11) and (4.12), we assume that B, and B, can be separated in to radial
(r) function and non-radial function of (¢,z) coordinates denoted by Eq. (4.13) for positive

value of n and m in harmonic mode.
B, = fum(r)e*inz—mel (4.13a)
B, = gnm (r)etinz—mel (4.13b)

Substituting Eq.(4.13) in to Eqg.(4.12) the radial unknown function of azimuthal magnetic field is

obtained as,

fum(r) = — —2&__gnm 4 __& __00nm (4.14)

(n2-a?) r (n2-a2) or

Using the same procedure, substituting Eq.(4.13) in to Eq.(4.11) we get Eq.(4.15),

a 9 fnm 19gnm
B 214 2 fom + 228 — gy = 0 (4.15)

nr or

So as to solve the radial unknown function g,,,,,, by substituting Eq.(4.14) in to Eq.(4.15) we get
modified Bessel differential equation of Eq. (4.16).
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ar2 + ; ar + [k _r_z] Gnm = 0 (4'16)

The constant parameter, n? — a? = k2, is modified Bessel differential equation which has

solution given by Eq.(4.17) that is described below.

gnm(r) = Amn]m(rk) + Bpn¥m (rk) (4.17)
Substituting Eqs.(4.14) and (4.17) in to Eq.(4.8) and using Eq. (4.13) we have verified the radial

magnetic field in terms of Bessel functions that is described by Egs.(4.18), (4.19) and (4.20).

B, = + [(M E) Amn_]m(kr) - %Amn](m+1)(kr) + (@ + ;) anYm(kT) -

ar

%annmm(kr)] Hnz=me] (4.18)

The azimuthal and axial magnetic fields are simply obtained as

By = (%= Z2) AmnJm () = A1y (k) + (2 +Z2) By Yo () =
Yomsny (kr) | einz=me) (4.19)
By = [AmnJi (1K) + By Yy (k)] 21059 (4.20)

The flowing plasma through magnetic flux tube generates intense current associated with that

force free magnetic field. We verified the curl of force free magnetic field VXB = Mof that
yields Egs.(4.21), (4.22) and (4.23) of current components.

Jp= T (S ) i k) = Ay o) + (E22 4 Y By () —

Hok? ar

2 BunYmo1y (kr) | ei0a-mely (4.21)

Jo = (3 =22) AmnJm ) = AmnJanany (k7Y + (52 4 Z2) BranYon (k) = Yoy (k)|

a? ti[nz—me]

to(n? —a?)

o (4.22)

Jz = - A m (k) + By Yo (ri) Je 27701 (4.23)
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This indicates that the intense electron current has parallel and perpendicular components
relative to direction of magnetic fled lines. The Eqgs.(4.21), (4.22) and (4.23) describes that stellar
(solar) magnetic flux tubes carry strong parallel and perpendicular electric current. Early studies
indicate that longitudinal currents are excited in the magnetic loops due to the complicated
motion of sunspots and the surrounding photosphere plasma motion [27, 270]. Colliding of the
current carrying magnetic flux tubes bring stellar/solar flares associated with fast magnetic
reconnection (FMR) process at stellar/solar atmosphere. The FMR gives rise to sudden
enhancements of the loop emission observed in soft X-rays [271, 272]. The FMR process brings
impulsive flare followed by CMEs is observed with all kinds of spectrum as observer is situated
above the Earth’s atmosphere [273, 274]. The existence of high energy flares with estimated
kinetic temperature range from about 10°K to 107K is observed from microwave and x-ray
observation [275].

4.6. Perturbation of Solar Magnetic Flux Tubes

Solar magnetic flux tube is a bundle of magnetic field lines which carries completely ionized
plasma. Most probably, electrons and hydrogen ions move along solar magnetic flux tubes. If the
gradient of magnetic flux tube is strong or additional inertial force is important, electrons and
ions may be diffusing across magnetic field lines. Plasma element flows inside closed magnetic

flux tubes in three ways. These are,

I Plasma flows from one foot point to other foot point
ii. Plasma flow from both foot points to top of magnetic flux tube

iii. Plasma flows from top to both foot points

When magnetic field lines of stellar (solar) magnetic flux tube is constant in some local region
along its path, a strong surface current creates induced magnetic field around its current surface.
This induced micro-magnetic field which propagates outward and squeezes the magnetic flux
tubes itself. The induced micro-magnetic field interacts with the magnetic flux tubes and the
surface current. The surface of magnetic flux creates a mechanical wave which waves the
surface. This mechanical wave is created due to interaction of surface current and magnetic field.
Due to this kind of process that surface of magnetic flux tube is characterized by its oscillatory

nature. As evidences from observation indicate, the solar magnetic flux tubes are oscillating [276

SWIF model © Atakalti B.A. AAU,  5/13/2018 216



- 278]. If the magnetic flux tube carries intense current parallel and perpendicular to magnetic
field lines is in steady state, its cross section area remains constant. Most probably, the cross
section area of magnetic flux tube is smaller at foot points of magnetic flux tubes. When the
current flow through magnetic flux tube is variable, the magnetic flux tube would be unstable.
The unstable magnetic flux tube may provide a flare [279, 280]. When the induced micro-
magnetic field is strong enough, in determining the plasma motion, the particle orbit theory is no
longer applicable on magnetic surface of current carrying magnetic flux tubes for g > 1
situation. If the parallel velocity of charged particles is higher than its Larmor velocity, the
longitudinal electric current is unstable inside flux tube as well as on its surface. A boundary
layer is created at a radius R of cylindrical magnetic flux tube. The magnetic field lines of flux
tube and electrons and ions which are injected from outside interacts at dynamic boundary of

magnetic surface.

However, the micro-magnetic field which is produced by surface current due to scalar
magnetic potential inside force free magnetic flux tube. The surface of magnetic flux tube is
characterized by its oscillating nature. The oscillating magnetic surface generates a fast moving
shock wave fronts. The propagating micro magnetic field lines are reflected back, due to
surrounding plasma if the surrounding dynamic pressure is strong enough. The micro-magnetic
field fluxes are accumulated between the current carrying magnetic flux tube and the
surrounding plasma fluid. Longitudinal Alfven waves and transversal Alfven waves are
interacted at the surface boundary layer. Due to non-linear effect of interacting physical
quantities and overloading of the same families of phase waves anomalous plasma resistivity is
developed. This surface magnetic boundary layer is the site of shock wave formation on surface
of magnetic flux tube. Slow moving electrons and ions do not penetrate the wall of strong
magnetic surface, and no field penetrates with frequency less than frequency of constant surface
magnetic field and surface electron frequency. Electrons and ions are accelerated at the dynamic
boundary layer due to formation of gradient of electrostatic potential, magnetic field (i.e., Fermi

acceleration) and electrostatic shock waves.

The shock wave that is created at magnetic boundary propagates in to center line of
magnetic flux tube and also to surrounding ambient un-magnetized plasma. The imploding shock

wave fronts across magnetic separatrices, most probably reflected back at axial line of flux tubes.
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Let we consider cylindrical solar magnetic flux tube is situated at solar atmosphere that extends
from the deep photosphere to upper layer of solar corona. Suppose the magnetic fields of the flux
tube are constant along vertical z — axis with almost constant of cross section area of radius, R
at boundary layer. Let assumed, the magnetic flux tube is an isolated local system surrounded by
vacuum associated with surrounding induced micro magnetic field lines due to intense surface
current. Magnetic field inside flux tube is assumed to be constant of position and time, axially,
which is uniformly distributed on its cross section area, for the sake of simplicity. For strong
static current of vertical magnetic flux tube, the effect of gravitational force is negligible below
stellar (solar) corona region.

The force free magnetic field of flux tube is assumed to be force free field and also
approximated by Eqgs.(4.18), (4.19) and (4.20) at stellar (solar) atmosphere in steady state
situation. Plasma flows through magnetic flux tube due to small perturbation in physical
quantities interior as well as at exterior of flux tube. The small perturbation in physical quantities
is associated with small perturbation with force free magnetic field lines of flux tubes and the
corresponding current. The ionized plasma flowing through magnetic flux tubes provides intense
current inside magnetic flux tube investigated by Egs.(4.21), (4.22) and (4.23) that interacts with

surrounding un-magnetized plasma at dynamic magnetic surface boundary.

Let us assume that physical quantities of static magnetic flux tube are perturbed by small
quantity. Dynamic pressure of ionized plasma, density, magnetic field, velocity and electric
fields are perturbed about the equilibrium point of magnetic flux tube. Evaluating the first order
linearized form of continuity equation and momentum equation, results the Bessel differential
equation of Eq.(4.24) in cylindrical coordinate that is described below similar to modified Bessel

differential equation of Eq.(4.16) so as to evaluating force free magnetic field of flux tube.

[S+18 - (k2 + )] & =0 (4.24)

The perturbed displacement of ionized plasma fluid coupled with magnetic field lines is
described by 5(?) = [Er(r), E(p(r),fz(r)]ei[m‘”kz] at local isolated system. Here, the plasma

fluid is taken as incompressible plasma fluid. For which solution of Eq.(4.24) has no singularity
at r = 0 is given by Eq.(4.25).
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Im (k ;
§(r,9.2) = §,(R) 2 s e*iime i (4.25)

The function I,,,(kr) denotes Bessel’s modified function of first kind is order of m and R is the
radius of flux tube at equilibrium of constant cross section. Using the perturbed magnetic field
we can evaluate the equation of motion, from Newton’s second law. From radial and azimuthal
components of momentum equation, using Eq.(4.25) we got the radial and azimuthal perturbing

displacement components of physical quantitates, as solutions of Eq.(4.24).

_ ik?B3 $z(R) [m . +i[me+kz]

§(r,9,2) = ot [ (k) = L1 (k)| € (4.26)
__ ikmB§ Im (k) +i[me-+kz]

g(p(rJ (pl Z) - r(poﬂowz_szg) Im(kR) EZ(R)e (427)

Combining Egs.(4.25), (4.26) and (4.27), the perturbing particles displacement inside magnetic
flux tube is described by Eq.(4.28) shows the instability of plasma elements along magnetic flux
tube column.

- _ I (k1) ik?BZ I (kr) o ikmB3
§0x 1) = &(R) Im(KR) [ posow?~k?2B§ I (kr) r(Hopow?—k2B§)

‘i\) + 2] etlmo+kz+wt] (4.28)

Separating the space and time dependence of perturbing displacement given by Eq.(4.28) is
expressed as 5 (x;,t) = 5 (x;)T(t) for sinusoidal perturbing motion of physical quantities,
T(t) = e'®t, the equation represents the eigenvalue problem in which the boundary condition
determines the possible value of w? in momentum equation. From Eq.(4.28) we understand that
the axial perturbing plasma fluid inside magnetic flux tube leads to instability condition of lux
tube (i.e., shock wave formation). Thus, the longitudinal current creates a periodic pulse inside as
well as on the surface of perturbing magnetic flux tubes. The general solution of oscillatory

perturbing displacement corresponds to normal mode is defined by Eq.(4.29).
E(xi, t) = T &) et (4.29)

Since fn(xl-) the normal mode that corresponds to normal frequency w, that is described in
Eq.(4.29), it measures the stability and un-stability of magnetized plasma. For all normal
frequency w2 > 0, then all the modes are periodic. This means that the system oscillates about

its equilibrium point monotonously. In other hand the normal frequency w? <0 , the
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corresponding normal mode will grow exponentially and the equilibrium configuration if
unstable, see Eq.(4.29). The property of real eigenvalue is directly related to the conservation of
energy in the local system. Here we apply the normal mode analysis to determine the stability of
stellar magnetic flux tube that is filled with dense ionized plasma fluid and surrounded by

vacuum region.

We assumed that the cross section area of magnetic flux tube remains constant at

equilibrium situation. For incompressible plasma fluid interior of flux tube, ﬁ-fz 0, leads to
vanishing change in dynamic pressure, P; = 0 if and only if P, is position independent. From
first order linearized form of momentum equation, the small perturbation of force free magnetic
field depends on perturbing space coordinate is described by Eq.(4.30) in case of incompressible

plasma fluid interior magnetic flux tubes.

The plasma elements are displaced by position vector field 5(?, t) associated with magnetic field
lines about the equilibrium position of magnetic field. The complex number in Eq.(4.30)
indicates that the system is isolated and the perturbation provides particle oscillation about the
equilibrium point. The magnetic flux tube is characterized by electromagnetic field oscillation
and charged particle oscillation. The interaction of field and particle creates a mechanical wave
production, Alfven wave and shock waves.

Here, let us assume that the magnetic flux tube is surrounded by low density region and

the electric current density is approximated as J =0 at stellar (solar) atmosphere. The instant
scalar magnetic potential that provides the perturbing magnetic field is verified from the concept
of V-E{ =0 and using the idea of oscillation mode, @ = ®(r)etilme+kzl ysing variable
separation method. By solving the Poisons equation of scalar magnetic potential, we get that

(%, 1) = P(R) i eilmp izt (4.31)

The functions, @(R), surface scalar magnetic potential of perturbing magnetic flux tube and
Y,,(kr), the modified Bessel function of second kind of order m. The perturbing magnetic field

that is propagating through surrounding vacuum is obtained from scalar magnetic potential.
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Using the boundary condition we can evaluate the interaction of surface region of magnetized

plasma and surrounding vacuum. At the intersection curved plane,r = R, of axial magnetic field
and azimuthal magnetic field, a shock wave is continuously produced. The Eq.(4.31) represents
the source of perturbing magnetic field intensity arises from generation of propagating shock
waves through magnetic flux tubes. Thus, the center of magnetic flux tube is specified by high
density of hot plasma.

On the other hand, highly accelerated electrons and ions have no time to stay at the low
density boundary layer of magnetic surface boundary of flux tubes. Due to instantaneous
formation of low density thin region, vacuum layer (PVL) at dynamic boundary surface of
magnetic flux tube, electrons and ions are sucked with velocity higher than background plasma
sound speed in to VL. Those electrons and ions have a tendency split out from the guiding
magnetic field at the magnetic surface and also from azimuthal micro magnetic field line. The
PVL sucks electrons, ions and neutrals due to its negative dynamic potential. Suddenly, their
momentum is changed at the dynamic boundary layer. Charged particles are heated instantly and
gain enough Kkinetic energy. Fluctuating axial surface current leads to the perturbation of
azimuthal magnetic pressure around the magnetic flux tube see Egs.(4.32) and (4.32). The VL
which is created between axial magnetic surface and azimuthal micro magnetic field enables

charged particles to accelerate intensely.

Let we consider two dynamic boundaries of VL surrounding magnetic flux tubes. These
are boundaries between axial magnetic surface and VL is first boundary. The second boundary is
situated between VL and external micro magnetized plasma, consists of induced micro magnetic
field lines. The induced micro-magnetic field part is stronger inside VL and decreases its
magnitude far away from flux tubes. The perturbing magnetic fields of surrounding vacuum and
interior magnetic flux tube as obtained from Eq.(4.31) using the concept of vanishing divergence
of magnetic field are given by Egs.(4.32) and (4.33) respectively.

Rl — _ Kmk) |[m o Kmar (kD] o im0 o ime+kz+ot]

B} = —0,(R) 20 [[ ko ]r +2¢ + lkzl e (4.32)
s I (k) k?B2 Im(kr) o kmB3 ~ sl Jime+kztot]

B, = kBOEZ(R) Im(KR) | potow?—k2B§ Iy (k1) r r(topow?—k?BF) b—ize (4.33)
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The EQgs.(4.32) and (4.33) indicate that the perturbation of magnetic field is determined by small
perturbation in particles displacement that is described by Bessel functions associated with
surface generated scalar magnetic potential, see Eq.(4.31). As we have seen from Eqgs.(4.32) and
(4.33), the perturbing exterior magnetic field is unstable in radial perturbing component while
the perturbing interior magnetic field is only stable in axial component. So as to minimize
complexity, let we consider that the equilibrium field interior of magnetic flux tube and its

surrounding vacuum are given by the following Egs.(4.34) and (4.35).
By = B,(r)¢ + B2 (4.35)

The magnetic field functions, B, and B, are position independent interior and exterior of static
magnetic flux tube while By, is radial position dependent exterior of magnetic flux tube. Here,
the magnetic field interior of flux tube is assumed as force free magnetic field, it is constant. The
intense current flowing through magnetic flux column is dominated by its parallel component.
The micro-magnetic field propagating through surrounding vacuum is assumed to be produced
by the longitudinal current of magnetic flux tube. The longitudinal surface current responsible
for production of surrounding magnetic field §() can be evaluated force free magnetic field at

dynamic magnetic surface, here neglect effects of VL.
, 1 [9B B
Jsur = o [a_:t7 lr=r + _(p] (4.36)

However, the surrounding magnetic field is related with force free magnetic field interior of the
magnetic flux tube at equilibrium condition by surface resultant current. The unknown function
a(x) can be determined at surface of magnetic flux tubes for non-vanishing value of magnetic
fields at surface of magnetic flux tube.

) By
a(R) = 5|52 bk + 7] (4.37)

The perturbation of total pressure interior of magnetic flux tube and perturbation of total pressure

exterior of magnetic flux tube interacts at the dynamic boundary surface of flux tube. The first
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order perturbing total pressures interacting at boundary of magnetic flux tube is described by
Eq.(4.38).

1 .5 =L1p .54 (F.7) Lpe
Py +--Bo" By = -~ B B+ (£-V) 7 Bo (4.38)

Evaluating the Eq.(4.38) at dynamic boundary surface of magnetic flux tube results Eq.(4.39) for
incompressible plasma fluid confined by force free magnetic flux surface during perturbation,
and using boundary condition in steady state situation.

B (R)
R

ikB3E,(R) = — | B, (R) + ikB,| @ (R) + &, (R) (4.39)

At the dynamic boundary surface of magnetic flux tubes, the perturbed normal magnetic field is
continuous across the dynamic boundary surface. Thus, the perturbing normal magnetic field is
vanished at surface boundary.

[By + (§-V)By|-A+By-Aa=0 (4.40)

Based on the Eqs.(4.34) and (4.35), the given value of magnetic field at equilibrium, non-radial

value of E() the term E() - 71 is vanished. By substituting Eq.(4.26) in to Eq.(4.40) and verifying
the surface induced scalar magnetic potential in Eq.(4.39) that satisfies the magnetic dynamic
boundary condition, the magnitude of surface phase velocity can be expressed in terms of Bessel
function described by Eq.(4.41) that specifies surface phase velocity, oscillation velocity of

perturbing magnetic surface.

R o e a4
Where B3 /pouo = v2; and Bg(R)/potio = v2, are axial Alfven velocity due to interior field and
azimuthal Alfven velocity due to external field respectively. The oscillation velocity of magnetic
surface of the flux tube coupled with position independent scalar magnetic potential is
determined by interacting longitudinal and azimuthal Alfven waves at the magnetic surface
boundary. The longitudinal Alfven velocity is given by v,; which is arisen due to effects of force
free magnetic field situated interior of magnetic flux tube at equilibrium condition. The
azimuthal Alfven velocity is determined due to effects of exterior perturbing magnetic field. The
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modified Bessel function of second kind order of m and its derivative introduce the instability of
magnetic flux tube. In this special case both the internal axial and external longitudinal fields,

B, and B, respectively, enhance stability while B, has the opposite effect.

When charged particles pass through the dynamic boundary surface of magnetic flux
tube, they enter to shock surface coupled with surface electrostatic potential field see section 4.7
associated with FMR theory. When the external azimuthal magnetic field is higher than the axial
magnetic field, the external magnetic pressure on the plasma surface is increased where the
perturbation squeezes the plasma into a neck and is decreased where the perturbation fattens the
plasma into a bulge. Change of gradient in the external magnetic field causes the perturbation to
grow and, without an internal field, the necks contract to the axis, giving a sausage-like
appearance to the plasma; hence it is known that sausage instability. Generally, due to small
perturbation of surface magnetic flux tube, several kinds of instability are developing. Some of
them are kink instability, sausage instability, interchange instability, Rayleigh-Taylor instability,
and Pressure-driven instabilities are expected on oscillating stellar (solar) magnetic flux tube

surface most probably occurred at foot points of flux tubes.

4.7. Fast Magnetic Reconnection (FMR) model

The term magnetic reconnection was introduced by Dungey (1953) who was interested in
the problem of particle acceleration in the Earth’s magnetosphere [281, 282]. Earlier studies
(Giovanelli, 1946; Hoyle, 1949) had considered the acceleration of particles at magnetic neutral
points in the presence of an electric field produced by plasma convection, but these studies did
not include the magnetic field that is produced by the current associated with the motion of the
particles [76]. Using the framework of MHD, Dungey argued that this current would take the
form of a thin sheet in which the diffusion of the magnetic field would necessarily dominate.
Furthermore, this diffusion would cause field lines passing through the current sheet to change
their connectivity to one another. This process was described as field line disconnection followed
by reconnection of magnetic field lines. The importance of thin current sheets as a site for
plasma heating and particle acceleration in solar flares was also recognized by Cowling (1953) at
about the same time [283, 284].
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Let we assumed that the magnetic field in stellar atmosphere is force free magnetic field.
Longitudinal strong current lies along magnetic field line see sections 4.1 and 4.5. The current
carrying magnetic field lines form bundles of magnetic flux tubes through the high conductivity
plasma medium. These magnetic flux tubes are oscillating about the equilibrium point. The
surface of magnetic flux tube is oscillating with velocity is given by Eq.(4.41) in special case,
see, section 4.6. When magnetic flux tube is pushing the surrounding low pressure plasma, most
of electrons exterior of flux tube are accelerated by normal surface electric field and fast shock

wave that is generated at dynamic boundary surface of magnetic flux while ions are decelerated.

To define the dynamic nature of the stellar atmosphere, we do not have a clear evidences
weather magnetic reconnection process is occurred or not interior of the star (sun). However,
based on theory of plasma physics, charged particles could not diffuse fast enough across strong
magnetic field lines through high density plasma medium for negligible inertial force. The
longitudinal motion of charged particles is also determined by the plasma density and stability
nature. Since the induced electric current along magnetic flux in mass independent, its strength is
specified by velocity of fast moving electrons and gradients of the physical quantities. From
ground based and space born observations, a group of magnetic flux tubes emerge from stellar
surface [285, 286]. The growing magnetic flux tube interacts at small local region where flares
are existed [287]. This leads us to suggest that flares associated with magnetic field decaying is
created at small local region due to fast magnetic reconnection process through high conductivity

plasma medium.

Based on our new model of solar flare (i.e., SWIF-2SAR model, see chapter 3) the life
lime of magnetic reconnection depends on the strength of continuously propagating shock wave
fronts in front of magnetic surface. At this small local region, a non-linear process of particle-
field interaction, particle-wave interaction, and particle-particle interaction makes the process is
so complex. The small local region where reconnection process is performed may be volume
even point like, may be plane or line. The FMR is naturally and three dimensional somewhere at
small local region. The mechanism for FMR process at high conducting medium is fast
propagating shock waves through thigh conducting magnetized plasma medium. Plasma particles
are interacting with moving or stationary shock wave fronts. Neutrals and charged particles may

be reflected, trapped, heated or accelerated by the shock wave fronts.
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The outer surface of solar magnetic flux tube is invaded by oscillating electrons. Thus,
magnetic surface of flux tube generates electrostatic potential as functions of radial position
coordinate. When plasma density interior of flux tube is much higher than exterior, the surface
electron induced electric field would be strong enough for generation of shock surfaces and
electron runaway or ion runaway process. The dynamic boundary surface of magnetic flux tube
is a good site where shock surface is generated continuously. The strength of generated shock
wave depends on the strength of induced radial surface electric field, micro-magnetic field,
longitudinal current and VL.

When the oscillation velocity of dynamic boundary surface coupled with thin electron
cloud is higher or equals to electron acoustic velocity or ion acoustic velocity, production of
shock waves at the dynamic surface is inevitable. Both imploding and exploding shock waves
are generated at the dynamic magnetic boundary surface. The reflected shock wave is interacting
with the next imploding shock fronts. This makes the process is so complex and the central part
of flux tube is hotter than its apex. The exploding shock wave fronts are propagating radially
outward to surrounding region. The exploding shock waves exterior magnetic flux tubes
accelerate the surrounding particles in addition to surface induced electric field. The plasma
density surrounding magnetic flux decreases drastically. However, the cross sectional area of
magnetic flux tube remains constant except nearly periodic oscillation in steady state situation.
Due to plasma instability conditions and effects of shock waves intense longitudinal electric
current along flux tube generate surrounding magnetic field lines. The squeezing process interior
of magnetic flux tube creates a perturbation in dynamic pressure interior of flux tube. This

instability process may lead to flare at some part of magnetic flux tube.

4.8. Motion of Magnetic Flux Tube

Magnetic flux tube at high conductivity stellar (solar) atmosphere may grow from small
arcade shape up to infinitely large scale and it may form an opened magnetic flux tube that may
extend to interplanetary region. However, solar scientists could not get a best theory that explains
a mechanism of continuous growing magnetic flux tubes at solar atmosphere. The dynamic
motion of magnetic flux tubes at solar atmosphere leads to topological change in magnetic flux
tubes. This topological change is observed after some flares that accompanied by releasing of
stored energy from small local region. In reality the motion of magnetic flux tube is so complex
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at the in-homogeneously magnetized solar atmosphere. Most probably, magnetic flux tube may
move through high conductivity medium from high plasma density region to lower plasma
density region. Considering the charged particle distribution on stellar atmosphere, population of
charged particles near equator is expected higher than polar region but average plasma density

containing neutrals is greater at polar region, see chapter 2, section 2.2 in steady state.

This indicates that the polar region suffice a preferable condition for magnetic flux tubes
to emerge simply and grow infinitely form most probably open flux tube while the region near
equator prohibits magnetic flux tube from emerging to atmosphere and most of emerged
magnetic flux tubes remained closed loop. The blocking of magnetic flux tube is arisen from
strong pressure of surface charged particles confined by surface induced non-radial magnetic
fields; see EQs.(2.24), (2.25a) and (2.25b). Magnetic flux tubes may migrate from polar region to
equatorial region due to inhomogeneous horizontal dynamic pressure distribution at deep
photosphere region.

However, it is not clear that the mechanism it makes the foot points of magnetic flux to
move from their original place interior of the star (sun) that suffice the magnetic reversal
condition, it needs a current research. The moving magnetic flux tubes most probably meet at
region between polar and equator forms a topological change. Here, we suggest that most of
solar flares and explosive events are appeared at regions between poles at equator, coronal region
for strong explosive events, see Fig.3.3. The magnetic flux tube that exerts high magnetic
pressure pushes the surrounding charged particles. Let consider that two or more than two nearby
opposite polarity magnetic flux tubes are approaching each other. They could meet at some
region; this region may be point like region, plane or line. When the approaching magnetic flux
tubes meet at the converging region, the reconnection process becomes fast even at high density

plasma region. At the low density local region, magnetic fluxes change their topology.

However, the low density plasma region is surrounded by high density ambient plasma.
This magnetic reconnection may be collisional magnetic reconnection or collision-less magnetic
reconnection process in reality, see section 4. Plasma particles are accelerated at the interface
region of magnetic fluxes of opposite polarity due propagating shock wave fronts before
reconnection due to surface induced electric fields, surface magnetic fields and propagating
shock waves. When the approaching opposite polarity magnetic flux meets at some region,
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plasma particles move from the contact boundary surface to nearby surrounding. The contact
surface becomes nearly vacuum region (VR) and Alfven kinetic energy becomes dominant
before annihilation of magnetic field lines of the approaching magnetic surface. The shock waves
propagating in front of moving magnetic surfaces from both sides meet at convergence point,
plane or line before magnetic surfaces are contacted. This VR is assumed as local cavity or
vacuum layer (VL) between the contacting magnetic surfaces. The VR is created at the
convergence region as we have seen in chapter 2, SWIF-1SQR model and chapter 3, SWIF-
2SAR model. The VR is surrounded by oscillating electron plasma instantly. The oscillating
surface of ionized local plasma creates a double current layer. This double current layer is

coupled with generation of fast moving shock wave fronts.

Here, it is difficult to predict the nature of shock waves but that is a nice idea to predict
energy conversion at small local region with in fraction of seconds [288 - 290]. Magnetic field
lines are annihilated at the local VR with in small fraction of time, as soon as magnetic pressure
is vanished at VR, the cut off magnetic field line reconnects with another opposite polarity
magnetic field lines at dynamic boundary of VR so as to rearrange the topology of magnetic flux.
The reconnected magnetic field is shrunk its length and recede from the VR surrounded by dense
ambient plasma with Alfven velocity that is associated with trapped charged particles. The VR is
created at the interaction region of magnetic field lines before magnetic annihilation process is
occurred. The local VR is characterized by strong VP and null magnetic field region
accompanied by strong current of double layer. The strong VP collapses the double current layer
instantly that helps the diminishing magnetic pressure inside VR.

The complexity of collapsed local region is increased and magnetic field energy is
converted in to heat energy, kinetic energy and radiation energy. Thus, the complex shock wave
converts magnetic energy in to other form of energy at small local region followed by
reconnection. The annihilated part of magnetic field lines is stored at a point, plane or line
instantly. During collapsing of VR, the fast moving shock wave converts magnetic energy in to
other forms of energy. As a result of magnetic reconnection, a powerful stream of plasma ejects
out from small local region, due to releasing process of stored magnetic energy. A magnetic
bomb (MB) is created at the time of magnetic reconnection process results stellar flares and
CMEs.
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It is a good idea that the contacting magnetic flux tubes are perturbing with phase
velocity is given by Eq.(4.41) in special case, see section 4.6, is complex, the dynamic magnetic
surface may not stable. The un-stability of magnetic surface is arisen from acceleration of
charged particles at dynamic boundary. Generally, in this section we investigate the nature of
magnetic flux associated with evolution of electric field and magnetic field. The perturbing
ionized hydrogen plasma elements can be frizzing and diffusing through force free magnetic

fields of contacting magnetic flux tube. Here, let we assume that the physical quantities through

magnetic flux tube is assumed as oscillatory, A = A,el*7+@tl that is space and time dependent.
The oscillation small displacement of plasma fluid inside magnetic flux tube leads to investigate
the oscillation velocity of magnetic flux tube. The oscillation velocity of magnetic flux tube is

verified from momentum equation provides Eq.(4.42) that suffice adiabatic process.

i=—L[E
w

2
+A (4.42)

yw?2  w?

When the Alfven speed in Eq.(4.42) is greater than or equal to electrons acoustic speed or ions
acoustic speed, the Alfven wave is the agent of shock waves inside magnetic flux tubes. The
induced micro-magnetic field inside the magnetic flux tube interacts with the original magnetic
field. By considering that the electrostatic potential remains position independent, Vd) =0, the
vector magnetic potential is influenced by convective motion and diffusive motion of charged
particles. Verifying the magnetic induction equation, the force free vector magnetic potential is
decaying or growing exponentially due to convective and diffusive effects through magnetic flux

tube for i - A = 1 in Eq.(4.43), where the velocity vector field, ¥ is parallel to magnetic vector

field, A.
A7, t) = A(F,0)exp {i Zcos(wt) — lazt} (4.43)
k Mo

where the unit vector 71 is obtained from cross product of velocity vector and vector magnetic
potential, and A is unit vector along vector magnetic potential. At VR region, the diffusive term
is vanished because electrons and ions enter to electron runaway system or ion runaway system.
The opposite polarities contacting magnetic surfaces create propagating shock wave fronts. The
imploding magnetic surface decays spontaneously at the contacting magnetic surface. The rate of
magnetic reconnection is determined by velocity of imploding separatrices reach at convergence
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region of separatrices surface. The surface instability of magnetic flux tube plays a crucial role
during magnetic reconnection process. For the parameter a(r) is only position dependent and
static vector magnetic potential at dynamic boundary surface of VR, the surface induced
electrostatic potential is determined by the magnitude of force free magnetic field strength at
dynamic boundary layer. The collapsing VR, the imploding velocity of separatrices is
approximated by imploding fast moving shock surface associated with oscillating electron
current, minimum limit of shock velocity.

¢ =|vasine - 2|5 (4.44)

Ko

The Eq.(4.44) shows that the surface electrostatic potential is proportional to force free magnetic
field surrounding layer of VL plane or VR. The oscillating longitudinal vector potential produces
steady electrostatic potential. This steady electrostatic potential creates a spontaneous
acceleration of charged particles. Here, we theorized that the concept of force free fields of
isolated local system take parts in fast magnetic reconnection process at VR. The kinetic energy
of oscillating electrons near the dynamic boundary of VR region behind separatrix is verified
from induction equation during plasma diffusion is approximated by Eq.(4.45), where n, = n/u,

diffusive resistivity.

1 1-B12
Exin = —3pa*n? [=E] (4.45)

The plasma kinetic energy coupled with phase velocity of diffusing magnetic field is vanished at
situation is preferable for magnetic pressure balanced by plasma dynamic pressure, f = 1 near
the convergence point, line or plane. The kinetic energy of frizzing charged particles coupled
with moving magnetic field lines is influenced by collisional effects. The Eq.(4.45) indicates that
the charged particles stop motion at a point where § = 1 for non-vanishing n; most probably
behind the dynamic separatix. In Fig.4.2a we show that kinetic energy is vanished at § = 1 and
very large at § > 1 for non-vanishing n, on the magnetic surface. Fig.4.2b indicates that as S
increasing in quadratic form, the density of kinetic energy increases to infinity on the magnetic

surface.
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Fig.4.2a Kinetic energy of diffusing Fig.4.2b As plasma-f increases the
charged particles through magnetized kinetic energy density increase

From Eqs.(4.43), (4.44) and (4.45) we can understand that the magnetic reconnection
process is independent of magnetic diffusivity, n, at contacting surface. Magnetic reconnection
implies a new connection of cutoff magnetic field lines or magnetic fluxes and therefore requires
a violation of Ohm’s law in a very small region of VR or VL. In other words, magnetic
reconnection is a process in which plasma is transported across a separatrix surface that implies
the violation of the frozen-in condition because plasma elements, which were originally
connected by a field line, are later found on separate field lines at dynamic boundary of
collapsing convergence region. Using Eq.(4.42) and Eq.(4.45) the characteristic evolution of
length scale of oscillating plasma elements is given by Eq.(4.46) that describes for a« = 1/L is
constant characteristic evolution length scale.

LZ _ [,3_1] (446)

- 2 2
Mok? c+yvy

On the length scale of the diffusing and freezing plasma, the boundary layer may be treated a
discontinuity in plasma and field variables and, depending on the strength of the flow velocity,

this discontinuity may be appeared as a shock wave. The quantity n represents plasma resistivity,

n = 1/0, inverse of conductivity in evolution of magnetic field B and dynamic pressure,p
through magnetic flux tubes. We can evaluate the induction time scale or evolution time scale of

local magnetized plasma system as follow
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T= Tf[l - Tf/Td] (447)

Where, t7/74 <1 the quantities 7, 7, and 7, are the characteristic time during evolution of
magnetic field, frozen-in characteristic time and diffusion characteristic time respectively. The
magnetic diffusivity excluding the VL or VR of collapsing convergence is obtained from the
induction equation and obtained for non-steady state situation described in Eq.(4.48) below.

n= fo [v — E] (4.48)

a B

The second term inside bracket at the right hand side Eq.(4.48) is electric drift velocity which is
independent of charged particles mass. When magnetic field is diffusing through magnetic field
and the induced electric field is vanished inside the magnetized plasma fluid, the diffusing
coefficient corresponding to Eq.(4.48) is described by EQq.(4.49) in steady state that is obtained
from the diffusivity of induction equation.

n= Hotijk pijk (4.49)

aA?

Where TY¥ a tensor that represents the cross products velocity vector field and vector magnetic
potential at the imploding magnetized plasma surrounding the VR region. However, the VR
region is determined by collision-less plasma particles that convert at convergence plane or
point. Inside the collapsing cavity or VR the magnetic vector potential remains position and time
independent or zero if VR is static. This leads to vanishing of force free magnetic field lines
inside VR before collapsing electron beam. The magnetic diffusivity at surrounding region of
contacting magnetic flux tubes before collapsing of VR is obtained by solving diffusive term
induction equation during evolution of magnetic fields. The solution of diffusive term is given by
Eq.(4.50).

B(r,t) = B(r,0)exp(—t/T4;) (4.50)

The variable 7,4, = poL?/n denotes diffusive time scale behind imploding magnetic separatrix.
Let us consider that force free magnetic flux tubes are approaching each other with velocity of v,
and v,, meeting at convergence point or plane of VL, approximately at middle point of L for

equal approaching velocity, see Fig.4.2 below.
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Fig.4.3. Approaching opposite polarity magnetic flux tubes attracted each other

For instance, the moving magnetic flux tubes filled with plasma are moving on xy —plane until
they meet at convergence region or plane. When they met at convergence plane, xz —plane, the
decaying or annihilating velocity of collapsing parts of magnetic flux tube depends on the
reconnection rate of magnetic field lines. The intense electric current of force free magnetic flux
tubes is broken at the convergence region, VR or plane, VL even during collapsing. Discharging
of ionized plasma is occurred at the convergence point so as to develop VR due to normal
surface electric field and fast normal moving shock waves. The instantaneous charge separation
process creates intense complex magnetic field that decays and builds some part of force free

magnetic field separatrices of magnetic surfaces simultaneously.

A discontinuity in force free magnetic field is occurred at contacting region or
convergence region. The contacting surface of colliding opposite polarity magnetic flux tubes
become less in density than the non-magnetized surrounding region. Since electrons and ions are
under the control of strong magnetic field lines, Alfven kinetic energy makes the process is so
complex. On magnetic separatrix, a slow moving shock is created due to Alfven kinematic
process. Alfvenic shock wave is created due to overloading of alfvenic wave families. The
Alfvenic shock wave gets discontinuity at contacting force free magnetic surface region or plane.
Magnetic field lines of contacting surface fluxes become free of charged particles and the

reconnection process is fast and trivial at VR or VL followed by collapsing of ambient plasma.

On other hand, the contacting part of magnetic flux tube is annihilated by fast shock
waves suddenly. The shock wave is generated at the contacting surface or VR. At initial stage of
this process, plasma particles shift from contacting surface back to surrounding region across

successive magnetic separatrices. The small cavity is surrounded by high density plasma
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associated with formation fast moving shock wave fronts. As soon as the VP is strong enough at
center of convergence point or plane, the surrounding plasma fluid will be collapsed suddenly.
During collapsing, charged particles cross quickly the magnetic field lines due to strong VP of
convergence region. The magnetic field lines decay by micro-magnetic field of fast flowing
electron beam and complex shock wave process during collapsing. The fast moving shock wave
fronts are propagating across magnetic separatrices. The propagating fast moving shock wave
fronts are reflected back at foot of magnetic surface wall of flux tube from interior. The charged
particles absorb enough heat energy from shock waves and are accelerating in random direction
inside magnetic flux part of contacting region. The process increases its complexity, and
magnetic field lines are reconnecting at dynamic boundary of small collapsing region of flux
tubes. The second kind of reconnection process creates a relaxation of compacted or confined
plasma particles. At surrounding surface of compacted region, magnetic pressure term is
vanished while magnetic tension force is dominant. As the reconnection process is conducted,
the reconnected magnetic field line recedes from the compacted region. The receding velocity is
approximated by Alfven speed of reconnected field lines. This reconnection process may be
collision-less reconnection (i.e., first kind FMR) or collisional reconnection (i.e., second kind
FMR). The collision-less reconnection process is expected as much faster than collisional
reconnection process. The corresponding shock wave that is participated in collision-less

reconnection process at the small local region is a collision-less moving shock.

In reality, this unsteady fast magnetic reconnection process is natural and three
dimensional starts at small contacting surface or collapsing convergence region. The instability
of the contacting surface or convergence region is determined by strong interaction of particle-
waves and particle-field interaction. The propagating shock wave engulfs the surrounding
imploding magnetized plasma to convergence surface or region. The oscillating electrons and
ions at the contacting dynamic boundary are squeezed infinitely and the contacting opposite
polarity magnetic field lines decay due to increasing production of fast propagating shock wave
fronts. The squeezed electron beam generates spontaneous induced magnetic field that makes the
process is so complex. The reconnection rate of magnetic field line may be dependent of gradient
of magnetic field of collapsing flux tube. The fast propagating shock wave creates a strong
turbulence of plasma particles and magnetic field lines. This turbulent shock wave creates a
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dispersion wave burst. During magnetic reconnection process a violation of frozen-in condition

is occurred at the collapsing cavity or collapsing VL of contacting plane.

However, the magnetic diffusivity is vanished at VL since charged particles have entered
to charged particle runaway condition and negligible electrons collision at low density region of
stellar atmosphere. When current carrying opposite polarity magnetic flux tubes is colliding at
VL, the contacting current currying separatrixes generate a propagating shock wave fronts. The
shocked plasma is emanating from contacting separatrices to non-magnetized surrounding
region. Some part of the shocked plasma is driven out by the reconnected magnetic field lines.
Electrons and ions are instantly accelerated from contacting separatrices and they are free of
magnetic field lines. Part of the longitudinal surface current breaks suddenly at contacting
separatrices, and the corresponding magnetic surfaces are annihilated there. Thus, electrons and
ions suddenly enter to charged particle runaway condition. The next imploding opposite polarity
separatrices is also annihilated. The process of annihilating contacting part of opposite polarity
magnetic flux is fast process. Here, we have two reasons for FMR theory through high

conducting ionized plasma.

1. Stationary electrostatic shock wave is generated at the contacting part of separatrices
(i.e., first kind of FMR theory)

2. A fast propagating shock wave is produced at across contacting surface of separatrices
(i.e., second kind of FMR theory)

4.9. Electrostatic Shock Waves at Contacting Part of Separatrices

Since VL is created at the contacting part of separatrices, the created VL is specified as a
site of electrostatic shock wave of negligible thickness in comparison to diameter of contacting
magnetic flux tubes. The electrostatic surface shock waves may be turbulent shock waves (i.e.,
significant in collisional shock waves) or laminar shock waves (i.e., May be significant in
collision-less shock waves guided by electron runaway condition even at first kind of FMR
theory) at the contacting separatrices. The electrostatic shock waves engulf the imploding part of
magnetic flux tubes near the separatices surface associated with plasma elements. The negative
pressure associated with the electrostatic shock waves pulls the surrounding plasma coupled with

the magnetic surfaces to convergence region. The convergence plane may not be a smooth plane.
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Here, we assumed that the charged particles flow out from convergence region to surrounding
region because of acceleration process, shock wave acceleration and Fermi process acceleration,

see section 4.10.

The imploding magnetic surface or separatrices surface are
annihilated at the convergence region. The magnetic
reconnection rate is determined by the surrounding
squeezing pressure. The annihilated part of magnetic field
is stored at small convergence region. The convergence

region is collapsed suddenly and a huge stored energy is

) : : , liberated from the small region. The dynamic pressure at

Fig 4 4 Collapsing magnetized cavity
central part of convergence region where magnetic field is

annihilated there and approximated by Eq.(4.51) using the energy conservation law for position

independent instantaneously collapsing dynamic pressure.

p=po(2) (4.51)

The quantities v, and p, are the initial velocity and initial dynamic pressure inside VR before
collapsing is started. The dynamic pressure is negative inside VR, and force free magnetic field
and longitudinal electric current are vanished at convergence region for position independent
dynamic pressure and the direction of velocity is assumed as +v for explosion and —v for
imploding cases. Here we assumed that the imploding and exploding ions and electrons are in
collision-less regime due to charged particle runaway condition. Before collapsing, the VR is
growing with velocity +v and it reaches a maximum stage. When the VR increases in volume,
the dynamic pressure at center of convergence region suddenly changes its direction of gradient
pressure, and the VR is collapsing to center of convergence. During growing process of VR, the

dynamic pressure inside is described by Eq.(4.52) in case of growing in side of VR.
p = (v/v0)"Ppo (4.52)

If the initial growing velocity of VR is proportional to corresponding dynamic pressure, p, /vy =
1 leads to the integration constant is vanished, ¢ = 0 during evolution of VR. For spontaneous

process the initial value of velocity and dynamic pressure is very small quantities, the dynamic
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pressure of growing VR region corresponds to EQ.(4.51) is expressed by EQ.(4.53) for

spontaneous exploding.
p = vY (453)

While for spontaneous collapsing of VR region, the dynamic pressure corresponding Eq.(4.52)
expressed by Eq.(4.54). The instant dynamic pressure p is the spontaneous collapsing gradient of

velocity potential of VR between the contacting opposite polarity of magnetic flux tube.
p =vY (4.54)

Here, we conclude that the dynamic pressure of collapsing convergence region is proportional
with the collapsing velocity magnitude of imploding dynamic boundary, p = v¥ and for
exploding or growing VL region case also given by p = v7Y, see Eqs.(4.51) to (4.54), and we
assumed that the sink in magnetic field part at contacting surface region. Plasma particles are
instantly accelerated at convergence region during collapsing of VR. Thus, the magnetic
separatrices and corresponding electric current sink at contacting convergence region. The
surrounding magnetized plasma exerts a strong pressure that squeezed the VR from outside. The
collapsing velocity of VR can be verified from pressure balance at dynamic boundary of
collapsing VR. Let the surrounding squeezing dynamic pressure is denotes as p, at inner side
dynamic boundary of VR. The growing velocity of VR decreases till to reach its maximum stage

at which its growing velocity is vanished.

Thus, using continuity equation for position independent density and dynamic pressure
inside VR, the growing velocity of dynamic boundary of VR is verified from Eq.(4.51) results
the EQ.(4.55) that describes the velocity of electrons during VR formation against the
surrounding squeezing pressure. The initial functions v, and p, are the initial value of velocity
and dynamic pressure inside VR of dynamic boundary before collapsing is started. For
spontaneously growing of VR and collapsing of VR between contacting magnetic flux tubes, the
growing radial velocity and collapsing radial velocity is given by Egs.(4.55) and (4.56)

respectively.

# (4.55)
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Here, we use the symmetry condition for identical collapsing force free magnetic flux tubes.
From Egs.(4.55) and (4.56), we understand that growing velocity of VR is inversely proportional
to total pressure power of 1/y inside VR while the collapsing velocity of VR is directly
property to total pressure power of 1/y evaluated at dynamic boundary. During collapsing of
VR, electrons and ions that are free of magnetic force enter to electron runaway or ion runaway
condition and the collapsing process is collision-less. The collapsing and growing process of VR
is under the control of external or surrounding dynamic pressure and magnetic pressure of

sgqueezing magnetic flux tubes.

By considering position independent plasma density of VR, using continuity equation,
verifying Eq.(4.55) and (4.56) to describe electron density of growing or collapsing VR is given
by Eq.(4.57) and the instantaneous electron density distribution of dynamic boundary for both

growing and collapsing VL region remains the same.

B2 1/y

p =N pd e e + (4.57)

210

The quantities of p, and c, are electron density and electron acoustic speed at initial state of
growing or collapsing VR. This shows that the electron density changes rate of imploding or
exploding dynamic boundary that is determined by surrounding squeezing pressure terms.

4.10. Particle Acceleration during FMR Process

Let we consider two opposite polarity magnetic flux tubes that are approaching to each
other with velocity of v;and v, see Fig.4.5a and Fig.4.5b below. The approaching magnetic flux
tubes exert magnetic pressure on their front surface of ambient surrounding plasma. Let the
separation distance between the approaching opposite polarity magnetic flux tubes at initial time
is denoted by L, see Fig.4.3. The moving magnetic flux tubes generate propagating shock wave

surfaces in front of the pushing magnetic surface.
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Fig.4.5a First kind FMR Fig.4.5b second kind FMR

Generally, the expanding magnetic flux loop generated a surrounding shock wave through low

density ambient plasma [291]. The shock wave propagates with velocity V faster than the
moving magnetic flux tubes through the high conductivity lower density atmospheric plasma,
exterior the magnetic flux tube. Plasma particles are accelerated at the region between the

approaching opposite polarity magnetic flux tubes.

Here we assumed that the region between the approaching opposite polarity magnetic
flux tubes is un-magnetized region or weak magnetic field region. The induced magnetic field
may influence the behavior of plasma at the region between the approaching magnetic flux tubes.
This is true if and only if the longitudinal current is strong enough. However, the charged
particles of un-magnetized plasma region gain high kinetic energy from fast propagating shock
waves and particle field interaction process. The accelerated charged particles collide with wall
of moving magnetic flux tubes after shock passage. The region on the front head surface of

magnetic flux tubes is characterized by shock acceleration and Fermi acceleration process [292].

Let us consider the charged particle at weak magnetic field region has velocities of u,and
u, before shock wave and behind shock wave passage respectively. The accelerated particle
behind of shock wave passage enters to Fermi acceleration process. This makes the acceleration
process is so complex behind shock wave passage as well as associated with shock process
simultaneously. The charged particle passes continuous trains of shock wave fronts at the weak
magnetic field region through high conductivity neutral plasma medium. When N numbers of
nodes of shock wave surfaces that are passed continuously through high conductivity plasma, the
normal velocity of plasma fluid behind of shock wave trains is obtained from Eg. (3.84a) and

which is characterized by the invariable shock wave front.
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The Eq.(4.58) relates flow of high conductivity plasma before shock wave passage and behind of

shock wave passage in stationary frame for un-magnetized plasma. The continuous trains of

shock wave fronts are assumed to be identical and propagate with constant velocity v through
high conductivity plasma. The integer N number of nodes has (N — 1) number of shock wave
fronts. The neural particles are accelerated by shock wave only before ionization process is
started and finally become ionized and accelerated due to effects of magnetic field, electric field,

pressure gradient and shock waves.

However, charged particles enter to charged particle runaway condition if collision of
particles density is rare at PVR and also enter to Fermi acceleration process when charged
particles are colliding with surface of magnetic flux tube [293]. In general for acceleration of
charged particles through electromagnetic field is described by Eq.(4.59) behind trains of shock
wave passage. The shocked ionized plasma element enter to magnetic flux region, while the
dynamic pressure remains constant of space time coordinate at surface of approaching opposite
polarity magnetic flux tubes, the equation of motion of charged particles is described by
Eq.(4.59) below.

= --FE+-2; xB+—-L(N-1)V xB (4.59)

The Lorentz factor parameter of y, = (1 — u2/c?)~'/2 is velocity dependent and a, = du,/dt

is acceleration of charged particles behind continuous shock wave. The functions of E and B are
treated behind shock wave passage. This process is most probable happened when shocked
plasma particles are injected into magnetic flux tube region from VR behind shock wave. The
annihilated part of magnetic field lines of flux tube is calculated by Petschek 1964, in his FMR
theory in steady state situation that is supported by evidences from space satellites, during solar

flare events as well as supported by evidences from laboratory plasma on Earth [284, 294].

In case of non-relativistic system, u, « c, the parameter y,, = 1 and the radiative effect

is negligible. However, u, and B have no connection in space time coordinate during evolution
of accelerating charged particles on magnetic surface behind shock wave that is described by

Eq.(4.59) for spontaneous process. The angle between shock wave velocity and magnetic field is
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denoted by 9 and the non-thermal acceleration is given by Eq.(4.59) for non-variable shock wave
fronts. The acceleration mechanism can only be associated either with non-stationary electric

field or magnetic field. In static magnetic field work is not done but if magnetic field is time

varying, work can be done on the particle by the induction field associated with dB/dt across
the shock wave. At steady state, when the VR is created between the contacting surfaces of
magnetic surface flux before magnetic annihilation, the instantaneous electrostatic potential

accelerates charged particle on the magnetic surface behind of shock wave.

d(X) =+ ﬁ (N — DXVBsind (4.60)

Here, we use (V x B) || X behind of moving shock waves. The Egs.(4.59) and (4.60) tells
us that the source of electrostatic potential on magnetic surface is the interaction of propagating

shock waves with magnetic fields in steady state situation. The shock induced electric field is
vanished when the angle 9 is vanished. If shock wave velocity V and magnetic field B remain

position independent, the characteristic displacement is denoted by b corresponds to non-
vanishing gradient of electrostatic potential. The minimum limit of N is 2 that is N > 2 for
continuous trains of moving shock wave fronts. The thickness of shock wave may contain

several trains of (N — 1), shock wave fronts.

When shock accelerated charged particles enter to magnetic field region, they are
accelerated non-thermally. This non-thermal acceleration may be cyclotron and synchrotron
acceleration. Cyclotron and synchrotron acceleration process becomes effective on the nearby
contacting magnetic surface region. Cyclotron radiation is electromagnetic radiation emitted by
accelerating non-relativistic charged particles deflected by strong magnetic field [295]. When the
dynamic pressure of plasma remains constant, the Lorentz force on the particles acts
perpendicular to both the magnetic field lines and the particles motion through them, creating an
acceleration of charged particles that causes them to emit radiation as a result of the acceleration
they undergo as they spiral around the lines of magnetic field. Cyclotron radiation is emitted by
all charged particles travelling through magnetic field. Synchrotron emission is the radiation of
high energy relativistic particles gyrating in a magnetic field. The energy loss or gain of emitting

electrons on magnetic surface is given by Eq.(4.61) that describes the behavior of shocked
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electrons enter to magnetic field region take part in synchrotron radiation for u; < V on surface

of magnetic flux.

_ _ 2
_(d_E) _l6or [N l)iﬂ] N-1) szZB_ (4.61)
dt 3 ¢cly+1 Vi y+1 210

The “ 4+’ sign in Eq.(4.61) denotes the energy lose rate while the * — “ shows the energy gain rate

of electrons. For specific condition of u,, B and V are time independent, the characteristic time
of electron energy loss or gain is approximated from Eq.(4.61) and is described by Eq.(4.62)
below when electron behind of single shock wave surface, N = 2 enters to magnetic field region.

= ELL[ﬂJFL]‘Z vi? (4.62)

T 407 Egs LV T oy+1

The quantity E,; = %peV2 denotes electron shock kinetic energy. The shock Kinetic energy and

Alfven Kinetic energy determines the characteristic time of electron energy loss or gain inside
magnetic field region. The shock accelerated particles collide with the walls of magnetic flux
tubes between the approaching magnetic flux tubes. The opposite polarity magnetic flux tubes
are approaching with velocity of v;and v, and they will meet at convergence plane. Here, we
assumed that the shock accelerated charged particles are colliding with the moving surface of
magnetic flux tubes. The colliding charged particles are further accelerated due to Fermi
acceleration mechanism. The energy lose rate of electron behind shock due to Fermi acceleration

mechanism, collision effect on magnetic surface of flux tube is obtained by Eq.(4.63).

dE _ %1 2 V1| Up 2 v
— =4 () Eam 7+m(N—1);]E (4.63)
The parameter M is number of collision per second. If v, u;, V and M are time independent, by

integrating Eq.(4.63) we obtain Eq.(4.64).

E = Eyexp {i‘l-]\/f (—)2 [1-4-Zw-nY T} (4.64)

y+1

The accelerating electron loses or gains energy due to Fermi process is given by Eq.(4.64)
exponentially on the region between the approaching magnetic flux tubes. Generally charged
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particles are accelerating at the magnetic surface of approaching flux tubes and at the low density

region between approaching magnetic flux tubes.

Density of plasma particles at contacting surface of
opposite polarity magnetic flux decreases suddenly
before annihilation of magnetic field. The surface
¢ generated shock wave propagates through the

annihilating region of magnetic flux tubes, see

Fig.4.6. From Fig.4.6, if the shocked electron enters
Fig.4.6 local PVR between to region B and region C, it is accelerated non-
approaching magneticflux tibes thermally. The plasma particles inside magnetic flux
tubes before annihilation of magnetic field separatrices at contacting region are accelerated by
shock waves; see Eq.(4.58). Since electron has been injected in to regions of B and C behind of
shock wave, the acceleration of injected electron is given by Eq.(4.59). The plasma inside the
annihilated part of magnetic flux tube becomes superhot at annihilating part of magnetic flux
tubes. The superhot plasma particles flows in both sides magnetic flux tubes slightly far away
from the annihilating part of magnetic flux tube. A cylindrical magnetic cavity (MC) is created at
the annihilating part of magnetic flux tubes that is supported by second kind FMR theory. The
cylindrical cavity, MC, is surrounded by superhot completely ionized plasma. The surrounding
superhot plasma creates polarization electric field due to instantaneous charge separation
mechanism. A strong VP is created inside the cylindrical cavity. The plasma density near
contacting surface is decreasing fast. The propagating shock wave accelerates plasma particles
and compresses the magnetic field in to contacting magnetic surface. The shock wave
compressed part of magnetic field is stored at small converging vacuum region. The opposite
polarity magnetic separatrices are annihilated at contacting VL trivially. The annihilation of
magnetic field at contacting region is followed by collapsing of surrounding superhot dense
plasma suddenly. The instant stored magnetic energy is released abruptly, it causes a MB
explosion. During explosion of magnetic bomb, the contacting magnetic flux changes their

topological structure at both end sides of contacting cylindrical cavity during collapsing.

Generally, we suggest that magnetic reconnection is trivial inside high conductivity

plasma medium if and only if the pressure of magnetic flux is higher than the surrounding
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dynamic pressure. However, the magnetic reconnection rate in rare dense plasma is slightly
slower than reconnection in vacuum. The reconnection rate inside plasma fluid depends on
strength of magnetic pressure and generation of fast moving shock waves on pushing front
magnetic surface. Based on FMR model, the rate of magnetic reconnection is rapid at upper layer

of stellar (solar) atmosphere, corona of force free magnetic field.

4.11. Coronal Mass Ejections (CMEs)

CME is a sudden explosion of giant cloud of solar plasma associated with magnetic field
lines that are blown away from the sun during strong, long-duration solar flares and filament
eruptions and seen as bright features that move outward through the solar corona at speeds from
10 to about 2,000 km/s. They involve the expulsion of substantial quantities of plasma from large
regions of the corona [296 - 298]. A coronagraph produces a solar eclipse by occulting the Sun
with a small disk, see Fig.4.7a and Fig.4.7b. CMEs are very faint and cannot be observed with
our naked eyes. The SOHO and STEREO missions have white-light coronagraphs onboard to
detect CMEs [299 - 301]. CMEs are the prime source of strong geomagnetic storms on Earth
atmosphere. CMEs can escape from the Sun during eruptions on the star/Sun such as solar flares
and filament eruptions. However, not every event has a CMEs accompanied with it. Strong flares
(M and X-class) are likely candidates to launch CMEs. C-class solar flares can also produce

CMEs but only the long-duration and stronger C-class flares might be possible [302].

Fig.4.7a Solar Maximum activity, Credit: NASA Fig.4.7b Solar Minimum activity, Credit: NASA
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Depending on the location of the eruption, the blast could either misses Earth, be partially
or fully Earth-directed [32]. Earth-directed CMEs will look like partial or full-halo CMEs on the
images from SOHO [32, 33].When this happens the CMEs will arrive at Earth after 24 hours or
more (depending on the speed) and will likely cause a geomagnetic storm with observable
auroral displays. The animation Fig.4.7a and Fig.4.7b shows a full halo CMEs as seen by
SOHO/LASCO [303, 304]. When the Sun isn't very active during solar minimum, CMEs are rare
[305]. There might only be one CME every week. When the Sun's activity increases towards
solar maximum, CMEs become more common and we can see multiple CMEs every day [306,
307].

4.12. Mechanism of CMEs

Several observational and theoretical researches have been conducted on solar CMEs.
The solar CME has very sophisticated dynamical nature. During CMEs enormous charged
particles are wrapped by closed clamp of magnetic fluxes that is ejected from solar surface or
even from solar atmosphere to surrounding outer space. Still now, there could not be a clear
theory that supports the mechanism for formation of CME on solar atmosphere. The temporal
relationship between CMEs and associated solar flares is of great importance to understanding
the origin of CMEs, but it has been difficult to study owing to the nature of CME detection
[264]. The occurrence of flare radiation in the radio and X-ray wavebands clearly established the
presence of heated plasmas and non-thermal particles arising from the rapid release of energy.

In contrast, the coronal material of CMEs observed in white-light coronagraphs is
assumed not to be substantially heated above the ambient coronal temperature. In fact, a
coronagraph observation in H, line has established that cool prominence material is often
observed in the cores of CMEs (Athay & llling 1986) [308]. The helical kink instability of a
force-free coronal magnetic flux rope, anchored in the photosphere, is expected as a source of

solar eruptions associated with CMEs [309].

4.13. Summary

Fast magnetic reconnection (FMR) theory is more important to theorize the stellar (solar)
explosive events through magnetized and high conductivity plasma atmosphere. The FMR is
occurred at rare density plasma fluid; with reconnection time scale is as long as Alfven time
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scales but longer than the time required for magnetic reconnection through vacuum, trivial. FMR
is occurred when stellar (solar) magnetic field lines are deformed, twisted and braided associated
with fast propagating shock surfaces. When completely ionized plasma flows through magnetic
field lines, the current carrying magnetic field lines form bundles of magnetic flux tubes. The
surface of current carrying magnetic flux tube generates shock wave fronts. The magnetic
surface induced shock wave may be stationary or fast moving shock wave fronts. The
enhancement of shock wave fronts at contacting magnetic surface of opposite polarity magnetic
fluxes makes the reconnection process is fast, near to trivial reconnection process. As we
theorized in chapter 4, electromagnetic wave burst occurred on magnetic flux tubes (i.e., most
probably at top of closed magnetic flux tube and foot points) due to FMR theory, as thin
magnetic flux tubes are twisted and braided integrated with generation of shock waves. Based on
shock wave theory integrated with FMR theory, SWIF model is developed in this thesis work.
The natural model, SWIF model, provides a new sight of stellar (solar) explosive events at least

in its fulfillment of minimum requirement.
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CHAPTER S

5. RESULT AND DISCUSSION

On stellar (solar) atmosphere, the primary energy release mechanism is the shock mode
instability of streaming electron which gives rise to strong electric current associated with
electron runaway condition. The SWIF model should explain that the flare energy is contained in
particles accelerated to energies of the order of 10 meV to 10 GeV. The quantitative theory-data
comparison is helpful to establish the expected mechanism of stellar (solar) eruptions,
particularly the driving force of flares, CMEs and the evolution of their magnetic fields. Thus,
the new theoretical SWIF model with testable prediction is looking to model the stellar, in

particularly solar, explosive events and formation of CMEs.

Based on the observational and theoretical understanding of stellar flares and CMEs, the
main mechanism of stellar, solar, explosive events is non-linear behavior of streaming high
conductivity plasma, separated electrons and ions, with velocity higher than plasma acoustic
velocity in aligned direction, see section 2.14. Using multi-wavelength analysis we can
determine the physical characteristic of flare sources that governs the role of energetic electrons
in flare dynamics. When a low density cavity is formed in high conductivity plasma, a velocity
shock potential (VSP) creates a strong discharging of electrons. From Eqgs.(2.58a) and (2.58b), it
is clearly shown that shock surface is created when electron beam is streaming through high
conductivity plasma. When the condition n,/n, = 1 and e¢;/KT = 1 is fulfilled in Egs.(2.58a)

and (2.58b) the fast moving shock wave triggers a flare, see sections 2.9 — 2.14, in chapter 2.
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In Fig.5.1a, we show imploding shock current, streaming of electrons that depend on imploding

electron number density and radius of collapsing cavity. The corresponding shock induced

magnetic field is described by Fig.5.1b and Fig.5.1d in cases of imploding and exploding beam

of electrons respectively. This shock induced non-radial magnetic field is organized behind of

imploded or exploded electrons. The built-up magnetic field has maximum peak amplitude and

minimum peak behind of shock passage. The maximum and minimum peaks indicate formation

of magnetic field near dynamic boundary of imploding or exploding electron beam. From Figs.

5.1b — 5.1d, we show that the polar magnetic field is vanished at & = i tanh™*(1/+/7), on the

complex plane. Here, the corresponding radius of convergence is approximated by r =

0.6389 units at angle of 8 = 90°. The oscillating amplitude of induced polar magnetic field at
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constant radius is shown in Fig.5.1e. Fig.5.1e illustrates the oscillatory behavior of polar
dependent shock surface induced magnetic field at fixed radius of behind exploding shock
surface. The Fig.5.1a - Fig.5.1e are plotted from Eqgs.(2.54b) and (2.55b) by normalizing the

constant coefficients to unity.

The Fig.5.1a - Fig.5.1e tells us that CMEs can be created from small local region behind
strong implosion or explosion of runaway electrons. The wave behavior of magnetic field
coupled with CMEs may be a mechanism of non-thermal particle acceleration. The non-thermal
charged particle acceleration is expected to arise from synchrotron resonance. Here, we suggest
that flares are thought to be caused by beams of electrons that momentarily stream through high
conductivity stellar (solar) atmosphere with velocity in the range of electron acoustic velocity
and velocity of light. During advancement of shock wave fronts, PVR is radially collapsing
followed by sudden explosion, the built-up of non-radial complex magnetic field increases its
instability non-linearly. When we illustrate Eqgs.(2.54b) and (2.55b), the instability of magnetic
field, see Figs.5.1b — Fig.5.1e, for imploding or exploding electrons sufficing runaway condition.

B versus 6 raph -
B versus 6 raph

0
I i
-20 100
-40 80
2 -60 E 60
] i[~4]
-80 40
-100 20 \M
. M
00 05 10 15 20 25 30 00 05 10 15 20 25 30
6 [rad] 0 [rad]
Fig. 5.2a Varying amplitude of imploding Fig. 5.2b Varying amplitude of exploding
shock induced magnetic field shock induced maanetic field

As we have seen from Fig.5.2a and Fig.5.2b the shock induced magnetic field interacts with
running away charged particle which provides non-linear behavior of the system. The plots of
Fig.5.2a and Fig.5.2b show a sudden drop in amplitudes of magnetic field arise due to non-linear
nature of shock wave fronts. Some part of induced magnetic field may interact with pre-exist

force free magnetic field. In Fig.5.2a and Fig.5.2b, the shock induced polar dependent magnetic
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field has minimum amplitude near /2 and maximum value near 0 and r, polar position, both
for implosion and explosion. The shock induced built-up magnetic field is a mechanism for
CMEs. The interaction between shock induced magnetic field and pre-exist magnetic field may

lead to formation of huge CMEs associated with electromagnetic burst.

5.1. Flashing phase of stellar flares

Based on plasma theory and shock theory, the flashing phase of stellar (solar) flare is
occurred during streaming of electron runaway process. On basis of SWIF model, the first
flashing phase of flares increases during implosion of streaming electrons to convergence point,
see section 2.8 in chapter 2. The imploding shock fronts associated with streaming oscillating
electrons generates heat and radiation, observed as first flash. The second flash of flare is also
expected during spreading of hot electrons, ions and neutral from the compacted convergence
region, as soon as the imploding electrons are bouncing back. The intensity of second phase of
flash gradually decreases and final ceased. Here, we imagine that the first flash of a flare is
observed at onset of imploding electron runaway to convergence point. At this time we can

observe a first flash or first light sparks from small local region.

In chapter 3, we have formulated Eq.(3.29) which shows heat energy is generated from
velocity shock potential (VSP), including magnetic field and self-consistent electric field. For
instance let we imagine that low density spontaneously collapsing magnetized cavity is
developed on solar photosphere. Using estimated electron number density at photosphere
n, =~ 10 m=3 , for dynamic boundary of collapsing PVR, we can manipulate Eq.(3.29) in order
to predict the generated heat energy during implosion of electrons. The temperature and
magnetic field relation is obtained as T = 3.76 x 10'* B2 [m?K /T?] during collapsing phase.
Here, if we take the pre-existed magnetic field is 2G inside the collapsing cavity (PVR)
associated with shock Mack number M, = 1, a temperature of T = 3.76 x 10° K is produced at
photospheric local region. This manifests the fast imploding shock wave converts magnetic
energy to heat energy, see Fig.5.3a and Fig.5.3b. From convergence region, hot electrons are

radiating out with non-thermal acceleration.

Here, we estimated corresponding radiation frequency is calculated asv = 7.83 X

108 Hz behind of imploding compressive shock wave. This indicates that imploding
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compressive shock wave generates extreme ultraviolet and soft X-ray short lived spectrum at
first flash. The duration of first flash depends on the strength of VSP. The VSP which is framed
in chapter 2 of Eq.(2.110) used to simulate the streaming electron runaway current during
implosion or explosion of running away electrons. The VSP is strongly coupled with
instantaneous local charge separation process, see chapter 2 of section 2.8 and 2.9. The
spontaneously generated temperature across moving shock wave is proportional to square of pre-
existed magnetic field. The graph of Fi.5.3a illustrates the generated temperature from magnetic
field across fast moving shock fronts.
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Fig.5.3c Temperature generated by oscillating
shock fronts and self-consistent electric field

The Fig.5.3a — Fig.5.3d are illustrated from Eq.(3.29) for spontaneous compression of local

plasma at small region passed by shock waves. Fig.5.3a and Fig.5.3b illustrates the spontaneous
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generation of temperature from pre-existed magnetic field and VSP respectively. Fig.5.3c shows
temperature is produced when oscillating shock surface propagates through high conductivity
plasma. The interaction of oscillating electrons and fast propagating shock fronts produces heat
and radiation. The Fig.5.3d illustrates the nature of oscillating shock fronts in comparison with

electron plasma frequency.

Here, we imagine that the oscillation of fast propagating shock front is slower that
electron beam frequency at dynamic boundary at beginning. When the fast propagating shock
surface is oscillating through high conductivity plasma, the medium is continuously changing its
behavior. Thus, the oscillatory behavior of fast propagating shock fronts provides the non-
thermal acceleration of particles. In Fig.5.3d, the dimensionless parameter represents the ratio of
electron plasma frequency to shock front frequency, x = wj./f* where f = 1/t , tis oscillating
time of shock fronts. Generally, during the phase of first flash, spontaneous heat and radiation
are generated by strong compressive shock surfaces.

On the basis of SWIF model, when background electrons are streaming at sonic Mack
number of photosphere, chromosphere and corona of negligible pre-exist magnetic field, the
temperature of T = 9.533 x 103 K, T = 1.399 x 10° K and T = 1.4 x 10° K are spontaneously
generated respectively, from calculation. This ensured that as streaming electrons obtains Mack
number much greater than unity, they are accelerated non-thermally. When continuous trains of
shock fronts are passing through high conductivity plasma, the instability increases infinitely, see
Fig.5.4a and Fig.4b. This shows non-linear temperature production across fast propagating shock

surfaces through high conductivity magnetized plasma.
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The Fig.5.4a and Fig.5.4b shows temperature

Shock induced temperature

distribution behinds of continuously passing

s trains of shock fronts. Fig.5.4a describes that as
3532 ! infinite number of shock wave fronts are passing
s through magnetic field, huge amount of heat

energy is generated from magnetic energy. In

graph of Fig.5.4a, at initial state, value of
Fig 5 4b Temperature obtained from interaction of shock magnetic field is nearly zero that produces small
wave trains and oscillating running away electron beam
heat energy. When magnetic field strength
increases through identical trains of shock fronts, more heat energy is generated; this is clearly
shown at both sides of Fig.5.4a. This profoundly describes the increasing phase of first flash
which reaches maximum peak as increment of shock trains is considered. The Fig.5.4b shows
that heat energy is created from both fast propagating oscillating shock fronts and self-consistent
electric field at same time for negligible magnetic field. In general form, this is formulated in
chapter 3, Eq.(3.29) for compressive shock or explosive shock waves. The first phase of flashing
is agreeably described by SWIF model when imploding electrons obtain velocity higher than
acoustic velocity. Migration of electrons with velocity higher than acoustic velocity is triggered

by VSP.

Here, SWIF model investigates that as runaway electrons are streaming with velocity
greater than electron acoustic velocity, the compressive shock produces electron instability in the
absence of particle collision. By manipulating Eq.(3.81b) for magnetic field containing terms
that are smaller than y + 1, the plasma density compression ratio of upstream to downstream is
limited between 1 and near zero. This shows that the electron number density behind of shock
wave is infinitely smaller than upstream region. Generally, the electron number density ratio
behind of continuous trains of shock fronts for large integer value of magnetic term is
compressed or rarefied infinitely, see Eq.(3.80a). The electron number density compression ratio
has oscillatory behavior about equilibrium point of y = —2.33, see Fig.5.5b where a sudden
change occurred. As we have seen from Fig.5.5b, the trains of shock surface open a discontinuity
on the electron number density. The saddle point on Fig.5.5b indicates the property of jump
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condition due to fast moving shock waves. Based on advanced SWIF-1SQR model, the variable
y=F+ G~ —[1-1/M?] provides effects of compression or rarefaction of plasma in case
of B~ 0 and M, > 1, see EQ.(3.81b). The Fig.5.5a illustrates the electron density ratio
performed by compressive shock front ensured by SWIF-1SQR model.
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The graph of Fig.5.5b describes the density compression ratio nature across continuous
trains of shock fronts when the magnetic factor, y contains large magnitude. This implies that the
magnitude of Alfven Mack number is greater than shock Mack number. The magnetic field is
highly influenced by fast propagating shock fronts. The enhancement of strong magnetic field in
to fast propagating compressive shock makes the pressure compression ratio of downstream to
upstream be highly complex.

When the Alfven wave behind shock front is much less than the Alfven velocity before
shock and if the shock Kinetic is dominant, the pressure ratio can be illustrated from Eq.(3.82b)
as shown in Fig.5.6a and Fig.5.6b. The graphs of Fig.5.6a show the pressure ratio of downstream
to upstream that is determined by shock Mack number and Alfven Mack number. The Fig.5.6a
coincides with the idea of SWIF-1SQR model when shock kinetic is dominant. When the Alfven
kinetic is dominant over shock kinetic, the Fig.5.6a is also concomitant with SWIF-2SAR model.
When continuous trains of shock fronts are passing through high conductivity medium, the

compressive shock generates a blast wave. As we have seen from Fig.5.6b, when infinite trains
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of shock fronts pass through high conductivity plasma, the plasma behind of shock is infinitely

compressed or infinitely rarefied.
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Here, we assumed that the identical continuous trains of shock fronts have oscillatory behavior.
When continuous trains of normal shock fronts are propagating through magnetized plasma, the
magnetic field may be grow or decay across the shock front. This is formulated in chapter 3, as
SWIF-2SAR model is advancing. Electrons are accelerated behind of shock fronts due formation

of  spontaneous  kinetic  energy  obtained from  EQ.(3.62)  described as
Ey z%me[(Ape + Apy)/peV1?, where Ap,, Ap,, and Ej are change in electron dynamic

pressure, change in magnetic pressure and kinetic energy of electrons respectively.

When local PVR is collapsed suddenly to a point like region during the first phase of a
flare, higher density plasma is compacted at convergence point. The imploding electron induced
magnetic pressure is well organized and compresses the compacting plasma. A secondary shock
wave is developed instantly due to non-linear particle field interaction principle. Here, we
assumed that the process is collision-less at high conductivity plasma. The imploded streaming
electrons are bounced back quickly at the convergence point. The secondary shock generates
heat energy associated with instant electrostatic potential at the convergence region; see section
2.14 in chapter 2. During this complex process, we imagine that the electrical energy is balanced
by thermal energy. Running away electrons are streaming radially out followed by impulsive
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blast wave. The exploding critical electron current is derived in chapter 2, Eq.(2.76b) in the

absence of pre-existed magnetic field.

When we assume that the imploding streaming electrons are reflected with velocity twice
of the imploding shock velocity, the exploding shock induced critical electron current is
approximated by J, ~ 3.46n,ec; Mg where c; and M, are sound speed before shock and shock
Mack number respectively. The exploding streaming of electrons creates a second flash during
flaring, observed as spreading of lights; this is well illustrated by SWIF-1SQR model. The
enhancement of pre-existed magnetic field intensifies the flaring process. If pre-existed magnetic

field is there at the compressed and compacted local convergence region, the imploding electron

current is approximated by J, = ng/ 2ec,M;B~1/2 where B represents plasma magnetic beta at
convergence region. Here, we assumed that f < n, at exploding convergence region. In case of
presence of pre-existed magnetic field the shock induced electron current differs by a factor of
0.289 (n,/B)/? from vanished pre-existed magnetic field; this second phase of flare is well
described by SWIF-2SAR model.

To simulate the exploding electron current from small local region that brings second
phase of flash, let we assume that the exploding current starts from a point like convergence
region of radius r, coupled with electron current density J,. The streaming out electron current
decreases its intensity as J, ~ 1/r2 where 7 is the radial distance traveled by streaming out
surface of electron beam. The SWIF-1SQR model defines the spreading electron current that
bears second flash as J, ~ 3.46n,ec;M,/r? while the SWIF-2SAR model describes the

spreading electron current as J, ~ n2/?ec,M,8/2/r? during explosion. The exploding electron
current density is vanished at infinity. The over voltage of electron current creates discharging of

electrons and formation of electromagnetic burst.

During the second flash, the exploding electron currents are highly influenced by the
presence of pre-existed magnetic field. The plots of Fig.5.7a - Fig.5.7d shows the shock induced
electron current is exponentially decaying during sudden streaming out of electrons. Fig.5.7a
describes a maximum current limit occurred at surface boundary of compacted region during
sudden explosion. When explosion is on progress as second flash is observing; the electron

current decays exponentially and vanished at large distance. Here, we assumed that the streaming

SWIF model © Atakalti B.A. AAU,  5/13/2018 256



out electron current is decaying exponentially while shock velocity remains constant for un-
variable shock surface. Fig.5.7b defines that the pre-existed magnetic field during explosion
highly controls the streaming out electron beam. At region where the value of plasma-g is

vanished, the electron current has maximum amplitude, see Fig.5.7b.
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Fig. 5.7c Exponentially decaying electron current
during explosion for § > 0, second flash

The Fig.5.7c shows the effects of pre-existed magnetic field for g > 0 at electron
dynamic pressure dominant region. The variation of magnetic field associated with exponentially
decaying of shock induced electron current is described by Fig.5.7c. The Fig.5.7d describes the
exponentially decaying shock trains induced electron current that highly fluctuating at
convergence region during explosion. And, the fluctuation becomes small at large distance. Here,

on basis of SWIF model, the observable first and second flash phase of stellar (solar) explosive
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event is described by natural and physical theoretical model. The SWIF model predicts how

flares, CMEs and electromagnetic wave burst are naturally occurred on stellar atmosphere.

At initial phase, the velocity shock potential (VSP) compacts the ambient plasma in to
small local region. Throughout compacting of high conductivity plasma process, coupled with
primary shock, the imploding shock wave function grows exponentially. Here, we illustrated
Fig.5.8a - Fig.5.8d from EQ.(2.119b), so as to understand the imploding and exploding shock wave
fronts. When the continuous trains of shock fronts are assumed to be identical, the propagating
shock wave is exponentially decaying or growing. In Fig.5.8a - Fig.5.8d, the blue color shows that
shock wave propagates to convergence point, near to zero; while the red color represents the

exploding shock wave. The primary imploding shock is reflected at convergence point.
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Fig.5.8d Velocity shock potential is constant at

Fig.5.8c Interaction between imploding and exploding
region far away from collapsing cavity.

shock wave is inside pre-collapsed volume.
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Fig.5.8a shows that annihilation of primarily imploding shock wave and creation of
exploding shock surface is occurred at convergence point. As we have seen from Fig.5.8a, a
small amplitude shock wave is existed at outer part of convergence region. The phase change
between imploding and exploding shock wave is illustrated in Fig.5.8b. The phase change
creates a jump in shock potential gradient during collapsing process of magnetized plasma.
When the imploding shock wave interacts with the exploding, particles are expected more
accelerating. Fig.5.8c describes that the interaction between imploding and exploding shock is
occurred inside collapsing PVR or at convergence region. Fig.5.8d shows that the imploding

strong shock wave is converged at a point whiles the exploding shock wave converges at infinity.
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Fig.5.8d Small amplitude shock followed by sudden change of amplitude is occurred at convergence point.

In Fig.5.9 we show that a weakening of shock wave is occurred near the convergence
point. As imploding shock is reflected at convergence point, its amplitude remains constant, see
the blue colored plot in Fig.5.8d. In Fig.5.8d, the red colored plot shows that amplitude of shock
wave remains constant after reflection; see the negative value for position region. The red
colored plots on Fig.5.8a - Fig.5.8d and Fig.5.9 shown that exploding shock wave is created at
convergence region and dynamic boundary and propagates out. While the blue colored plot

indicates that the imploding shock wave is produced at dynamic boundary of collapsing cavity.

5.2. Endorsement of SWIF-1SQR model Associated with CMEs

The SWIF-1SQR model, physical and theoretical model, agreeably describes the
occurrence of frequently observed stellar (solar) explosive events. It is mainly designates

appearance of flares and CMEs at high conductivity solar atmosphere of weak magnetic field
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region, Nano flares and micro flares most probably. The SWIF-1SQR model is the first part of
SWIF model that is advanced based on the behavior of particle dynamic and particle-field
interaction principle in the absence of pre-existed magnetic field. In 2013, a standard flare model
in three dimensions which was simulated to confirm the upper limit of flare energy was

approximated up to 1036 erg, flares in active Sun-like stars [310].

However, this standard three dimensional flare models was developed based on the stored
magnetic energy only, the candidate stored energy for stellar explosive events is the slow process
of storing magnetic energy. Based on G. Aulanier’s standard flare model, so as to create a single
stellar flare on stellar atmosphere that was based on the old flare theory associated with slow
magnetic reconnection theory, it needs a time of 107 years to appear once [140, 311]. Moreover,
from observational point of view, solar flares are processed within average duration time of 2 to
300 seconds, for instance a burst of photons from 40 keV to 40 MeV are coincident to within +1
second [312, 313].

We expect that the SWIF-1SQR model solves this problem partially to fulfill the
minimum requirement based on the dynamical nature of completely ionized plasma and particle-
field interaction principle coupled with the non-linear effects with no pre-existed magnetic field.
However, the shock wave induced magnetic field makes the flaring process is so complex,
plasma is highly compressed and internal energy, electrical energy, magnetic energy and shock

potential energy is stored at small local region.

5.3. Current limit on stellar (solar) atmosphere during flaring

Still now, the best evidence of electric current in the solar atmosphere was come from
measurements of magnetic field only. This current is a vertical electric current can exist in
neighborhood of sunspot with amount of 10114 (Ampere) which is a maximum limit of electric
current interconnected with magnetic field [113, 314]. The solar flare model proposed by P.
Carlgvist, 1968 was flares based on presence of slow emerging magnetic flux only. This model
does not support the natural behavior and creations of all kinds of flares that exist at weak
magnetic field region of stellar atmosphere even at strong magnetic field region of high

conductivity plasma, because of slow magnetic reconnection theory.
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However, the SWIF-1SQR model, natural theoretical model addresses the drawback of
stellar explosive events models that are processed within instant of time, at weak magnetic field
region. SWIF model agreeably predicts the formation of both of weak and impulse flares and
CMEs proceeded by flares, wherever at stellar atmosphere. SWIF model also predicts
electromagnetic wave burst from very small local region at stellar atmosphere, at convergence
point. During flaring process, taking the lower limit of Mach number is unity, My = 1
corresponds to fast moving sonic shock wave; a minimum limit of electron current is obtained as
Jo ~ 105 A per unit area in the absence of pre-existed magnetic field, as cavity is collapsed.
When we take the upper limit of Mach number, M ~ 103 corresponds to near-relativistic strong
shock wave; the lower limit of electron current reaches up to /, ~ 108 A, where n, ~ 10 m=3
(i.e., lower electron limit at photosphere) and electron acoustic speed is approximated with the

minimum photosphere sound speed, c; ~ 10°m/s.

When we take the electron number density at stellar atmosphere is n, ~ 1023 m=3
equivalent to photosphere plasma number density, the upper limit of photosphere electron
current limits corresponding to non-relativistic and near-relativistic strong shock waves
respectively, are approximated by J, ~ 10° 4 and J, =~ 1012 A at solar photosphere. When we
consider propagating slow shock wave, the electron current limit for non-relativistic slow shock
wave and near-relativistic slow shock wave are obtained as J, ~ 1054 and J, ~ 1075 A

respectively for n, ~ 101° m~3 electron number density.

When we use maximum electron number density, n, ~ 1023 m=3, the maximum
electron current limits corresponds to slow near-relativistic shock wave are approximated by
Jo =~ 10° Aand J, =~ 10%5 A respectively. The over-voltage electron current flow at small local
region of stellar atmosphere releases a huge amount of energy even in the absence of pre-existed
magnetic field. The SWIF-1SQR model, natural model predicts both lower limit and upper limit
of intense electron current that triggers stellar explosive events. SWIF-1SQR model supports that
the source of stellar explosive energy is the intensely unstable current flowing through high
conductivity medium in connection with non-linear effects of fast propagating mechanical wave
fields and electromagnetic field. Let we consider a flare is formed at small local region of radius

100m spherical coordinated.
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Using the concept of plasma imploding to convergence region that fulfills spherical
symmetry of radial motion during the first phase of flare as a precursor of impulse flare predicts
the flare intensity. Table-1, clearly explains the electron current limit of first phase of flaring
process followed by CMEs at negligible pre-existed magnetic field region of star. On the basis of
SWIF-1SQR model, the primary flash stage of flare emits a short lived electromagnetic wave;

see the last column of Table-1 that foresees the shock induced radiation frequency (Hz).

Solar flares at | Minimum Maximum Induced magnetic Induced  magnetic | Shock induced radiation
current (J,) current (/) field (B) minimum | field (B) minimum | frequency (Hz)

Photosphere 105 102 6.29 x 10* 6.29 x 101° 9.92 x 10*® to 9.92 x
1016

Chromosphere | 3.45 x 103 3.45 x 10° 2.17 x 103 2.17 x 10° 31x10% to 3.1x
1018

Corona 3.45 3.45 x 103 2.17 2.17 x 103 3.09 x 10'7 to 3.09 x
1020

Table-1: The upper and lower expected limits of electron current and shock wave induced magnetic

fields associated with shock induced radiation frequency (calculated values).

The Table-1 is established from Eq.(2.98), specifically for first phase of flaring may be
followed by erupting of CME at negligible pre-existed magnetic field region. The non-thermal
radiation, shock induced radiation, frequency of electromagnetic wave spectrum is obtained from
Eq.(2.98). It indicates the electromagnetic wave burst during flare and CMEs at negligible pre-

existed magnetic field region.

Here, we assumed that the electron number density limit associated with fast imploding
shock surfaces is approximated based on observational evidences order of n, ~ 101° m=3,
10'¢ m=3 and 102 m~2 for photosphere, chromosphere and corona respectively. The electron
temperature distribution that suffices a minimum requirement are approximated as 4.2 x 103 K,
2.0 X 10° K and 2.0 x 10° K of photosphere, chromospheres and corona respectively, calculated
value. Based on calculated data at Table-1, when a shock wave induced stellar (solar) flare is
occurred at photosphere, electromagnetic wave in the range of spectrum band between infrared
to ultraviolet is emitted. At chromosphere electromagnetic wave in the range of spectrum band

between visible light and soft x-ray is emitted during flaring time, first stage of flare. At rare
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dense solar corona the primary shock wave induced flares emit hard x-ray and soft x-ray at first

phase of flare stage.

This analytically predicted data is strongly supported by several observational evidences
obtained from NASA. The first radio astronomical observation of the sun at 160MHz was
conducted by Grote Reber in 1943 [315]. Nowadays, ground-based radio telescopes observe the
sun in frequency range from 15MHz up to 400GHz. The fast development of radio astronomy
revealed new peculiarities on the stellar activities such as explosive events related to flares.
Microwave bursts which occurred 1-4 minutes before the onset of flares have spectral fine
structures with relatively weak intensities and very short timescales is observed from solar
atmosphere. The dynamic microwave spectrum during the pre-flare and impulsive phases in the
frequency range from 0.2 to 1.4 GHz also analyzed [316]. These observationally detected

frequencies are the range we predicted by SWIF model, see Table-1 and Table-2.

The interpretation of electron dominated shock process is a primary channel of energy
conversion mechanism. The electron dominated shock process may be followed by proton
dominated shock process at flash stage of flares. As we have formulated the SWIF model before,
in chapter 2 -3, the flare radiation emission can be predicted from range of radio spectrum to
gamma ray spectrum, see Table-1 and Table-2. This theoretical energy prediction is strongly
supported by the observational evidences. Solar flares have been observed on the Earth through
the range of radio wave lengths capable of penetrating the Earth’s atmosphere, from A = 4mm to
A = 60 m [317]. During flaring time energy recorded by Gamma-Ray Spectrometer (GRS) on
SMM is in the range from 0.3 to 10 MeV and beyond with a tendency to flatten around 1 MeV,
and the contribution of nuclear lines above 1 MeV is clearly observed [318]. Table-2 shows the
amount of predicted stored magnetic energy at 100m radius local spherical cavity triggered by

strong imploding shock surfaces in the absence of pre-existed magnetic field.
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Solar flares at | Induced Induced Stored magnetic | Stored magnetic Shock induced
magpnetic field magnetic field energy (ergs) energy (ergs) cyclotron frequency
(B) minimum - (B) minimum | minimym limit | maximum limit | (Hz)
limit (G) limit (G)
Photosphere 6.29 x 10* 6.29 x 1010 1.72 x 10%* 1.72 x 10%7 1.76 x 101! to
1.76 x 107
Chromosphere 2.17 x 103 2.17 x 10° 1.87 x 10! 1.87 x 107 6.1 x 10° to
6.1 x 1012
Corona 2.17 217 x 103 1.87 x 10° 1.87 x 10! 6.1 x 10° to
6.1 x 10°

Table-2: The magnetic energy stored at small local region associated with corresponding cyclotron
frequency due to gyro-resonance of energetic electrons.

The shock wave induced magnetic field is highly compressed by the imploding ambient
plasma. When the compressible shock induced magnetic field is organized, built up, it releases,
suddenly, the stored magnetic energy of 1.87 x 10% ergs to 1.72 x 1027 ergs at stellar
atmosphere, see Table-2, estimated value. This induced magnetic energy is enough to built-up
flares and CMEs in the absence of pre-existed magnetic field. At the first phase of the flare,
electrons are non-thermally accelerated due to shock surface (i.e., frequency range 9.92 x
1013 Hz 10 3.09 x 102° Hz) and induced magnetic field (i.e., frequency range 6.1 X 10° Hz
to 1.76 x 1017 Hz) for negligible pre-existed magnetic field.

As we have seen from Table 2, the flying CMEs may be created at lower part of solar
atmosphere and it emits radio wave (i.e., radio wave burst). The primary strong shock wave at
stellar corona emits x-ray spectrum (i.e., 3.1 x 107 to 3.1 x 10%°) from small local region
radius, see Table-2. This theoretical energy prediction is strongly supported by the observational
evidences, see chapter 1. The SWIF-1SQR model legalizes the formation of stellar flares
associated with CMEs in the absence of pre-existed magnetic field. The observed energy from
flares associated with CMEs is predicted by SWIF-1SQR model in the absence of pre-existed
magnetic field, quite solar region. Moreover, the shock induced magnetic field is organized
within small fraction of time that makes the flare to be intense enough before its decaying. The
hard x-ray telescope detected gradual increases of flaring in 13 — 23keV [319]. Here, we
proposed that the shock induced magnetic field is in a self-organized state that provides a strong

magnetic pressure forms CMEs during flaring. We believe that measuring the life time of small
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flares, flare duration time, which is modeled by SWIF-1SQR model is so difficult. However, we

can predict that duration of flare is faster than the time evolution on plasma acoustic velocity.

5.4. Endorsement of SWIF-2SAR model Associated with CMEs

The second part of SWIF model, SWIF-2SAR, also agreeably describes the stellar (solar)
explosive events in general form. The enhancement of strong per-existed magnetic field in to
SWIF-1SQR model makes the process is so complex and energetic. During evolution of SWIF-
2SAR model, the accelerated charged particles are interacted with the pre-existed magnetic field
and fast propagating shock waves. The pre-existed magnetic field can be decayed or grow by the
propagating fast moving shock surfaces. The pre-existed magnetic field develops instability and
can interact with the shock induced magnetic fields and propagating shock waves through high
conductivity medium. In SWIF-2SAR model the Alfven kinetic plays a crucial role in particle
acceleration and electromagnetic wave burst process. As we have seen in chapter 3, section 3.10,
when the pre-magnetized PVR is developed at local region, a huge amount of magnetic energy is

stored and released suddenly in the form of heat energy, radiation energy and kinetic energy.

For instance, let consider a 100m radius of magnetized PVR is created at stellar
atmosphere of 1G magnetic field intensity. The stored magnetic field is assumed as consisting of
non-deformed magnetic field lines associated with imploding electron number density, dynamic
boundary layer, order of 10, 10%® and 102 m~3on photosphere, chromosphere and corona
respectively. The imploding magnetized electrons emit energy of 1.24 meV to 1.24 keV at first
phase of the flare; see Table-3, below. Table-3 explains the Alfven wave, emitted radiation
energy and non-thermal frequency range of accelerated electrons through magnetized plasma
during flaring. This is modeled by SWIF-2SAR, as the primary flash is detected by telescopes. A

second phase of flash is followed it, and it decays exponentially as time in in progress.
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Solar flares at | Alfven velocity | Electron emitted | Stored pre-existed | Electromagnetic Non-thermal

(mis) energy (eV) magnetic field (T) | Spectrum range radiation
frequency (Hz)
Photosphere 2.95 x 10* 1.24 x 1073 1.0 x 107* Microwaves to | 3.0 x 10%?
infrared waves
Chromosphere | 9.34 x 10° 1.24 1.0 x 107* Visible light 3 x 104
Corona 9.34 x 107 1.24 x 103 1.0 x 107* Ultraviolet to soft x- | 6.1 x 107
rays

Table-3: The spectrum range and non-thermal radiation frequency is calculated for 1G pre-existed
magnetic field during the expected first flash of flaring process at solar atmosphere.

When the pre-existed magnetic field is compressed by fast propagating shock wave at small local
region, charged particles are accelerated non-thermally, see Table-3. The SWIF-2SAR model
predicts the flare energy reaches up to order of 103° ergs, it depends on strength of compressing
shock wave trains associated with electron number density and pre-existed magnetic field. The

predicted impulse flare energy is strongly supported by observational evidences [320].

The fast propagating shock wave integrated with fast magnetic reconnection (FMR)
intensifies the stored magnetic energy, B%/2u,, induced electric field energy, €, E2, and
velocity shock potential, VSP, of the local system. The evolution of SWIF-2SAR model is so
complex in nature. Moreover, using the measurement of magnetic field over SWIF model at
stellar (solar) atmosphere can predict the released amount of energy from small local region; see
chapters 2, 3 and 4.

The SWIF-2SAR model well describes and predicts the amount of released energy at
upper region of stellar (solar) atmosphere, corona, where inhomogeneous magnetic field is
dominant. For instance if the lower current limit, J, ~ 10° A is predicted by SWIF-1SQR model,
that flows along stellar (solar) magnetic flux tubes in-connection with corresponding fast
propagation shock surfaces, charged particles will be accelerated non-thermally. And, the
magnetic flux is burst due to development of anomalous resistivity. Considering the induced
magnetic field surrounding current carrying magnetic field, B, is independent of ¢ and B, is
independent of z parameters, the azimuthal current induced magnetic field is calculated as

B, = 6.285 X 10* G at a distance of 100 m away from surface of current carrying magnetic flux

SWIF model © Atakalti B.A. AAU,  5/13/2018 266




tubes. The surface induced magnetic field B, is higher than the expected star-spot (sunspot)

magnetic field.

When we assumed that J, ~ 10! A the electron current flowing through stellar (solar)
magnetic flux tube, the surrounding induced magnetic field is approximated by B, = 6.285 X
101° G at a distance of 100 m away from surface of current carrying magnetic flux loop. This is
much stronger than the current carrying strength of magnetic field. This surface induced
magnetic field strongly squeezed the current carrying force free magnetic field. However, the old
standard flare model does not answer the question what triggers the intense electron current up to
101 A at large length scale of the stellar atmosphere rather the position independent
approximation. The SWIF model answers this question clearly with the help of particle
kinematic theory in-connection with non-linear behavior of particle and field interaction
principle. The top and foot point of closed magnetic flux tubes emit radiation [321]. The energy
stored at small local region behind of sonic shock, imploded shock, is predicted from Eqg.(3.82c).
Here, we took that My, > 1/(F + G) and M,; < c; on photosphere, chromosphere and corona

with corresponding electron number order of 101° m=3, 101® m~3 and 102 m ™3 respectively.

Solar flares at | Alfven Mach Pre-shock Electron mass Stored energy (ergs) | Energy carried by
number (M) | magnetic field | density (kg/m3) | per second (s) accelerated
M electron (eV)
Photosphere 23.3 3x 1072 9.11 x 10712 —8.22 x 102¢ —21.8 meV
Chromosphere 132 3x1072 9.11 x 1071° —1.43 x 10?° —2.29 keV
Corona 1320 3x 1072 9.11x107%° —1.43 x 1033 —2.29 GeV

Table-4: The amount of released magnetic energy and electron radiation energy is calculated in the
presence of pre-existed magnetic field during first phase of faring on solar atmosphere.

The negative sign in Table-4 shows the energy is released from small local compacted
region. Energy is stored by compressing and sucking the local material coupled with field and is
prepared for intense explosion. When the sonic shock is triggered a flare at photosphere,
chromosphere and corona, the accelerated electron carries energy of 21.8 meV, 2.29 keV and
2.29 GeV respectively, see Table-2. Table-4 indicates that the SWIF-2SAR model predicts the
amount of stored and released energy on stellar (solar) atmosphere. The predicted valued of flare
and CMEs energy is strongly supported by the observationally recorded data. So, the SWIF-
2SAR model is valued to predict the solar explosive events based on dynamical nature of particle
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field interaction principle. The predicted energy range in Table-4 is strongly compatible with
observational evidences. From observations, the data of interest are the calibrated concurrent
measurement of HXR (e > 10 keV) and EUV (10-1030A) emission from a large sample of
medium and solar flares obtained by Kane and Donney [322]. The plasma motion occurs at
length-scales so small that it is soon damped by the turbulence and the by viscosity. In such away
the energy is quickly converted in to heat, and conducted by free electrons along the magnetic
field lines closer to the place where Nano flare switches on. So as to heat a region of high X-ray
emission, a Nano-flare of 1017 J should happen where every 20 seconds, and 1000 Nano flares

per second should occur in a large active region of 10°> x 10° km? .

On the basis of this theory, the emission coming from a big flare could be caused by a
series of micro-flares and Nano-flares, not observable individually [323]. Current instruments,
such as the Extreme-Ultraviolet Imaging Spectrometer on board Hinode, are not adequately
sensitive to the range in which this faint emission occurs, making a confident detection
impossible [324]. Recent evidence from the EUNIS sounding rocket has provided some spectral
evidence for non-flaring plasma at temperatures near 9 MK in active region cores [325]. The

SWIF model well predicts the nature, and energy of Nano-flare and micro flares theoretically.

5.5. Character of FMR incorporated with SWIF model

The concept of fast magnetic reconnection (FMR) theory is mandatory in SWIF model,
specifically SWIF-2SAR model, which predicts the released amount of energy, suddenly, on
solar atmosphere. The process of magnetic reconnection (MR) is fast that occurred at low density
of charged particle region. The shock wave that is generated at magnetic surface makes the
duration of reconnection process is as faster as Alfven time scale. The magnetic reconnection
process is occurred when the magnetic pressure is much higher than electron and ion dynamic
pressure. Based on observational evidences, the magnetic process is occurred in time of
1s to 300s, coupled with small and large flares [226]. This evidences supports our FMR theory

incorporated with SWIF model most probably applicable at stellar (solar) active region.

In SWIF model, the FMR theory predicts the reconnection time depends on the intensity
of propagating shock wave fronts and charged particle density behind of shock passage. The

reconnection time is in the range of between reconnection time in vacuum and Alfven time scale.
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On the basis of SWIF-1SQR model, magnetic reconnection process is performed at low density
region of high conductivity plasma. The enhancement of fast propagating shock wave makes the

reconnection process is fast.

5.6. Endorsement of SWIF model Associated with CMEs

We expect that development of the first part SWIF-1SQR model bears the formation of
CMEs from small local region of stellar (solar) atmosphere in the absence of pre-existed force
free magnetic field. For instance if the collapsing of PVR is carried on small space scale of
100 m radius local spherical cavity, the imploding electron current in steady state suffices the
minimum electron current limit, J, ~ 10° A, see sections 5.2 and 5.3. The imploding strong
shock lefts about B ~ 7.44 x 10*G of minimum limit magnetic field associated with CMEs.
This shows that the strength magnetic field of smallest CME is order of one higher than strength

of star-spot (sunspot) magnetic field approximated by 3 x 103 G [327].

During collapsing of local PVR if the process is strong enough with upper limit of
electron current limit, J, ~ 10124 per unit scale in case of non-relativistic shock wave, the
collapsing lefts magnetic field of B ~ 7.44 x 108G behind of fast imploding shock wave. This
strongest clamp of magnetic field caries huge amount of charged particles approximated up to
mass of 1017 gm [328]. At the beginning, the emerging CME from the solar surface is very
small in size and it grows drastically in size and recedes from surface. It travels a long range
distance beyond to Earth’s orbit. The flying CME emits non-thermal accelerated charged

particles and electromagnetic radiation on its way.

The SWIF-2SAR model is the further phase of SWIF-1SQR model added strong enough
magnetic energy integrated with FMR theory through rare dense high conductivity plasma of
stellar atmosphere. Based on SWIF-2SAR model, part of force free magnetic field of flux tube
moves with the floating CMEs on the atmosphere. This phenomena makes the nature of CME is
so complex with variable features of moving huge magnetized plasma dense cloud on the
atmosphere. The SWIF-2SAR model nicely describes formation of intense solar flares, CMEs

and electromagnetic wave burst at rare plasma density upper region of solar atmosphere, corona.
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5.7. Prediction of Electromagnetic Wave Burst from Stellar Flares and CMEs

Based on SWIF model, during existence of solar flares and CMEs, electromagnetic wave
burst and particle acceleration would be anticipated. The electromagnetic wave which is emitted
from solar flares and CMEs is detected in all kinds of spectrum, as space born observational
evidences indicated. The accelerated particles are thermal and non-thermal accelerated particles.
The minimum requirement for electromagnetic burst is proposed from the first SWIF-1SQR
model, during implosion or explosion of PVR on solar photosphere. For instance, when n, =
10 m~3 electron number density is imploded to convergence point associated with sonic shock
wave fronts, the shock wave induced electromagnetic wave frequency is calculated as v, =
6.87 X 102 Hz in infrared region of electromagnetic spectrum with corresponding radiation
energy of 0.281 meV/, (calculated value). When electrons are imploded to convergence region
with high shock Mach number M, ~ 103 , the calculated electromagnetic wave frequency and
corresponding energy are given by v, ~ 6.87 x 101> Hz (i.e., between visible light and

ultraviolet range frequency) and 28.1 eV respectively.

When the imploded electrons are reflected at convergence point, the electromagnetic
radiation spectrum generated by fast propagating weak shock front also calculated. During
explosion, sonic shock produces frequency and energy range v, = 8.25 x 1013 Hz (i.e., between
visible light and infrared frequency range) and 0.34 eV respectively. In case of near relativistic
exploding shock wave the frequency spectrum and energy range are calculated as v, = 8.25 X
105 Hz, (i.e., frequency range between ultraviolet and visible light) and 10.7 eV respectively.
Generally, the SWIF-1SQR model is agreeably predict the electromagnetic burst during flaring
time and releasing of CMEs from solar quite region. Most probably, the electromagnetic wave
spectrum in the range between ultraviolet and infrared is investigated from the SWIF-1SQR
model due to non-linear effects fast migrating electrons enter to electron runaway condition. The
SWIF-1SQR model also predicts the non-thermal charge acceleration due to shock wave induced

magnetic field lines.

When the appeared CME has a magnetic field of B ~ 7.44 x 10*G corresponding to
minimum shock induced electron current, electrons are accelerated from CME with cyclotron

frequency of w, ~ 4.41 x 107 Hz between microwave and radio wave range spectrum. When
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the shock wave induced magnetic field associated with CME has B ~ 7.44 x 108G at initial
phase corresponding to maximum limit of shock wave induced electron current, CME emits
electromagnetic wave of frequency w, = 4.41 x 10! Hz between infrared and microwave
spectrum range. The enhancement of force free magnetic field in to SWIF-1SQR model brings
the SWIF-2SAR model. The presence of pre-existed magnetic field increases radiation intensity.
The SWIF-2SAR model describes the formation of high frequency electromagnetic waves during
flaring, rising of CMEs and magnetic reconnection process. For instance, if 10 A current flows
through closed magnetic flux tube, the surface induced magnetic field B = 6.285 x 101° ¢
surrounding magnetic flux tube emits w, ~ 3.73 x 1013 Hz in the spectrum range between

visible light and infrared.

Generally, the SWIF model predicts the electromagnetic waves starting from radio wave
up to ultraviolet wave on solar photosphere during flaring and rising CMEs. At the upper region
of stellar (solar) atmosphere, corona, the SWIF model predicts the formation of high frequency
electromagnetic wave, X-ray and gamma ray during impulse flaring and CMEs. The SWIF
model predicts where a huge mass ejection, known as CMEs is released not only from corona but

also possible from surface that is photosphere.

5.8.  Fitting of SWIF model with Space Experiment

The SWIF model is characterized by plasma implosion of small local region followed by
strong explosion. Since the imploding process which is described by SWIF model is fast in very
small local region, it may be difficult to detect during observation. The most detectable energetic
eruptions on the stellar (solar) atmosphere are the activity carried on during explosion of
localized plasma. The explosion covers a large area that insures flares and CMEs. In 2012, Dr.
Nat Gosplwamy reported that by measuring the geometrical properties of CMEs flux rope and
the leading shock observed on 2010 June 13 by the Solar Dynamics Observatory (SDO)
mission’s Atmospheric Imaging Assembly he determine the Alfv'en speed and the magnetic
field strength in the inner corona at a heliocentric distance of ~1.4Rg. He derived and found the
Alfv'enic Mach number (M) declined from 3.7 to 1.5 indicating shock weakening within the
field of view of the imager. The shock formation coincided with the appearance of a type Il radio
burst at a frequency of ~300 MHz (harmonic component), providing an independent

confirmation of the shock. As he investigated, the shock compression ratio derived from the
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radio dynamic spectrum was found to be consistent with that derived from the theory of fast-
mode MHD shocks.

On the basis of space experiment, this is a best evidence to theorize the shock wave
induced flares on stellar (solar atmosphere). He found that by deriving the upstream plasma
density from the emission frequency of the associated type Il radio burst, he determined the
coronal magnetic field to be in the range 1.3-1.5 G. The derived magnetic field values are
consistent with other estimates in a similar distance range. This work demonstrates that the EUV
imagers, in the presence of radio dynamic spectra, can be used as coronal magnetometers [329].
The experimental values which are recorded from solar atmosphere such are radiation frequency,
energy during flare time can be predicted by using SWIF model. For instance the type Il radio
burst at a frequency of ~300 MHz, reported in 2012, [329], is in the range estimated in Table-2

on solar coronal during first phase of flare process.

By relating our theoretical work of modeling with space experimental work, the
enhancement of Alfvenic kinetic energy makes the flare process is so complex and highly
energetic. Another important observational work shows that three types of low-frequency non-
thermal radio bursts are associated with coronal mass ejections (CMEs): Type Il bursts due to
accelerated electrons propagating along open magnetic field lines, type Il bursts due to electrons
accelerated in shocks, and type IV bursts due to electrons trapped in post-eruption arcades
behind CMEs [330].

5.9. Summary

As we have discussed in chapter 5 sections 5.1 and 5.6, the predictable physical
phenomena, by SWIF model, is concomitant with the observable space experiment. On the basis
of observational evidences, the second flash phase covers large volume in comparison with first
flash. The SWIF model predicts the formation of stellar flares associated with CMEs and
electromagnetic wave burst during the first and second flash. In chapters 2, 3 and 4, we have
formulated many mathematical formulas which describe and predict the observable physical
quantities to relate with space experiment. In this preceded chapters, we introduced a new idea of
that explains how stellar flare, CMEs and electromagnetic wave burst are occurred. On basis of

SWIF model, all kinds of electromagnetic wave spectrums are emitted from stellar (solar flare).
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The enhancement of pre-existed magnetic field makes the flare associated with CMEs is so
strong and complex. The amount of flare energy is estimated in the range of 10! erg
t0 1033 erg, see Table-2 and Table-4. The theoretical predictable physical quantities are

attendant with the result obtained from space experiments, see sections 5.2 — 5.7 in chapter 5.

Generally, we suggest that the theoretical SWIF model of stellar (solar) flare associated
with CMEs model describes the solar explosive events at both solar maxima and minima

activities.

SWIF model © Atakalti B.A. AAU,  5/13/2018 273



CHAPTER 6

6. CONCLUSION AND REMARKS

As we mentioned in chapters 2 and 3, the surface of uniformly rotating star (sun) at steady state
situation generates instantaneous static electric field and surface magnetic field. Charged
particles are instantly separated enough on stellar surface. The strength of surface induced
electric field and magnetic field is determined by the strength of instantaneous charge separation
process. Thus, the strength of surface induced electric field and magnetic field depends on the
age of star. As we theorized, the surface charged particle distribution creates electron plasma
sheath, thin non-thermal electron cloud layer, most probably in steady state. The quasi-neutrality
plasma principle is violated on the stellar surface, electron plasma sheath; we called it critical
layer, CL. The thickness of CL is approximated by Debye length, see chapter 2, Eq.(2.6a), (2.7)
and (2.8) for negligible effects of centrifugal force, surface magnetic field and surface
gravitational force in steady state condition.

However, the surface electron distribution is determined by the ratio of non-thermal
surface mechanical energy to thermal surface energy. When the stellar surface thermal energy is
smaller than the surface non-thermal mechanical energy, the surface electron distribution is in
non-thermal situation, see chapters 2 and 3. This kind of star is known as cool surface star, it
may not be included the young active sun. The cool surface of star is most probably not
convective star. The stellar explosive events are expected rare phenomenon at surface of cool
star. For deep understanding, see Fig.2.1, in case of negligible surface magnetic fields in chapter
2. And, the presence of deformable surface magnetic field makes the situation is complex, see in
chapter 3. The small perturbation of stellar surface electron cloud brings small and large
explosive events. The stellar atmospheric explosive events have been modeled in chapters 2, 3
and 4, theoretically. This theoretical model is natural and three dimensional that describes all
kinds of stellar (solar) explosive phenomenon both in the absence of magnetic field as well as in

the presence of magnetic field.

The small perturbation of surface plasma, CL, associated with the surface periodic
oscillation, plasma convection, and formation of radial electric current introduces non-linear
behavior of stellar surface; see chapters 2 and 3, sections 3.6 and 3.7. Using the concept of polar
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and azimuthal symmetry condition, the radial surface electric current (i.e., electron current)
generates non-radial magnetic field on the stellar surface. This non-radial surface induced micro
magnetic field interacts with the pre-existed magnetic flux that is emerged from stellar interior.
In chapter 2, we have driven the purely non-radial surface induced magnetic field, see
Egs.(2.24), (2.25a) and (2.25b) that confined the surface charged particles. The main mechanism
for induction of non-radial surface magnetic field is the tendency of electron migration to outer
layer of stellar surface before radiation occurred at surface. The surface plasma convection
process triggers electron diffusion because heat energy is transported from interior to surface
adiabatically, see chapter 2, section 2.10 and chapter 3, section 3.5 and 3.6. Generally, the non-
radial components of force free magnetic field exterior of the star (sun) confines the surface
ionized plasma or material from dispersing to surrounding of high vacuum potential (VP) space
against the gravitational force.

Because of the small disturbance at the surface, Alfven wave and sound wave are
discontinuous; of course there is no demarked boundary like sold body. This discontinuity
creates a jump in physical quantities on the stellar surface. The agent of the discontinuity is the
plasma dynamics that creates a steep gradient in physical quantities in steady state. The sound
wave propagates from stellar interior outward is reflected back at the surface, CL. The Alfven
wave that is propagated from deep photosphere to outer region critically is changed its
magnitude at stellar surface. The discontinuity in Alfven wave and sound wave creates
turbulence on surface, CL. Thus, the surface is characterized by propagating shock waves, for
brief understanding, see chapter 2, section 2.6 and 2.7, in chapter 3, sections 3.6 - 3.8. The
motion of plasma observed on surface is supported by the theory aforementioned a moment
before. The dynamical nature of surface plasma associated with electromagnetic fields and
radiation process is the expected sources of stellar explosive events at small local region. In
chapter 2, we have developed the model of stellar explosive events independent of magnetic
field, SWIF-1SQR model. The SWIF-1SQR model well describes the existence of Nano flares
and micro flares at stellar surface, most probably occurred at photosphere and chromosphere as
well as impulsive flares. Since SWIF-1SQR model is independent of effects of pre-existed
magnetic field, it may cause mounting CMEs at quite region, behind of implosive shock waves
associated with imploding electron beam.

SWIF model © Atakalti B.A. AAU,  5/13/2018 275



However, the closed loop of magnetic flux tubes may hinder this kind of flares from
appearing. In this case, the occurrence of CMEs may be clearly observable rather than the
appearance of flares in the absence of pre-existed magnetic field. Based on observational
evidences, this phenomenon seems that appearance of CMEs is independent of solar flares.
Although, flare are expected to be occurred at deep photosphere are not observable, a clamp of
magnetized plasma, CMEs, is ejected out from surface to surrounding space, see Egs.(2.100a)
and (2.100b) that confines the floating clamp of plasma on solar atmosphere. CMEs emit
electromagnetic radiation and particle radiation. Generally, the SWIF-1SQR model is
independent of pre-existed magnetic reconnection (MR) process at higher plasma beta (i.e.,
plasma — B > 1) region of stellar atmosphere. The radiation emitted from CMEs is shock wave
induced radiation, cyclotron radiation and synchrotrons radiation, see chapter 5. The occurrence
of CMEs varies during the stellar (solar) activities cycle as evidences are observed from SOHO,
YOHKOH, LASCO, and SDO... etc. To explain the nature of intense stellar explosive events, it

is mandatory to see for magnetic field activities.

Throughout evolution of SWIF-1SQR model, the instantaneous charge separation theory,
a small displacement migration of charged particles that suffice charged particle runaway
condition is the heart of SWIF-1SQR model. The oscillatory nature of charged particles at
convergence region and dynamic boundary of cavity, spherical harmonic nature, provides
electromagnetic wave burst and particle radiation process. We have investigated that the SWIF-
1SQR model well explains the stellar (solar) explosive event such as Nano-flares and micro
flares even impulsive flares and CMEs. The SWIF-1SQR model is developed based on the solar
observational evidences of solar quite region (weak magnetic field region). The SWIF-1SQR
model estimates the electrical energy required for flares and electromagnetic wave burst
associated with CMEs, detectable by telescopes. The concept of SWIF-1SQR model can be
applied on the Earth atmosphere for lightning (i.e., due to strong charge migration theory),
formation of atmospheric blast wave (i.e., due to mechanical velocity shock potential) and for
building of nuclear explosive weapons from plasma fluid. We believe that the SWIF-1SQR
model explains the nature of almost all flares of young stars such as Sun. And, the SWIF-1SQR
model enables us to predict the amount of mass ejected from sun during eruption, to predict

energy carried by accelerated charged particles and CMEs that may heat the Earth atmosphere.
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As we have discussed in chapter 3, the SWIF-2SAR model, that models the strong solar
eruptive events that are intensified by the stiff force free magnetic field. The propagating shock
wave is the main mechanism that triggers sudden explosion and particle acceleration at high
conductivity plasma medium. The fast moving non-thermal electrons and ions along magnetic
field lines as well as across magnetic field lines induced instantly static electric field and fast
propagating shock waves. The propagating shock wave instantly compresses the magnetic field
and high conductivity plasma in fraction of seconds at small local region. Inside the compacted
plasma, at small local region, the magnetic field lines are highly twisted. In this case, the
magnetic curvature radius is very smaller than the characteristic scale length of local system.
Annihilation and formation of magnetic field inside the compacted or collapsed local region is
the expected process that leads to sudden change in entropy (i.e., change behaviors of physical
quantities). The compacted magnetized particles absorb energy from shock wave and magnetic
field due to non-linear behavior of particle wave interaction process. The shocked particles are
accelerated and emitted radiations in all kinds of spectrum. The energy conversion process due to
shock wave at the small local region is so complex, it needs a further research. However, it is
clear that the source of particle acceleration during conversion of energy is non-linear behavior

of particle-field interaction, particle-particle interaction and field-field interaction process.

It is clearly explained that in chapter 3, section 3.8, the evolution of magnetized PVR is
determined by the intense imploding electron jet and strong force free pre-existed magnetic field.
Thus, the SWIF-2SAR model is developed based on the idea of particles kinematic theory
associated with fluid dynamics, evolution of local electric field and magnetic field (i.e.,
Maxwell’s equations). However, based on SWIF-2SAR model, the fast propagating non-variable
shock wave generates instantly static electric field, we called it electrostatic shock wave, see
section 3.8. In some specific case, the shock wave induced steep electrostatic potential in
connection with gradient of magnetic field across moving shock wave accelerates charged
particles in steady state situation, see section 3.8, EQ.(3.41a). Electrons distribution inside

magnetized PVR is controlled by strength of magnetic field before shock passage.

During stellar (solar) explosive events, all kinds of electromagnetic wave spectrums are
observed using ground based and space installed telescopes above the Earth atmosphere. Those

observational evidences are strongly supported by SWIF model, see chapter 1, section 1.1 — 1.3
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and chapter 2 and chapter 3. The comparison between SWIF-1SQR model and SWIF-2SAR
model is clearly explained in chapter 5. We relate the theoretical SWIF model with some old
flare models and modern space experiments results. The quantities which can be predicted by
SWIF model is agreeably with space experimental value; see section 5.7 chapter 5. Plasma
materials are accelerated and emit radiation behind of shock wave, see table-2 and table-4 in
chapter 5, in specific analytical calculation. The enhancement of pre-existed magnetic field in to
SWIF-1SQR model integrated with fast magnetic reconnection (FMR) provides additional stored
energy. The topological change of magnetic field lines are initiated by fast propagating shock
surfaces through rare dense of high conductivity plasma. Based on the SWIF model incorporated
with FMR theory, explosive events are occurred everywhere on stellar atmosphere. Moreover,
the impulse explosive events are probably occurred at strong force free pre-existed magnetic
field region (i.e., modeled by SWIF-2SAR). While micro flares and Nano flare are also probably
occurred at weak negligible pre-existed magnetic field region (i.e., modeled by SWIF-1SQR). In
this scenario, the old theory, slow magnetic reconnection theory (SMR) is replaced by fast

magnetic reconnection (FMR) theory, due to enhancement of fast propagating shock theory.

The SWIF model is testable and preferable to describe the nature of stellar explosive
events. Necessary formulas have been articulated here and basic idea of the SWIF model also has
been explained well. However, it needs a further advanced studying to simulate in spherical or
cylindrical coordinates so as to explain the nature of physical phenomena. We believe the SWIF
model strongly supports the coronal heating mechanism in-connection with stellar (solar) daily
activities. In future work, | have stiff interest to study deeply on flare formation in connection
with magnetic reversal, stellar activities, and coronal heating mechanism. The SWIF model
predicts the mechanism of explosive events such as flares and CMEs from both quite region and
active region. The main cause of flares and CMEs is proposed as the complex nature of
completely ionized plasma in-connection with particle-field interaction principle that brings
intense electron over-voltage at high conductivity rare dense medium. The non-linear effects of
particle-wave interaction process is considered as the agent of strong charge separation process
leads to develop unknown potential (i.e., VSP through high conductivity plasma) that generates a
strong stream of electron flow (i.e., lightening, electron discharge). As FMR is carried on force
free magnetic flux tubes, intense flares and CMEs are created at stellar (solar) atmosphere.
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Appendix:

1. Maxwell’s equation

In MKS unit, which is the default unit we use in this thesis

—

V-D= p Gauss’s law for electric field (A1)
V-H=0 Gauses’s law for magnetic field (A2)
VXE=— Z—’f Amper’s law (A3)
VXB = ,uof+ Ho % Farad’s law (A4)
Where,

—

D Electric displacement (C/m?) , E electric displacement (VV /m)
B Magnetic field (T or V.s/m?) , H magnetic field intensity (4/m)
p Volume charge density (C/m?3) , J current density (4/m?)

Uo = 4m x 1077 (H/m) and €,= (1/36m) x 10™° (F/m) , permeability and permittivity of free space

In CGS unit for reference:

—_

V-D =4mp Gauss’s law for electric field (Ab5)
V-H=0 Gauses’s law for magnetic field (A6)
VXE =— %Z—f Amper’s law (A7)
- = 4w 10D ,

VXB _T]-I_EE Farad’s law (A8)

2. Explicit form of vector operation

Let é;, é, and é5 be orthogonal unit vectors associated with the coordinate directions specified in
the headings on the left, and 4,, A, and A5 be the corresponding components of A. Then

a. Cylindrical coordinate (r, ¢, z)

Gu o W 100, s 20
Vy = ¢ 5, +e2ra(p + é; 5, (A9)
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b. Spherical coordinate (r, 6, ¢)
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