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Abstract

A new approach, using a 3D electromagnetic partioleell (PIC) code, is presented to study the
sensitivity of the Earth’s magnef®ere to the variability of the By wind bulk velocity. Starting with

a solar wind impinging upon a magnetizedrth, time was let to the sggh so a steady state structure
of the magnetosphere was attained. Then an shmuldisturbance was applied to the system by
changing the bulk velocity of the solar wind to datel a depression in the solar wind dynamic
pressure, for zero, southward and northward intemgl@ry magnetic field (IMF). As a result of the
applied disturbance, an air pocket effétat could be described as 45-Re wide gap is formed for all
cases of IMF condition. As soon as the gap hitititeal bow shock of the steady magnetosphere, a
reconnection between the Earth’s magnetic field #redsouthward IMF was noticed at the dayside
magnetopause (MP). During the expansion phasthefsystem, the outéroundary of the dayside
magnetopause broke up in the abseoicthe IMF, yet it sustainedsitbullet shape when a southward
and a northern IMF were included. The time relaxatwdnhe MP for the three IMF cases was studied.
The code is then applied to study the Halloweeent of October 2003. Our simulation produced a
new kind of air pocket, a rarefied space thaas generated following a strong gradient in the
impinging IMF. Such a feature is quite similardbserved hot flow anomalies and may have the same
origin.
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Epigraph
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Chapter One

Introduction

1.1  Prelude

We live in the heliosphere, the outer atmosphere of the Sun. The space beyond Earth’s
protective atmospheric cocoon is highly variable amdrtan benign. It is the one part of the cosmos
accessible to direct scientific investigation, anly hands-on astrophysical laboratory. A host of
interconnected physical processesrggly influenced by solar variabiit affect the state and structure
of the Earth’s atmosphere despite the shidfdred by the magnetosphere from external ionized
particles.

Indeed, as soon as the solar wind flow reaches the Earth’s orbit, the geomagnetic field opposes
the impinging particles and IMF @aducing a barrier, the magnetopatisat should deflect the flow
around. The inter-relation between fields and plagiovill induce a complexietwork of electric
currents in the system that will shape the steaalye dtructure of the magnetosphere, with its known
features such as the magnetosheat, the cuspslibs, letc. It took to thscientific community more
than 40 years to discover alletfes intrinsic propersethanks to severapace and ground missions
(SPUTNIK'S, EXPLORER’S, VOYAGER'S, GEG, INTERBALL'S, SOHQ etc). All these
discoveries represent a tremendous advancement knouledge of the geo-space, a picture that was
soon greatly distorted by the complkend quite unknown solar wind element.

Geomagnetic activity can be divided into otwmain categories, storms and substorms.
According to Gonzales et al. (1994)storm is an interval of timehen a sufficiently intense and long-
lasting interplanetary anvection electric fieldleads, through a substait energization in the
magnetosphere-ionosphere systemarointensified ring current strong enough to exceed some key

threshold of the quantifying storm time Dst index. Hhectric field mentioned is composed of solar



wind velocity and southward IMF (BzDf these, the magnetic field found to be m@ important;
indicating that the mechanism for the energy dfanincludes magnetic field merging. The largest
storms are often related to coronal mass ejectiimm the Sun (e.g., Gosling et al., 1991). In these
cases, the related enhancements of solar winaitseleccompanied by southward IMF direction result
into Sudden Storm Commencemer8SC). These storms are typicatlgn-recurrent or transient. The
more moderate storms are often reent with the solar rotation period.

According to the classicalubstorm injection hypothesis,ng current is enhanced via
energization and injections of plasma sheet gagifrom the tail towards the inner magnetosphere
during substorms, which are typical for storm timdsowever, this view has been under attack for
some time now and according to the recent workk/émori and Rao (1996) and Siscoe and Petschek
(1997) the substorm expansion phases act as edegpation term and ¢hsouthward IMF as an
input term in the energy balance equation; moreatsm be found in the work of McPherron (1987).

Beyond storm and sub-storms, other key procemsemduced in the Earth’s magnetosphere by
the solar activity. Two of the main topics that hdeen extensively studied in the past, and are of
interest in this thesis, are thetion of the magnetopause boundangl the occurrence of reconnection
in different regions of the magnetosphere. Chaparad Ferraro (1931, 1932) were first to discuss the
existence of a boundary to the Earth's magnetid.fl2uring 1950's, as the concept of continuous solar
wind emerged, it was obvious that such a feathoeilsl be a permanent feature of the magnetosphere.
In the early 1960's, Explorer 10cad2 provided the first measuremenfsthis boundary (Cahill and
Amazeen, 1963) that was to be called magnetopauskayl an important role in space physics, since
the coupling between the solar wind and magnetosphere occurs through it. Outside magnetopause, we
find the shocked solar wind regiomagnetosheath, and just insae the magnetospheric boundary

layers. In the first approximation, the magnetopaissformed at a distance where the solar wind



dynamic pressure equals the magnetic pressurertif'€feld. At this locton, typically around 8 - 11
Re away on the Earth - Sun line, a large scal&warxi (Chapman-Ferraro) kent develops in the
dayside magnetopause to cancel the Earth's fielddeutait the same time, the dipole field inside is
increased, being now about the ttiaes the nominal dipole value.

Since the first spacecraft obgations of the noon magnetopause position near 10 Re, it has
been clear that the magnetopause boundary is indgua motion under fluctating pressure of the
Solar Wind (Sonnet et al., 1960; Cahill and Amazd&§3; Cahill and Patel, 1967; Kaufmann and
Konradi, 1969; Aubrey et al., 1971). The standofftalice of the magnetopause can be determined
from pressure balance betwethre planetary magnetifield pressures—the particles make only a
negligible contribution—and the dynamic pressuré¢hef solar wind (neglectg the small contribution
of the interplanetary magnetic field (IMF)). It iseek that when the parameters defining the pressure
balance change, the position of the magnetopauselsdl vary (Semenov et al., 2002). From this it
follows that the primary source of the magnetopaus&on is the change ithe dynamic pressure of
the solar wind. However, thereaasother source that makes magnetopause moves earthward even when
the dynamic pressure is constant: it is when thgnatic field lines at the magnetopause are bent back
toward the tail. This will intensify the magnefield lines flux in the nightside. This phenomenon is
called “erosion” and was identified in the 197@ken magnetopause crossings made by OGO 5
spacecraft were investigated ey et al., 1970; Fairfield, 1971There are recent observational
signatures of the era®i process in the inner magnetospheeported by Sibeck (1994) and
Tsyganenko and Sibeck (1994). Resaftthe observations of the mastructure of the magnetosphere
revealed occasional positions of the magnetopause at distances much closer than 10 Re, usually
associated with magnetic storms (Cummiraged Coleman, 1968; Lezniak and Winckler, 1968;

Skillman and Sugiuram, 1971). The interplanetary magfietat (IMF) was and is still a key player in



the interrelated interactions, enhancement, amdlification of the macrostructure of the Earth
magnetosphere. The effect of the IMF componenhemmagnetospheric actiyihas been extensively
documented. It minimizes under the northward IMFE «®, while it increases with increasing
magnitude of southward IMF {B0), as evidenced, for example, by both thaemex (Akasofu, 1980)
and the cross-polar cap patial (Cowley, 1984; Rich and Haiost, 1994; Boyle et al., 1997). On the
other hand, much less attention has been given b#fese studies to the impact of the Solar Wind
dynamic pressure variability on the gmetospheric activity. It is only recty that several studies tried

to assess the link between observed changdabkeinlmagnetosphere and the Solar Wind dynamic
pressure variability (Boudouridis at., 2003; Lee and Lyons, 2004). A notable feature in many of these
studies is the pressure-induced magnetosphemmomes to the preexisting IMérientation (Zesta et
al., 2000; Shue and Kamide, 2001). A SW pressutgancement occurring under a steady southward
IMF condition produces a prominent and easily obs#eveesponse as all cuntesystems exhibit an
increase in magnitude and aosty correlation with the Solawind density. In contrast, under
northward IMF, a similar change in the dynamiessure would induce a weaker response in the
magnetosphere (Boudouridis et al., 2003). Nos® dhat the geosynatmous magnetic field also
exhibits different behavior for the different IMFiemntation after a Solar Wd pressure front impact
(Lee and Lyons, 2004).

Magnetic reconnection is an important process tfansferring Solar Wind plasma into the Earth
magnetosphere because it may modify the magnetasgloafiguration. Evidence of this process is
found at the Earth magnetopause and in the cuspgheAhagnetopause, theidance typically consists

of one or more of the following: a nonzero norrmamponent of the magnetfield (Sonnerup et al.,
1981), flow velocities of ions or (electrons) treatisfy certain jump conditions across the boundary

(Sonnerup et al., 1981; Paschmann et al.,, 198®),and electron distribution functions that are



consistent with transmissioma reflection of Solar Wind, andiagnetospheric ion and electron
population across an open “magnetopause bound8orinerup et al., 1981; Fuselier, 1991, 1995). In
the cusps, the evidence consists of dispergimeand electron signatures consistent with entry and
acceleration of magnetosheathgha across an open magnetopause (Lockwood and Smith, 1996).
The magnetic field topology arising from tleecurrence of magnetic reconnection at the
Earth’s magnetopause results ie firesence of a boundary layer desthe magnetopause and contains
mixture of magnetosheath and inner magnetosphaxsas (Eastman and Hones, 1979; Ogilvie et al.,
1984; Mitchell et al., 1987; Hall et.all991). Field lines in the lattezgion are magnetically connected
to the open magnetopause; typical signatures inldiiesr are the presence of leaking magnetospheric
particles as well as heated magnetosheath plasrt&apreted as havintvice passed through the
reconnected magnetopause (Fusdteal., 1997). All these resultsuebeen obtained for a southward
steady IMF, but many other studies also codetiee northward IMF impact on magnetospheric
topology (Gosling, 1996). Indeed, under the northwit, high latitude reannection occurs between
the magnetosheath and the lobe magnetic field (@esling et al., 1991; Kessel et al., 1996). Because
this process may occur at both the northemd aouthern hemispheres, Song and Russell (1992)
proposed the creation of newly closed magnetospliiedd lines at the dside magnetopause when
the IMF is strongly oriented northward. This preic was later supported mase studies (Le et al.,
1996; Onsager et al.,, 2001). Another type ofrimdé reconnection hasebn recently postulated by
Watanabe et al. (2004), who integfed simulation results by TanaiE99) for northward IMF with a
clock angle of 45 degrees (no digdilt) in terms of sequential reconnection that causes polar cap
bifurcation in the polar ionosphere.
It follows from above that all indations tend to support that the gexigoroblem of the impact of the

solar wind activity on the Earth magnetosphere is a aiakquite rich topic thakquire more than one



study to approach a comprehensive understandiritp @ction. Before going into the detail of our
proposed strategy to handle this complex problerrief description of thestructure of the Earth
magnetosphere and its regions Wil presented, based on extrdaten M. Kivelson and Russell book
Introduction to space physics (1997his brief description will be dte useful all along the draft.
Next, the motivation of this thesis will come forémd at the end of this chapter, an outline of the

thesis will be presented to brigfintroduce each chapter’s topics.



1.2 Spot Lights on the Earth Magnetospheric Structure and the Associated Dynamical

Process

Interplanetary
Magnetic Field

—

o
Solar Wind

Magnetopause Current|

Figure 1.1Earth magnetospheric structures (miediffrom Kivelson and Russell, 1997)

Figure 1.2 schematic diagram of plasma regions of the Earth magnetosphere
(Kivelson and Russell, 1997)



In the light of what has been presented inisacl.1l of this chapterand in addition to the
material described within the context of the thesis, the definition of terms and references to them is a
must. Therefore, we briefly come across thescdetion of the Earth's magnetosphere regions.
Accordingly, the Earth’s magnetosphere conswtsseveral regions thatre created by the field
topology (Figures 1.1 and 1.2). The magnetopausebeanonsidered as a boundary separating a
vacuum magnetic field from plasma. The loecatiof this boundary can besliably calculated by
requiring the total pressure on ttveo sides of the boundary to bgual. As a good approximation, the
pressure in the magnetosphere, which is mainlgnec pressure, must match the pressure in the
magnetosheath, which is a combination of thermal plus magnetic pressures

The magnetotail is formed by tail lobes and filasmasheet. In the inner magnetosphere we
have the plasmasphere mapping to mid- and Idnutees. Overlapping bothlasmasphere and inner
plasmasheet are radiation beltsdamng current. Regions closeti the magnetopause are called
boundary layers. Furthermore, anothmincipal region is the plasmasheeften referred to as the
"central plasma sheet" to emphasize its distinctness fr@ plasmasheet boundary layer, consists of hot
(kilovolt) particles that have nearly symmetric wa@tg distributions. Number densities typically are 0.1-1
cm®, a little bit higher than those of the plasma-stimrindary layer. Flow velocities typically are very
small compared with the ion thermal velocity. The iemperature in the plasmasheet is almost invariably
about seven times the electron temperature (Baumjohann, Paschmann, and Cattell, 1989).

More over, the magnetic field lines of the Earth bardivided into two pa@s according to their
location on the sunward or tailward side of thenglt. Between these two parts on both hemispheres are
funnel-shaped areas with near zero magnetic figdginitude called the polar cusps. They provide a
direct entry for the magnetosheath plasma inontlagnetosphere (e.g., Raatfal., 1977; Marklund et

al., 1990; Yamauchi et al., 1996i. this thesis work, ionosphere, Earth tilts and rotations are not taken



into account, as the study profoundly seeks to dsdhe basic controlling elements of the interaction

between the Earth’s magnetosphere and the solar wind dynamic pressure.

1.3  Motivation of the Thesis

The general problem of the respertd the Earth’s magnetospherestdar wind variathity in terms
of the system topology and dynamics on large scales was and still is a key research topic for
magnetospheric and space plasma physicists. i$hasquite complex problem that no single study
could handle in a satisfactory way.

Our study will thus focus primarily on the daysim@gnetopause of the Earth’s magnetosphere for
which availablein situ observations are quite abundant. Thoe was also selected because fields
and plasmas in the dayside magnetosphere terz tommore ordered and thereby make field lines
mapping more tractable, and also because dagsyidamics tend to be directly driven by solar wind
forcing (Murr, 2004)

The scientific literature in this regard is rich with observati@es, Hasegawa, et al.,2004; Haaland
et al, 2004; Balogh et al, 2001; Bawt al, 2000 ) as well as MHD Icalation (i.e. Guzdar,et al.,2001,

Reiff et al, 1985; Lyon et al, 1998 pertaining to the aforementiah@roblem, yet these approaches

are not comprehensive enough to provide an understpod the full nature othe solar wind-Earth
magnetospheric interaction, particularly at theeyside magnetopauseln the MHD models, only
ensemble-averaged parameters are available, witssummed distribution of ¢éhparticles velocity as

best described by a collection of several Maxwellian functions in the most evolved version of the multi-
fluid approximation (Winglee et al.,, 2005). Thesalculations do notdetermine the plasma
microphysics that is specifically uadthe influence of the magnetielid where velocity distributions

along and across the field lines are generally diffierén addition, on the observational side, and for



those regions near the Earth accessible to sateliitere are more limitations than the only difficulty
of coverage of a large space simultaneously.

A difficult time-space problem is faced, becawgkeen satellites are moving, temporal changes
cannot be distinguished from spatial variations.rtlh&r complications arise from the fact that no
satellite can provide a global image of the interaction process of the solar wind with the Earth
magnetosphere because in the real world, the na@gpieeric macrostructurss already set when
observed; therefore, we cannot itiBnthe specific interaction thathaped that structure (Baraka and
Ben-Jaffel, 2007). Moreovem situ measurements can generally characterize the plasma only on
scales smaller than the Debye length. With [dunch of the NASA IMAGE satellite in March 2000,
the promise of magnetospheric imaging begamsderialize. IMAGE provides nearly-continuous
imaging of the inner magnetosphere on a nominadaale of 2 minutes (Burch, 2005). Simultaneous
measurements of both temporahd spatial scales are rare, making it difficult to interpret the
interrelationship of the two. CLUER, a set of satellites launched2@®00, are intended to fill the gap
between small- and large-scale properties with simultangowsitu observations obtained by the
satellites in different regions of the magnetosphtirereby providing a 3D map (in terms of density
and field configuration) of the magnetospheréhe CLUSTER Il spacecraft have state-of-the-art
plasma instrumentation to measwlectric and magnetic fields, froguasi-static up to high frequency,
as well as electron and ion dibution functions from around zeto a few MeV in energy (Escoubet
et al., 2000). In addition, large-scale space eventgerest are infrequent and unique, and hence they
do not lend themselves to general modelsspdice plasma dynamics. Recently, the violent solar
eruptions of the October-November 1003 are onehef best observed oudaks of intense solar
activity to date. Gopalswamy et al, (2005) summariaettal of 74 papers ah dealt withthe said

event, and published in thiournal of the Geophysical resear Geophysical Research Letters, and
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Space Weathenone of which used a particle code to simulate the effect of this unusual event on the
macrostructure of the Earth’s magnetospheretastudy the microphysics of each region separately.
Such considerations highlight the importancecomputer simulation by Particle-In-Cell (PIC)
electromagnetic (EM) particle codes. This approaavides a tool that spans all boundary conditions
instantaneously and globally while keeping traxdkthe plasma physics locally on a selected scale
(here, the planet radius). Because at eachtuné of the code the migphysics of the plasma is
accessed at the considered length scale, thisotheeveals details of the magnetosphere well beyond
the limitations of the existing 3MHD methods and the local imag by orbiting sateltes of certain
areas of the magnetosphere.
In the past, several codes have been developedénatsuccessful in regering the main features
of the Earth’s magnetosphere ocdtized regions of it (Nishikawet al., 1997; Wodika, 2001; Cai et
al., 2006; Pritchett, 2005) In this study, an updated vemsiamf the so-called TRISTAN code
(Buneman, 1993, Ben-Jaffel et al., 2006) will be used aatdnttl be carefully intoduced in chapter 2.
With the PIC code in hands, our strategy in thissis is to try to create a methodology, by which a
guantitative evaluation of the sensitivity of therthas magnetosphere to the solar wind activity is
obtained. This strategy will be presented in chafBdos6. Moreover, once this strategy is built up, the
interrelated impacts of the different parameters that affect the Earth’s magnetosphere are then extracted

accordingly (chapters 7-8).
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1.4  Thesis outline
In this thesis | use a PIC ENully relativistic code to study #h interaction between the Earth
magnetosphere and solar wind. Each chapter centeas introduced individually and summed up in
concluding remarks.

Chapter 2 the PIC code is described.

Chapter 3 establishes the codédity on slow, moderate and strg solar wind as it reacts with
the Earth magnetosphere. The successful simuladibtiee different dynamipressure of solar wind
practically introduce the &h of creating depression in the solar wind flow.

Chapter 4 presents the simulation of the respafishe Earth’s magnetosphere to a depression
in the solar wind dynamic pressure after the sithudabox was updated in terms of its size and the
number of electrons-ions s that filling it, duringthe absence of the IMF.

Chapter 5 presents the simulation of the Earthagnetosphere to the same depression in the

solar wind dynamic pressure but during a southward IMF

Chapter 6 presents the simulation of the Earthagnetosphere to the same depression in the
solar wind dynamic pressure but during a northward IMF

Chapter 7 presents the application of the Pl@edm simulate the unusual solar activity of the
Halloween 2003 event.

Chapter 8 summarizes the thesis warll aet some future work and plans.
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Chapter 2

Simulation Model (Modified Tristan Code)

2.1 Introduction

The technical tool of this worls a particle-in-cell (PIC) coddirst developed by Buneman (1993).
This code is a fully 3D electromagnetic and relatic code. In our modethe magnetosphere is
sketched as an ensemble of noaparticles, the macro-ions ancetmacro-electrons. Motions of these
macro-particles are simulated 8D under the influence of electremd magnetic fields through the
Lorentz law. The Earthglipole field strength was determinedthre code by generating a ring current.
The ring current was made to evolve from zerogdutl value within the first 64 time steps smoothly
and gently, to avoid large transienThe position of the current loap located at the center of the
Earth position.

The fields themselves are described by the Maixequations. By its construction, the code
offers the advantage to contain the complete phyditse problem. However, a price has to be paid to
re-scale some of the plasma parterein order to perform the simulations in realistic CPU time. The
complexity and the limitation of the code, as it waisially written, made it difficult to be accessed,
thusly limiting its applications to few cases. Irhet words, the difficulty is in establishing good
resolutions in time and space and limitation with smallgmpmass ratio. However, this method is
superior to MHD simulations in some issuetsias including kinetic processes and separating
electrons and ions dynamics [Nishikawa, 199fdicka, 2001; Cai et al., 2006]. We are using a

modified version of the code in terms of numdrgtability, computer CPU, and consistency with the
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real world—a version developed @ollaboration between the InstitdtAstrophysique déaris and the
Space Research Center of Poland [Ben-Jaffel ehadreparation, 2007]. In our simulation, we applied
radiating boundary conditions for the fields@eposed by Lindman [1975At the boundary, macro-
particles are annihilated. lons and electronscamputed, solving the Lonéz equation of motion,
Boris [1970]. Fields are updated using Maxwell dgoures. A charge consertran argument is applied
following formulas of Villasenor and Bunemaid992]. The plasma was initially neutral and
characterized as isotropic Maxihen velocity distribution. The solar wind drift velocity and the
electron to proton mass ratio are the basic controlling parameters in the code. These two parameters are
scaled so that the main features of the Earthagnetosphere, such as the magnetopause standoff
distance, are recovered for a reference solar actiVitis scaling offers the benefit to significantly
reduce the computer CPU time while keeping tracthefmain physical processes, such as separating
the dynamics of electrons and ions instarmaisey (Buneman, 1993; Nishikawa et al., 1995).

In the following, the code structuesd the way the fields and therficles are updatedre presented.
Scaling of code and plasma parameters is eaugial in building up an idea about the link between
simulations and the real world. As we useugdated copy of TRISTAN RIdimentional STANford)
code, most of the materials of the code descriptidhis chapter are based on a reference paper by Cai
et al. (2003). To start this description, the Couramtdition will first be dered to show how time is

scaled.

2.2 Courant Condition

Courant Condition states that, in any time-dependent computer simulation, the time step must be kept

small enough so that information has enough timprépagate through the space discretization. To
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derive that condition, let's consider a physical quantity,tA(in three dimensions that has a wave

structure with a wave numbek and frequencyz
A(r,t) Ayexp(ikr i A)

We compute the derivative by a centered-difference equation as

CA A H21) A, r/2t)
r r

exp(ik r/2) exp( ik r/Z)A(r 0 '
r o

A(ry,t)

isin(k 'r/2)
('r/2)

Now take the spatial derivativdfvr : w

R kAt
W

Comparing the A/ r with the spatial derivativewd/ w , we find that:

sin(k 'r/2)

: , Nhere is replaced by
('r/2)

by the same way if we calculate from eq. (24% and w/ w, then we find:

sin(Z't/2)

, Zis replaced b
/2 P Y

(2.1)

(2.2)

(2.3)

(2.4)

(2.5)

The dispersion relation is obtained by neglecting the current densityting that Tristan does not

employ charge density but rather charge fluxesaneount of charge flowing through the faces of a

cubic mesh. Assuming the electromagnetic wave with a frequen@nd a wave numbei\ with

maximum wave numb& G r,
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Use (2.7) and compare (2.4) and (2.5) and u$e c* 2,

Then equation (2.6) becomes:

sin®(Zt/2)

c't\/§§2 ' 2.8)
r © 51 .

if ¢ t\/é/ r 1,then Z becomes complex, giving ri$e a numerical instability. § t/ x '1, then

the system is marginally stable, therefore, we have the Courant Condition in 3-D:

% ¢t (2.9)

Now to calculate the value of, we first require the numericatability of the code by using the

Courant condition. From Eq. 2.9, taking the upper limitiofas 1Re, we derive:

v 6335 6335

sec 2.10
2J3 v, /31 500 /3 u (.10

tl

In real plasma data, the¥’ corresponds to 1 Re=6335 km and the,\tcorresponds to 500 km/s .
This value of the units of time is of few secomasl the corresponding length scale is of 1 Re will help

to make the connection between our simulations and the real plasma world.
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2.3 Basics of Tristan Code

The control equations of TRISTAN code are Makvaed Newton-Lorentz eqtian. Effects of Earth
rotation and thermal expansion of solar wind are not included in the simulation process.

In TRISTAN code, only two curls dflaxwell equations are solved:

Faraday's Law

\B& & &
W "B (2.11)

Ampere's Law,

& VE&

&
"uB  ARj (2.12)

& &
where o (hay ngy

TRISTAN code scales such that 1andhence £ 1/c® This also mears D. Instead of
recording components of B or HRISTAN records Bx, By, Bz of B (alias H/c). This makes
symmetry for electric field and magnetic fielf ! B) in Maxwell equations. The light speed ¢=0.5

in the code.

Throughout, TRISTAN uses a racigular cubic grid with'x y 2 1 and time discretisation
with t 1. Before and after moving (or pushing) the particB is updated in two half steps so that it
is available at the same time as E for the partipdate. The velocity of the solar winds was selected
such that it is smaller than lwut strong enough to reflect its strength compared to other velocities
Vsw=0.5 ¢ (c=0.5).

Before going into the details of the both fields aradticles updates, we introduce two charts to show

how the fields, position, charge density and time steps are advanced in the code.
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Figure 2.1grid assignment

Figure 2.1 shows the full-integer grids idtx (i = 1,2,3, ..., N,) and halhteger grids at(i + 1/2)x ..

The E,,B,,J, and L are defined at the full-integer grids, aBg,E,,B,,J,,J, at the half-inter grids as

shown in Figure 2.1. This assignmaritthe electric and magnetic fields andB realizes centered

difference forms for the spatial derivativiesMaxwell's equations. The componertsJ, ,J, of the
current density must be assigned to the same grids, &, ,E, respectively, because J contributes

directly to the time integration of E.

Figure 2.2Time step chart
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The quantities of the field and piates are advanced in time bdsen the sequence shown in Figure
2.2. We define a full-integer tima 't and a half integer time (n + 1/2) with a time step't.
Basically, the electric field E at the full-integer &nand the magnetic field B at the half-integer time
are integrated in time by the lefpg method. However, the magnetield B is advanced twice by a
half time step 't /2 to obtain intermediate values for the mdetpushing fields at the full-integer time.
The particle positions x at the full-integer timadavelocities v at the half-integer time are also
advanced by the leap-frog method. The positiares advanced twiceith a half time step't /2 to
obtain intermediate values for computation of the curdensity J at the half-integer time. The current

density J is computed from the pamits and velocities of particles.

2.4 Magnetic Field Update

The staggered grid mesh system, known in dbmputational electromagnetic community as Yee
lattice (Yee, 1966), is shown in Fig.2.3. It ensutkat the change of B flux through a cell surface
equals the negative circulation of E around thafase and the change Bfflux through a cell surface
equals the circulation of B around that surface mitngscurrent through it. Here B and E are in a

symmetry form except subtracting the charge flur Ampere equation. Charge flux J is calculated

and subtracted after the particles are moved later in the program. Thus magnetic fields are updated as

follows:
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The change of B flux can be expressed as:

i j 8
y =z y (2.13)
e E Eo :
wE V" w
e WEOy By
X wz YW w w

In Yee lattice, EX, Ey, Ez, Bx, By, and Bz are, exdjvely, staggered and shifted on 0.5 from (i; j; k)
and located at the positions as follows:

E(.j.k) E& .5]jk)
E,,jk) EG4 -5Kk) (2.14)
E(,j.k) E,(,jk .5

B(i,jk) B/(.9 .5k .5
B,(i,jk) BG 5jk .5 (2.15)
B,G,jk) B, .5j .5k)

In our simulation, we use integer grids. In both &34) and (2.5), i, k in the right-hand sides
correspond to Fortran array indices notations amdki,in the left hand sides correspond to the real
positions in the simulation domainsstsown in Fig. 2.2. In this report, if the values “0.5” are added to
either i, j, k in the array indices, then the arradices correspond to the real positions in the simulation
domains.

2.5  Speed Limits
One sequence of using the Courant Condition isctivdrol of the speed limit on particles. With ¢

already set to 0.5, considerations of stability ingplieat the particles need not outrun the fields. If
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electromagnetic effects are expectede important, the Courant limit an@&will result in time scales

such that the non- relativistic particles crawl through the mesh very slowly.
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Figure 2.3the position of field components in Yee lattice

21



Thus the magnetic field components Bx, By, Bz aegpectively, updated by the negative circulation
of E around Yee lattice surface as follows:

‘ﬁlx B'i,j .5k .5 BX{,j .5k .5)/G

clEG.j 5k 1 E(j )@ (2.16)
E( k SHEIik 5G]

Here t x 'y 'z 1 Thus we getthe update form:

B'(i, j,k) B2(i,] k)

- . . o (2.17)
cB ik 1B i(ik)B,i(i & )B,iGk )

To get the update form of by, and Bz, the same procedures are as followed:

B, B)(i .5,j 5 BM{ .5jk .5)/6
W y Sk . y € 5jk .5)

ClEG Lik 5 E(jk 5)& (2.18)
E( 5ik DE Sk)al

Same way when b in the z direction is concerned

‘% B*( 5] 5k BY{ .5 .5 ))IE

cEG .5j 1k) E{ 5jk)iG (2.19)
EC L X)E( X)HA]

BI*(i, k) B, k)

o . . . (2.20)
cE i( Bk )E i(Jk )E, i(Lk DE, ik, )]
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BY(i, j,k) B2(i,] k)

. . . . (2.21)
cE i(j X )Ei(ik )E i( Ik )E, i(jk )]
2.6 Electric Field Update
In Yee lattice, ex, ey, and ez are, respectively, staggered and shifted 0.5 from
(i; j; K) and located at the positions as shown in Fig. 2.2
The change of E flux through a cell surface equals the circulation of B around
that surface minus the current through it. First, the electric field is updated by
the circulation of B around Yee lattice surface as follows:
i j 8
E w - B B.,w, B ‘Bw wB, - w w
S D B Dy B B Dy (2.22)
t WX Yy Z W y o X W Z y W w w
B, B, Bg 1

Thus the electric field components Ex, Ey, Ez a@spectively, updated by the circulation of B around

Yee lattice surface as follows [3]:

ES B Sk EMQ 5ik)/6

clB( 5j 5k)B( 5 )G (2.23)
By( 5j k .5)Byi(j, &K .5))E ]

% E;*(,j Bk EMG.j .5k))/&
clB@G,j Sk 5 B (j % .9)@a (2.24)
8( 5 .X%)B,i( 53 .k )& ]

‘ﬁ; EF(i,jk 5 E™Gjk .5)/6

c[B G 5jk 5) B { 5k 5 (2.25)
8§ % IBi(j &K .5)G ]
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ErG, j,k) EXG,jk)

) . o o (2.26)
cB ik DB i(ik )B,i(i & )B,i(k )

EF(i, k) E2G, 1 k) .27
cB i Lk)Bi(ik )B ik 1B, iGik )

Er(i, k) ESG,j k) 2,28

cB i(j X )B i(jk )B i( &k )B,i(jk )
After updating the electric field by the circulationtbé magnetic field around that Yee lattice surface,
charge flux J are calculated and subtracted after the particles are moved later in the program.
2.7 Particle Update
Newton-Lorentz equations are already in typfagddate” form. The time centered finite difference

version of the Newton-Lorentz particle update is:

Vnew Vold QE_CE<E 1 Vnew Vold B> u (229)
m 2

r. next r present ﬁ/ new (2.30)
This shows that position must be leap-frogged over velocities. Hatree and

Boris (Buneman, 1993) found a good physical interpretation of the steps in this explicit procedure:

1- Half an electric acceleration:
v, mv (2.31)
or
v, v QgE &/2m (2.32)
2- Pure magnetic rotations:
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v, mv, (2.33)

or
vV, V, Vv, Vv, gB@&2m u (2.34)
3- Another half electric acceleration:
V™ my, (2.35)
or,
v v, gE &/2m (2.36)

The Eq. (2.34) determining,from v, is still implicit but its explicit form follows from: (1) dotting
with v, v, to check that the magnetic field does not work and that the magnitudesuod v, are the

same, (2) dotting with B to check that qooments along B are the same, (3) crossing with

qB G/2mand substituting back, then to give

v v, 2 % Vo b | u (2.37)

1 b
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2.8 Relativistic generalization

In the code, the patrticle trajectory is integrated using a time-centered leap-frog scheme. Let

C© ’1

Here Jis denoted by relativistic factor. Newton-Lorentz Eq. (2.29) gives:

1 1 1 1 a
n = n = @ 1 n — ”*§
u2u2q—E”—u2u2" B«
m 2J © <«
1
nl uzag
ni n 2 n
r rv 2@ r 3
JZ
Where
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2.9 Conclusion and remarks

In our work, the grid size i$ = (x = Oy = (g, where' =1 Re andt = 1. Our simulation box
size is (X, y, z) = (155, 105', 105'), loaded by 2x1Delectron-ions pairs,na the Earth position is
located at (x, y, z) = (6Q 52', 53"). The plasma parameters in our code are summarized as follows:
the solar wind drift velocity was s& 0.5 c, applied along the x-dation. The code was initially run
up to 900"t to build up the classical structure of theth® magnetosphere before applying any gap’s
effect on the system. Witinthe time range of 900<t<1000, thap was created while the case study
time range is 1001<t<1250t. It is worth to note that the lso wind number density input is held
constant during the differephases of the study. Our real time haen re-scaled ithe code, based on

Courant Condition (section 2.2)

In practice rescaling ofl to real world time is quite complicated. In summary, scaling was
done to bring the simulated system to about theeeeo structure of the BEh Magnetosphere (size,
topology, etc). The injected solar wind density0i8 electron-proton pairs per cell (0:8), and the
mass ratio isme/mi = 1./16.After scaling the thermal velocity ivthe; = (0.1, 0.025),the plasma
frequency isZ;= (0.89, 0.22),and the Debye lengtl®@.;= (0.1, 0.1), where e, and i denote electron
and ion respectively. Iinhay be worth to remark that the wthe PIC code was built is to have the
fields evaluated over the grid nodes, while pleticcan have any position within the box. Kinetic
effects of particles are then inclutjehought fields are averaged overedl’'s scale (1 Re here) and the
particles mass ratio, mi/me, is large but far from its real value. It follows that our PIC code is well
designed for the study of the macro-structure of a ntagpkere but requiresdenser grid and a better

particle statistics for smaller scales (Cai et al., 2006).
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Chapter 3

Code Test and Validation

3.1 Introduction

To study the sensitivity of the Earth’s magnetospherthe variability of solar wind bulk velocity,
the first step is to build a steady state magnetosphere. In this chapter, the PIC electromagnetic code
described in the previous chapter will be firstéel on a smaller simulation box loaded with a small
number of solar wind particles pgirThe size of the simulation box wasosen to be (105, 55, 55) Re,
loaded with solar wind macrelectron--macro-ion pairs 5x10 The aim of this test is to check the
validity of the code and to build reference modelsnalyze more complicated cases with a variable
incident solar wind. For that purposbree simple test cases of slomoderate, and fast solar wind
velocities were studied arate presented respectively saction 3.2, 3.3 and 3.4. In Section 3.5, the
code was effectively used to simulate the valitstof the solar wind dynamic pressure, where a gap
(air pocket effect) was generated in a planar maalmg the streaming of the incident solar wind.
Such pressure variations (depression) have negen considered in pnews studies, though the
occurrence of such events in nattshould be common, such as floiv anomalies (Sibeck et al.,
1999). The plots in all sections in this chaptezuf® on x-z plane at y=27 Re, with more examples
presented on the other x-y plankda at z=28 Re and y-z plane taken at x=40 Re. The outcome of 3D
modelling of simple test cases will enhance onderstanding of the general problem of the Earth

magnetosphere response to disturbancése incident solar wind.
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3.2  Application of a weak Solar wind drift velocity

3.2.1 Study in noon-midnight plane
We start with the first case where a zero dynamaesgure (i.e., Vsw =0.0) dhe incident solar wind
flow is applied. Initially, the gemagnetic field is set to zero ancekthox is filled with pairs of macro-
ions/macro-electrons so that a plasma densify&f* is obtained. Inside the box, the particles have a
bulk velocity of0.25in addition to the thermal componenattcorresponds to each species. As the
incident solar wind bulk flow is set to zero ddes the box, obviously no me particles feed the
simulation box unless by thermal motion. The Eartmagnetosphere in tm®on-midnight plane (x-z
plane at y = 27') is shown in Figure 1. The plasma density is given in panels A and B, and their
corresponding fields in paned and D, respectively, at 10& and 1000&. The initial density of
0.8/' is a statistical average which is consistent with larger peak density values as indicated by the
color bar. First, we note ¢hsymmetry between day- and rigides in the plasma density
configuration around the planet. ik significant that the code recovers the dipole nature of the
planetary field with little effecfrom the initial plasma dynamipressure inside the simulation box
(Figure 1(C)).In Figure 1(B), taken at 100, the magnetosphere struawlearly appears despite the
absence of external plasma sources and the camgimoss of particles from ¢éhbox. For the sake of
clarity, we recall that our initiatonditions are such that the sintida box was initially filled with
pairs of electron-ions thdtave a bulk velocity of 0.25, bub new incident sotawind particles are
injected in the box. As a consequee, the system is loosing partgl&ith time and this explains the
magnetospheric structure obtainedrigure 1B. In addition, we noti@clear entering of plasma from
the polar cusp and repopulation of the equal plasmasheet at the night side.

In Figure 1(C), we notice the symmetry of theddilines around the planet, though the system is

still in an evolution phase. FigufgD) shows that thedld lines are slightlelongated tailward and
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mimic the plasma distribution shown in Figure 1(BYhe topology of these field lines resembles a
dipole-like shape, though a bit squeezed on the dagsid elongated at the nigitte. To some extent,
the results so far obtained with this first test aomthe power of the PIC code and legitimize the use

of the macro-particle model to describe thagnetospheric structure on large scales.
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Figure 3.1.Earth’'s magnetosphere formation insideox filled by e-ion pairs that have a bulk
velocity of 0.25. Solar Wind particles incident tive left side of the box have their bulk velocity
Vsw=0.0. The above plots are in the X-Z plane ledait Y= 27 Re. Plasnahstribution is shown in
panels A and B, taken at 100 and 10@Qrespectively. The correspondifield topology is shown in
panels C and D, taken at 100 and 1@BQespectively

30



3.2.2 Other examples in dawn-dusand south-north directions

To extend checking the ability of the code simulate 3D plasma sliribution and fields’
topology, we present other examples on dawn-duslsauitth-north directions. Idawn-dusk directions
(x-y plane at z=28Re), our resutise shown in figure 3.2. Plasma densities are presented in panels A
and B, their fields’ topologies are presenieganels C and D respectively, at 100 and 1@00The
symmetry obtained in figure 3.1(A) r©Ow seen as a circular shape in figure 3.2(A) for the dawn-dusk
direction at 100 &. In figure 3.2(B) taken at 100, we see the magnetospheric structure is
established, despite the continuiegcape of particles and the absence of the external source of the
plasma injection. In figure 3.€) the planetary fieldines are almost symmaetr though the system is
still in evolution state. Figure 3R], the field lines are seen slightly compressed at the dayside, whilst

elongated at the nightside.
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Figure 3.2.Earth’s magnetosphere formation inside a blediby e-ion pairs thatave a bulk velocity

of 0.25. Solar Wind patrticles incideon the left side of the box Vetheir bulk velocity Vsw=0.0.

The above plots are in the X-Y pliocated at Z= 28 Re. Plasmatdbution is shown in panels A

and B, taken at 100 and 10@f respectively. The correspondifigld topology is shown in panels C

and D, taken at 100 and 10@6 respectively

In figure 3.3, the plasma and fields’ are showry4n plane at x=40Re. In figure 3.3(A) the plasma
density is seen distribudesymmetrically around thegotet at both dawn and dudirection. Both cusps

are seen at z=19 and 36 Re belmwd above the planet position. The dipole magnetic pressure at this
early stage pushes the plasmagwround the planet, which by turan be observed denser around the
boundary of the magnetospheric cavitye corresponding field topology shown in figure 3.3(C). In

figure 3.3(B) taken at 100G, there is a clear asynetry which resemble that of the figure 3.1(B),

which is due to the thermal motion of the existing particles, in addition there is solar wind escape
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without any new injection. In figure 3.3(D), the fielines flare out more in the positive y direction.

This flare out of the field denotes the asynmyef the plasma shown in figure 3.3(B).

C D
Figure 3.3.Earth’s magnetosphere formation inside a blediby e-ion pairs thatave a bulk velocity
of 0.25. Solar Wind particles incidon the left side of the box V&atheir bulk velocity Vsw=0.0.
The above plots are in the Y-Z plalocated at X= 40 Re. Plasmatdbution is shown in panels A
and B, taken at 100 and 10@0 respectively. The correspondifigld topology is shown in panels C
and D, taken at 100 and 10@6 respectively
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3.3  Application of moderate Solar wind drift velocity
3.3.1 Study in noon-midnight direction

In the following step, the incidersiolar wind drift velocity (Vsw) is increased to a moderate
value of 0.1, while keeping the box initially filleditiv particles that have a bulk velocity of 0.25.
Figure 3.4 contains four pals: A and B show the density distribution at 100 and 1@0fespectively,
and panels C and D show the fields at the samegerieds. In Figure 3.4(A), at an early stage of the
interaction taken at 100k, a clear modification has taken place in the configuration of the
magnetosphere symmetry as compared to the restitsieth in the previous step with Vsw =0.0. The
compression of the magnetopause at the daysal@mpanied by a relaxation on the nightside.

Figure 3.4(B) clearly reveals a significanttgmpressed magnetopausese, with the cusps—
two thick, finger-like plasma—entering into the Eestmagnetosphere from both poles. The nightside
plasma configuration is quite stretched and eltedja From 80 to 100 Re along the x-axis, the
formation of blobs of plasma in the equatorial pldat z = 53 Re) and along the neutral line is clearly
seen. In Figure 3.4(C), taken at 10, the field lines show the modification of the system due to the
increased ram pressure of the incidewir wind, particularly on the daysid€&igure 3.4(D), taken at
1000 t shows how the dayside field lines are comapeel inward, whilst on ¢hnightside, the field
lines are stretched away and straightened tailwamach like the plasma siribution. Field lines

clearly flare out at the earlygttside, and the cusps are clgaen in the field topology.
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C D
Figure 3.4. Earth’'s magnetosphere formation inside a box filled by e-ion pairs that have a bulk
velocity of 0.25. Solar Wind particles incideott the left side of the box have their bulk velocity
Vsw=0.1. The above plots are in the x-z plane ktat y= 27 Re. Plasndagstribution is shown in
panels A and B, taken at 100 and 10@0respectively. The corrpsnding field topology is shown
in panels C and D, taken at 100 and 1@0Qespectively
3.3.1 Other examples in dawn-dusk and south-north directions
Now we continue with the second case where therdimpressure is increased to a moderate value
(Vsw=0.1) to study the Earth’s magnetospherthenequatorial plang-y plane aty = 28) as shown
in Figure 3.5. In figure 3.5(A) the plasma denddtgtribution in the equatal plane has a circular
shape at this early time of 10{, and the field topology of thisonfiguration is shown in figure

3.5(C). In figure 3.5(B), the plasnastribution in the dayside geen as a large arc boundary along y-

direction, whilst at the night ¢é& random blobs of plasma are seen in the magnetospheric cavity,
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extending along the x-direction out to 99 Re. It sed¢he configuration of the magnetopause is in
favor of the dipole field againstdtrelatively week dynamic pressutieerefore this unbalanced shield
out plasma in the dayside and push away themaam the nightside. Irigure 3.5(D) the field

topology is seen stretched out slightlgimward and compressed at the dayside.

C D
Figure 3.5. Earth’'s magnetosphere formation inside a box filled by e-ion pairs that have a bulk

velocity of 0.25. Solar Wind particles incideott the left side of the box have their bulk velocity
Vsw=0.1. The above plots are in the X-Y planealed at Z= 28 Re. Plasma distribution is shown

in panels A and B, taken at 100 and 10@0respectively. The eoesponding field topology is

shown in panels C and D, taken at 100 and 1GQ€espectively

In the same manner, we see in figure 3.6(A) taken atll,G@at the plasma shribution in the y-z

direction is impinged toward thegslet, the magnetospheric cavity being more confined as compared to

that in figure 3.3(A). The size of the magnetospheaiaty contracted in favor of the applied dynamic

pressure against the dipole pressuThe northern cusp is shoah39 Re along z direction and the
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southern cusp is seen at 18 &eng z-direction. The correspondifigld’s lines topology shown in

figure 3.6(C), a typical dipole fidls lines configuration which arclosed at both dawn and dusk
direction is seen. Whilst the casefigure 3.6(B) taken at 1008, is different where the elapsed time

was long enough for the interactibatween the implied dynamic pressure and the dipole field. The
two fingers-like shape that appear respectively a}£{22,14) and (31, 39)Re are the cusps that appear
in the same position in Figure 3.4(C). The northern caisipiven nightside and oriented toward dawn
direction, while the southern cusp is driven nigtesand oriented toward dudirection. Figure 3.6(D)

shows that the field’s lines are flared outra nightside and confined at the dayside.

C D

Figure 3.6. Earth’s magnetosphere formation inside a box filled by e-ion pairs that have a bulk
velocity of 0.25. Solar Wind particles incideott the left side of the box have their bulk velocity
Vsw=0.1. The above plots are in the X-Y planeaked at Z= 28 Re. Plasma distribution is shown

in panels A and B, taken at 100 and 10@0Qrespectively. The eoesponding field topology is
shown in panels C and D, taken at 100 and 1GQ€espectively
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3.4  Application of strong Solar wind drift velocity
3.4.1 Study in noon-midnight directions

To refine our testing of the code, the solar wdrdt velocity is now modified to a stronger
value of 0.25. As in the previous cases, in Figure panels A and B shothie density distribution at
100 @ (~300 sec) and 100Qx (~3000 sec), respectively, whilpanels C and D show their
corresponding fields distributionin Figure 3.7(A) the magnetospltecavity is not yet established
(compare to Figure 3.7(B)), with a noticeable coesgion on the dayside because of the increase in
the ram pressure of the incoming solar wind. Alse,fhblar cusps are cleadgen. In Figure 3.7(C),
the field topology, corresponding to the plasmaritlistion shown in panel A, reveals the compression
of the field lines at the nose. At approximatély Re on the nightside, opeheeld lines are clearly
seen with the beginning oféhail formation.

Figure 3.7(B) reveals that tls®-called trapping region aroutite equatorial plane now seems
thicker (thickness ~5.3Re ). The plasma sourcdbkahregion are expected from both the cusps and
the plasma driven from the nightside through thetna¢ line. We soon obsex a clear formation of
dense plasma clouds at around 80-99 Re, witterolouds seen around the equatorial plave mean
by plasma clouds that low density rantdghape ensembles of plasma blobgyure 3.7(D) shows the
field line topology corresponding tthe plasma in panel B. Othe nightside, field lines are
straightened and stahed out tailward. At arouh73Re, we see an X point. On the former right-hand
side, the field lines form a vortex-like struaucentered at the pai(x, z) = (88, 20)R a structure that
corresponds to the plasma spherical clabds were seen on the tail side in panel B. It is interesting to
note that the equatorial plasmaghisewell developed and has a variable thickness that may reach a

few Re.
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C D
Figure 3.7.Earth’s magnetosphere formation inside a box filled by e-ion pairs that have a bulk
velocity of 0.25. Solar Wind particles incident thre left side of the box have their bulk velocity
Vsw=0.25. The above plots are in the x-z plamated at y= 27 Re. Plasma distribution is shown
in panels A and B, taken at 100 and 10@0respectively. The casponding field topology is
shown in panels C and D, taken at 100 and 1@Q@espectively
3.4.2  Other examples in dawn-dusk and south-north directions
To complete our view of the magnetosphere strediuat results from thepglication of a stronger
solar wind drift velocity incidentnto the system, we found usetoilshow the corresponding behavior
on plasma and field distributions in dawn-dusk aodth-north planes. This will enable us to track
globally the output of this study BD. Hence, for the dawn-dusk plane, we show in Figure 3.8, panels
A and B the density distribution at 1d® and 1000, respectively, whilst panels C and D show their

corresponding fields distribuin. In figure 3.8(A) at 100, the plasma distrililon show a circular

shape with tiny density crests implanted inside, ddsksf the circular shape in x-y plane. The field

39



representation of this plasma feosvn in figure 3.8(C), where the fieldhes show an early trace of the
formation of the magnetotail. In figure 3.8(B) taken at 1@0)Q@he trapping region around the
equatorial plane has a thickness of ~6Re. More pldifing in the nightside cavity is observed, with a
denser distribution toward dusldsi (at z=35-45 Re). Figure 3.8(Bhow the field topology of the
plasma distribution in figure 3.8(Byvhere the field's lines stretchedt tailward to map the classical
shape of the magnetotail in x-y p&arNote however that in the former region, the field’s lines are
driven dusk side (look at theefd topology from x=66 Re arzkyond). At the magnetopause the

field’'s lines are compresdalong x direction.

C D

Figure 3.8. Earth’'s magnetosphere formation inside a box filled by e-ion pairs that have a bulk
velocity of 0.25. Solar Wind particles incideot the left side of the box have their bulk velocity
Vsw=0.25. The above plots aretire X-Y plane located at Z= 28 R&lasma distribution is shown

in panels A and B, taken at 100 and 10@Qrespectively. The eoesponding field topology is
shown in panels C and D, taken at 100 and 1GQ€espectively
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The next interesting section of tB® system that is commonly studiedof the y-z plane (here taken
at x=40Re). For the same case of a strong solar aviftdvelocity (Vsw=0.25), we show in Figure 3.9
the density distribution at 100t and 1000, respectively in panels A and B, whilst panels C and D
show their corresponding fields disution. In Figure 3.9(A), it is elarly seen thathe northern and
southern cusps are dawnemted this time. The effect opplying a stronger dynamic pressure can
easily tracked by comparing Figures 3.3(A), 3.66%d 3.9(A) where the sequential configuration
implies that the stronger the dynanpressure the more confined tin@gnetospheric cavity as seen in
figure 3.9(A). Two finger-like shaped plasmas abserved at (y, z)= (382 and 39,26)Re. In Figure
3.9(C) the field’s lines topology staspening at y=11 Re and y=45 Regyhare flared out in the dawn
side of the planet and more comthat the dusk side. In Figuse9(B), a clear modification for the
plasma distribution is apparenthgveloped due to the increase of the dynamic pressure that implied for
10000t on the system. The cusps are connected térdbped region around theaplet in both dawn
and dusk directions, and one cae ghat along the y direction tiapped regions have an average
thickness of approximately ~7 Re. The cavity sizess abnfined at the duskde and more relaxed in

the dawn side.
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Figure 3.9. Earth’'s magnetosphere formation inside a box filled by e-ion pairs that have a bulk

velocity of 0.25. Solar Wind particles incideott the left side of the box have their bulk velocity
Vsw=0.25. The above plots aretire Y-Z plane located at X= 40 R&lasma distribution is shown

in panels A and B, taken at 100 and 10@Qrespectively. The eoesponding field topology is

shown in panels C and D, taken at 100 and 1G0€espectively

3.5  Application of a depression in thesolar wind flow (air pocket effect)

After analyzing these cases, wenclude that our PIC code receosewhat is known about the large
structure of the Earth’s magnetosphere for all reginfesolar wind ram pressure. Hence, the next set
of tests for our code is designed to check its capacity to simulate the time variability of the

magnetosphere on selected time scales. For exaomgef the most manifestitures of solar wind is

its dynamic pressure variability, which we choosesitaulate. Depression/compression of the solar
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wind is simulated by applying abrupt changes to tleedmf the steady flow of the solar wind particles
inside the simulation box

Shown in Figure 3.10n the noon-midnight planés a steady flow witta bulk velocity of 0.25
of solar wind particles that haw®en injected into the simulation boXhe process enables the system
to evolve up to 400, thereby allowing enough time to establibie classical maastructure of the
Earth’s magnetosphere. Next, the solar winidk velocity is reduced to 0.1 for 10 between 400
and 500 . At 500 (t, Vsw is again increased to its initiehlue of 0.25, and the process continues
until 1000 (t. As a result, a gap is generated in thedet plasma structure that can be defined by the
drop in both the bulk velocity and the plasma deraibyng the x-axis. This structure results in response
to the sudden drop in plasma dynamic pressur€idare 3.10, the upstream boundary of the formed
gap is around 13 Re and moves with initial steady state speed®25, whilst the one downstream is
around 28 Re (indicated lifie two vertical bars in figure 3.10)As shown, the gap has a width of
approximately 15 Re, which is consistent with heture of a differential speed applied during 100
t—e.g., (0.25-0.1)*100= 15Re. Our code, thencapable of reproducing pulse events in the solar
wind properties and following them with time whilseasuring their impact on the magnetosphere. In
the next chapters, the code will be used to simdetempact of the disturbaas of the incident solar

wind on the Earth magnetosphere.
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Figure 3.10. Gap generation due to a depression inSbkar Wind flow during its interaction with
Earth’s magnetosphere at 5@ plotted in x-z plane located at 27 Re. At the selected step time,
the gap is centered at x~20Re amticated by the two vertical baaongthe x-axis and has a width of

~15Re.
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3.6 Conclusions

The code described in chaptehas been tested on three diffarkevels of the solar wind bulk
velocities (slow, moderate, and strong). We shol@a the dynamic pressure directly influences the
shaping up of the Earth magnetospheseat can be seen in Figures 3.1to3.9. We have also shown
the importance to study the interaatiprocess in different planes, the example of Figures 3.4(B) and
3.6(B) that describe the plasma during a moderdée wind bulk velocity. Indeed, in that case, the
cusps were shown nightside oriente®.4(B) (taken in x-z planehowever when looking at their
coordinates in the y-z plane, wensthat the northern cusp is dawnemted, while the southern cusp is
dusk oriented. Then we can conclude that tleps@re nightside orienteout oppositely diverted
along y-direction. In the same wdgy strong solar wind velocity, wieund the plasma tail is dusk
oriented, a result that could not $een from the only noon-midnight sea. A 3D investigation of the
magnetospheric topology is themsetimes required to handle thel fset of processes acting on the

system.
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Chapter Four
The Impact of Solar Wind Depression(Air Pocket Effect) on the Dayside

Magnetopause in the Alsence of the Interplanetary Magnetic Field.

4.1  Introduction

In this chapter, the impact of a depressiothmsolar wind on the dayside magnetopause during
the absence of the interplanetary magnetic fjiNéF) will be studied using the PIC electromagnetic
code that has been described in chapter 2 and testddhpter 3. In a first step, we will discuss the
strategy of the simulation of the interaction bed¢w the solar wind anthe Earth magnetosphere.
Indeed, the absence of IMF was chosen on purposasfiest case in a sequential study where further
orientations of the IMF will be selected. For exaenpk we will see in chapter five the IMF will be
included as a steady flow southwamad in chapter six, the study wiliscuss the interaction when the
IMF is oriented northward. The dynamic pressafethe solar wind and the Earth magnetosphere
magnetic pressure will play the basic controllingneénts in the interaction process. Four time spans
were chosen as a common duration of tinrealbcases which arg001, 1100 and 1175 and 12%0
The plasma density distribution whle discussed in 3D in Figuresl44.2 and 4.3. The field’s lines
topologies will be discussed in 3D in Figures 414 and 4.6. Section 4.2 and 4.3 will be devoted to
the description of the plasma distribution in neuidnight plane, dawn-diksplane and south-north
plane respectively. Section 4.4 and 4.5 will be deddb the description dfelds’ topologies in noon-
midnight plane, dawn-dusk plane and south-northeplaspectively. In séon 4.6, analysis and
comments are presented to discuss the results obtained so for, particularly with Figure 4.7, which will

describe the magnetopause expamsecovery in 3D, and Figure 4wdhich will show the detachment
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of plasma blobs due the depsion of the solar wind in different tilmpan. In section 4.7, some of the

results will be biefly summarized.

4.2 Plasma distribution atdifferent time span in the noon-midnight plane

As described in chapter 3, to simulate theraatgdon between a depressiin the solar flow and
the magnetosphere, we first obtaisteady state after allowing thesm to evolve until step time 900
& under the influence of a solar wind bulk velodityw of 0.25 but no IMF is applied. We then reduce
Vsw from 0.25 to 0.1 and, accordingly, the ram pressure drops by 60% during tkéfbre the latter
Is restored to its initial valueConsequently, moving gap forms, &®wn in Figure 5.14) at time step
1001 (t when its position was between 12Re and 2@Reg the Sun-Earth line. Clouds of plasma
from the tail fill the formed cavity and feed the etpuil plane with a plasmasheet that has a variable
thickness. The plasmasheet mentioned here is ampfasma distribution ahg the neutral line that
can be seen between (x,z)=(80,45)Re and (120,50)ecusps are clearly visible. As expected, the
particles entering the cusp bounce baokl forth due to the exchange of the parallel plasma velocities
for the perpendicular velocities, thereby prddgcthe magnetic mirror effect as evidenced by
following the particles’ motion with time in that region.

In Figure 5.1(B), taken at 110@, the downstream boundary of the generated gap reaches the
dayside magnetopause. At that time, the exparnditine magnetopause appaigrextends to 13.5 Re
along x-axis. Within the gap, ligltlouds of plasma of random dibution are seen, some of which
reverse direction toward the Subn the tail side, a stream of ptaasheet replenishes the space along
the neutral line Figure 5.1(C) reveals a new situation whigre@ magnetopause surface (nose), after an
expansion period, breaks up within the gap. Bgithe expansion phase, the stretched magnetopause

appears as a thin, distorted layer that breaks @pditance of approximately 15.5Re from Earth at
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~1132 (t. Soon afterward, the extended magnetopdasindary hits the upstream boundary of the gap
area. Plasma clouds (blobs) are visible in theereded dayside cavity of the magnetosphere. The
orientation of the cusps (seen as almost uprightisnctise) is highly affectdaly the travel of the solar
wind depression inside the systedrelatively large plasma cloud abserved along the neutral line at
about ~ 80Re tail side.

Figure 5.1(D) shows that after the solwind gap boundariegpass over the dayside
magnetopause, the latter restores its classicakshiap a nose position at approximately 10Re from
Earth. A thin ring of plasma correspondingth® noon-midnight section of the trapping region is
formed around the planet. The sizetlu region reaches 6.6Re at thightside equatorial plane. The
shape and orientation of the cusps are highlgeqithle to changes inducdyy the gap travelling
through the system. At the eantyghtside, we notice that the mag¢wspheric structure flared out
despite the fact that B=0. We believe that the lobesspend positively to # drop in the ram
pressure when the gap approaches them, and as a ttesylstretch out. Therefore, this flare-out is
due to the drop in the solar wind pressure rather tirmterplanetary magnetic field. At 100-145Re,

lobes are parallel to the Sun-Haline, with large plasma cloudsrmed around the equatorial line.
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Figure 4.1. Time sequence of the respensf Earth’'s magnetosphere @odepression (air pocket
effect) in the incident Solar Winddilv for Bz=0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0Qrespectively. All plots arehewn in the x-z plane located at
y= 52Re and the gap position alonglirection is shown in figure b&een the two arrows heads.
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4.3 Other examples of plasma distribution seenn different planes such as dawn-dusk and
south-north directions.
To present a global view for the sensitivity of thetkEa magnetosphere to the variability of the solar
wind dynamic pressure, we show in the followiraurf images in dawn-dusk plane (x-y plane at
z=53Re; equatorial plane) and other four imagesauth-north plane (y-plane at x=60 Re of the
Earth’s position).
First, we discuss the dawn-dusk plasma demsgiribution. In Figue 4.2(A) taken at 1001k,
the generated gap is observed lesw~12 and 27 Re along the x-dir@ct The plasma in the trapped
region appears as a concave band along y-directidrhas a thickness of ~5 Re. Clouds of plasma
from the tail fill the formed cavity in the night sidég filling is denser toward the dusk side. In Figure
4.2(B) taken at 110Gk, the gap (air pocket) is advancedataew position of its upstream edge at 27Re
along x-direction. Clouds of plasma in the gap seen clearly, some efhich are observed moving
against the stream. Later on, we will try to explain the mechanism that makes these tiny blobs of
plasma to reverse directions. The trapped refptasma band) around the planet along y is observed
and has a relative thickness ®f6Re. At this time of 1000k, the magnetopause is thinning and
approaches the downstream of thp.gin figure 42(C) taken at 1175k, the expanding magnetopause
is observed breaking up. The trappedion in the night side contractedsize to 4.3Re, while filling
of plasma becomes denser and dusk orientednmstef density. In figure 4.2(D) taken at 12%0the
solar wind gap boundaries pass over the daysithgnetopause, which restored its position
immediately after the disturbance is over. Thardl out of the northern and southern lobes is
remarkably observed. This flare out is directgsaciated with the position of the gap (air pocket

effect).
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Figure 4.2. Time sequence of the respensf Earth’'s magnetosphere @odepression (air pocket
effect) in the incident Solar Winddilv for Bz=0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0respectively. All plots are shown in the X-Y plane located
at Z= 53Re and the gap positionradax-direction is shown in figure between the two arrows heads

The plasma distribution (no IMBpplied) is now presented in the second plane considered in
our extended 3D study, namely the south—north plgizeat x=60Re). In Fige 4.3(A) taken at 1001
a, a doughnut shape of plasma, which has an agdtagkness of ~3.5Re is seen around the planet
within the magnetospheric vicinitAlso, the cusps are seen linked to the doughnut at both north and
south direction. In figure 4.3(B), ¢hcusp is seen up right in the etpuel plane and pointing along the
planet coordinate in z-directiom figure 4.3(C), taken at 1178&, the cavity shows slight expansion

along y and z direction, the doughnut shape infi@emagnetospheric cavity is squeezed along the

planet position(y=52,z=53)Re. Somktasma blobs are observed aldhg y-direction from the dawn
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side and connecting with the boundary of the doughrapeshBoth cusps are seen slightly declined
toward dawn direction. Other plasrbs are seen entering fronetbpposite direction (dusk) into the
inner magnetosphere. At the left upper/lower safethe simulation, box a triangular shape of
emptiness signifies that the boundary of the gapeliray along x is concave around the planet position
and reaches its position along y-z plane friw@ dusk side. In Figar4.3(D) taken at 125@, as the
solar wind gap passes over the dayside magnetopghesegrthern and the southern cusps are inclined
toward dawn (point sharply nightward in x-z ptdnand connecting to the trapped region in the low
latitude of 3t1Re. The gap bounddmys the simulation box boundary the dusk side as seen at the

upper/lower corners of the simulation box.
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Figure 4.3. Time sequence of the respensf Earth’'s magnetosphere @odepression (air pocket
effect) in the incident Solar Winddilv for Bz=0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 1280respectively. All plots are shown in the Y-Z plane located
at X= 600
4.4  Field topologies at different tme span in noon-midnight plane
In terms of field lines topoly in the x-z plane, we see in Figure 4.4(A), taken at 1@0that the
dayside magnetopause standsi@und 10.3Re from Earth along thertBeSun line. The lobes are
seen as approximately parallel to the Sun-Eany because the gap effect is not yet felt by the
nightside system. An X-poiman be seen at 103Re. The configjaraof the field lines at the tail side
implies the existence of plasma concentrated inrdgabn centered at the point (x, z) = (140, 47)Re as

confirmed by Fig. 4.1A.In Figure 4.4(B), taken at 110, the magnetopause nose is seen expanded

up to 15Re from Earth. The lobaee clearly seen driven paraltel the neutral line. At around x =
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140Re, a vortex-like configuration die field lines denotes the plasmanfined at that distance, as
shown by Figure 4.1(B).

Figure 4.4(C), taken at 1178, illustrates how the field lines at the dayside magnetopause start
breaking up at around 15.48Re from Bgdee figure 4.1(C)). Operefd lines are clearly seen around
this distance as it was the case for the plasmalditittn shown in Figure 4.1(C). One also sees an X-
point at 103Re (in fact, we monitored multiple X-psithat will be discussed in the conclusion). Field
lines configuration at the nightside up to 100fRe a wave shape, olulike their corresponding
plasma in that region. This configuration cop@sds to the interaction between plasma seen at 80Re
(e.g., Figure 4.4(C)) and the plastnaveling Earthward from the far tailln Figure 4.4(D), taken at
1250 @, the magnetopause nose’s position reads the\@&l10.30Re from Earth: this means that it
has been recovered after the depression effeaver. Field linestopology shows vortex-like
(confined) structures thatay be single or multiple along the nedifine (at x = 120Re, and 145Re for
z = 53Re). For example, one may count up dor fsuch vortex-like structures during the time
evolution of the system. The gap position novapproximately betwee@5Re and 85Re along the x-
axis (see Figure 4.1(D)), which results in stnaig of the lobes and thus pulling the position of the X-

point Earthward, now seext (x, z) ~ (90, 53)Re .
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Figure 4.4. Time sequence of the response of Earth’s magpbere to a depressi¢air pocket effect) in
the incident Solar Wind flow for B. Field lines are shawin panels A, B, C, and D, taken at 1001,
1100, 1175, and 1250, respectively. All plots are showin the x-z plane located at y= G2

4.5  Other examples of field lines topologyn dawn-dusk and south-north planes.

Following the same presentation of section 4. 8dasma distribution, we discuss here two
examples of field lines topology obt&id respectively in dawn-dusk plane and in south-north plane.
First, in Figure 4.5 plotted in x-y plane (at z=53R®ur panels show thield’s lines topology at

different time span. In Bure 4.5(A) taken at 1001k, the field lines are bent around the
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magnetosheath in both dawn and ddskctions. Instabilitis in the field’ linesgrow slightly around
x=25Re consequent to the air pocket effect. Alongetigatorial plane in the gint side, field lines are
stretched out tailward and diverted slightly towdus$k which corresponds pdasma density in Figure
4.2(A). In Figure 4.5(B) taken at 1100 the modification of the présus sketch is seen in the
confinement of the field’s linetopology at the nightside and tlaelvancement of the instabilities
toward the magnetopause as the gap is now apbpirg that point. In Figure 4.5(C) taken at 11f7%&s
the magnetopause expands and reaches a yieldingtpdinéak up; we can’t see the corresponding
field lines breaking up in as theefd main component is across thg plane. The breaking up of the
magnetopause boundary appears here at both daivdusk side. Fields’ lines at the magnetotail are
observed getting denser and packedlmch is corresponding to the dendasma at that region. In
Figure 4.5(D) taken at 1230, remarkable instabilities grow #te beginning of the simulation box.
These instabilities reflect the plasma injection updath@fast solar wind drift velocity in the dayside
of the magnetosphere. These insidbed seem to connect to the pms of the gap that now passed
over the planet position. At the magnetotail, fron8@+o the end of the simulation box, field lines are

stretched out there and drifted duskward.
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Figure 4.5. Time sequence of the respensf Earth’'s magnetosphete a depression (air pocket
effect) in the incident Solar Wind flow for Bz=(ield lines are shown in pals A, B, C, and D,

taken at 1001, 1100, 1175, and 12&0respectively. All plots are shown in the X-Y plane located
at Z=530

Second, in Figure 4.6 plotted in y-z plane a@Re, four panels shothe field’s lines topology
at different time span. IRigure 4.6(A) taken at 100k, field’s lines at the dan side (East) are seen
peeled off back at both north and south directdmle the corresponding linese confined at the dusk
side (West) of the planet. Thedtprints appearance ofstabilities can beeen all around the planet.
The particular reason of this appearance is direethted to the abrupt change in the dynamic pressure

and the proximity of the advancing gap to the platdhat step time. In Figure 4.6(B) taken at 1100

57



i, the field lines are again peeleff at the dawn side back to duside. An example of this process

can be seen at (x,z)=(48,67 and3®Re nearby the cusps region. Bmgnature of instabilities shown

in Figure 4.6(A) is seen here but at a differendifpen due to their dynamic nature. In Figure 4.6(C)
taken at 11750, a new situation is seen here, the field lines at the dawn side are not peeled off, but
rather opened; at this particular time the magnet@pauthe x-direction is lmken up and its expansion

is widened in 3D. The field lineare straightened at the northeand southern cusps regions, which
resembles upright position of the cusps igufe 4.1(C). In Figw 4.6(D) taken at 125@k, the
depression effect of the solar wirglover, and the field’s lines tologies are recovered as a normal
dipole configuration. It is wortio note that the peeling off ofdhfield’s lines appeared during the
approaching of the solar md plasma flow to the planet positifiigure 4.3(B and C)), which signifies

particle entries in/out the inner magnetosphere.
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Figure 4.6. Time sequence of the respensf Earth’'s magnetosphete a depression (air pocket
effect) in the incident Solar Wind flow for Bz=(ield lines are shown in pals A, B, C, and D,
taken at 1001, 1100, 1175, and 1280respectively. All plots are shown in the Y-Z plane located
at X=600
4.6  Analysis and Comments
Two points are worth to discuss héxefore we present some concludnegnarks. The first pertains to
the breaking up of the nose of thegnatopause as it responds to diepression of the solar wind. The
second point refers to the detachmefnplasma blobs from the downsam edge of the generated gap.

In the first point, we noticed that after axpansion phase necessary to respond to the drop of

the dynamic pressure of the incoming solar witiet outer boundary (nosef the magnetopause
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breaks up with open magnetic field lines at a distaneel6f48Re from Earth. This result is confirmed
from both the plasma density and thstribution of field lires (e.g., Figures 4.1(C) and 4.4(C)). When
we think of the magnetopause as an interfac@quilibrium betweertwo opposite magnetic and
particle pressures, ouesults for the case with no IMF shakat the magnetopause (MP) boundary is
dragged far enough from its equilibnh position to lead it to brealkp. In addition, no apparent
modification in the global field resssthis inflation. Indeed, in our case, there is neither ionosphere-
magnetosphere coupling nor flux tubes that trangkesma from the uppeomosphere intdhe inner
magnetosphere and, hence, no modification of the niadgredd strength. As long as we discussed the
plasmas density and fields’ topgies in 3D, it is worth to alsaliscuss the response of the
magnetopause to the depression of the solar widiDinFigure 4.7 gives an alytical description in

3D of the expansion/contramh of the magnetopause dieethe air pocket effect

In Figure 4.7, panels A, B, and C represig expansion/contraction phase when B_z=0 and
when they are measured through the size of tignetapause along x (from Earth), y (dawn to dusk),
and z (south to north), respectively. Here, x regmessthe Sun-Earth line (at (y, z) = (52, 53)Re), y
represents dawn-dusk line (at (x, z)=(60, 53)Reg, a represents south-notthe (at (x, y)=(60, 52)
Re); no tilt is assumed.To locate the magnetopause boundalgng any axis, we plot the density
profile and look for the abrupt drop-off of the dendity definition of the stagnation region. Next, we
measure the position of that density edge relatitedgdearth’s position at (X, y, z) = (60, 52, 53)Re
panel A, the magnetopausesponse to the abruptarige shows a nearly-fdstear expansion of its
size from ~10Re up to ~15Re between 1117 and XL3®&ince the gap (air pocket effect) extension is
large enough, the induced non-restricted foldews off the magnetopause structure and the
magnetopause boundary breaks up at ~15.5Re at ~(t]132aving the magnetopause with an open

boundary. As the upstream gap boundary moves closehéonew, expanded magnetopause, plasma
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accumulates and again produces enough dynamic prdsshatance the dipole magnetic one. It is
interesting to note how that expansion phase (imgeof distance) grows faster than the recovery
phase.In panel B, the magnetopause in y direction vidtlz=0 shows a different behavior. Its length
expands from 17Re up to 28Rbut between 1141 and 1198 the length relaxes for &, and then the
magnetopause shrinks back for ~ 2Re (probably duslteced pressure by thi@y particle ensembles
inside the gap) andtays there until 1204t. At 1204 (i, the system againasts its expansion for
~4Re up to 1208%. At this stage, the system enters itheovery phase and rests its average length
of (~14Re) at 1244%. Figure 4.7(C), obtained similarly whé&n z=0, reveals thahe expansion phase
along z reaches ~21 Reetween 1081 and 112&, then shrinks for 10k for ~ 1.4Re. It expands

again to ~ 27Re at 116@ and recovers its initial value between 1162 and 125
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Figure 4.7 Magnetopause expansion/recovery measured Earth location (X, y, z)=(60, 52, 53)Re in
3-D along x, y, and z axis for B_@=panels, A, B, and C). Pan&lshows that during its expansion
phase, the MP breaks down at a distariceRe from Earth when zero IMF is applied.
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To better understand the expansion phasé¢hef MP surface, we study in the following the
dynamics of the reversed clouds/blobs of plasnsa&déenthe generated gaphe blobs are defined as
those ensembles of low densityaginas that are seen detaanfrthe gap downstream boundary and
reverse direction against the strearklere, we adopted the analglianethod of Misin (1993) to
calculate the different plasma pseires inside the gapaaround its upstream and downstream sides.
At an early stage of the process and downstredimeafap, one may sketch a simple scenario: the drop
in the solar wind drift velocity fronvy = 0.25to V., = 0.1 induces a pressure gradiefR= U V,)?-
(V1)?) that should drive a mechanical fore= (P/{ oriented along the x-axis, whel@ is a scale
length that should be close to twedth of the gap’s edge. BecausE < 0, this mechanical force is
directed sunward and should accelerate particles fioackthe upstream of the magnetopause. As the
flow has an initial bulk viecity directed opposite tthe force direction, the induced force will stop the
particles and then reverse their velocity directianvgard (against the initial direction of the flow).
The fascinating result is @ih the mechanical acceleration is sorsg in the gap region that the plasma
is blown off backward, sweeping the field lines awathwvt. This result is responsible for making the
MP expansion run linearly along and later causing it todak up at a certain distance

For the sake of clarity, a region zoomed in betweerl0' xd 89 dand30 z 69 d d
was selectedAs shown in Figure 4.8, and much like corbmass ejections from the Sun, we see the
formation of blobs of plasma (two are circled ie image) that are eject@ato the gap space after a
lapse of time. We believe that these unusuabdlare the consequence tbk mutual impacts,
respectively, of the depression for@med the instability of the plasntayer that stands upstream in the

magnetopause.
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4.8 Time sequence of the detachment and sunwardltod\a blob of plasma in the gap when no IMF
is applied (B_z=0). Plasma density is shown ingl& A, B, C and D, taken at 1075, 1081, 1086, and
1091 ( respectively. All plots are shawin the x-z plane located at /2Re and zoomed in between x
= [10-89]' and z = [30-69]. Images’ contrast was increased to highlight the blobs.
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4.7 Conclusion and Remarks

The 3D description of plasma afiélds in this chapter was panilarly important to give a global
image of the magnetospheric structure at any time. For example, Figure 4.1(C) shows the cusps
nightside oriented, but when look fegure 4.3(C ) one can have mansight about the orientation of
the cusps in the dawn-dusk direction. This suggts importance for numerical modeling to acquire
a global and instantaneous descriptd the magnetosphere structurataesponds to the variability of

the solar wind dynamic pressure. In this chaptevas shown that low density plasma inside the
generated air pocket reversed direction at an earty ¢inthe onset of the simulation process. Blobs of
plasma get detached from the downstream edgbeofjap, reducing by mass loss the width of the
plasma layer that sustains the magnetopaus@tAguing result was obtained when the magnetopause
dayside boundary broke up during its sunward expanghase, an expansion that started as soon as
the advancing gap got close enougthet region. Other interesting réisushow that th orientation of

the cusps is highly affected by thdepression in the solar wind flowhile lobes flaredbut. Also, our
simulation showed that one can &ag to two X points in the magnésd neutral sheet as indicated

by two arrows in Figure 4.4 (C) [same double x-pomtsy also be seen in figure 4.4(D)=]. These

results will be further discussed inagiter 8 when comparing to observations
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Chapter Five

The Impact of a Solar Wind Depressin (Air Pocket Effect) on the
Dayside Magnetopause During Sotltward Interplanetary Magnetic
Field.

5.1 Introduction

In chapter 4, the impact of the solar wingassion on the day siageagnetopause during the
absence of the interplanetary magnetic field (IMF) was discussed. This chapter will follow up the same
scheme but with the presence of IMF which was ehasouthward oriented thi a steady state flow
Vsw=-0.2. Four time spans were chosen as a aomauration of time for alcases in all directions
which are 1001, 1100 and 1175 and 14B0The plasma density distribati will be discussed in 3D in
Figures 5.1, 5.2 and 5.3. The copesding field’s lines topogies will be discased in 3D in Figures
5.4, 5.5 and 5.6 respectively. Section 5.2 andvilBbe devoted to the description of the plasma
distribution in noon-midnighplane, dawn-dusk plane and souththgslane respectively. Section 5.4
and 5.5 will be devoted to th@escription of fields’ topologiesh noon-midnight plane, dawn-dusk
plane and south-north plane regpesly. In section 5.6, analysis and comments are presented to
discuss the results obtained so for, part of which figure 5.7 will describe the magnetopause
expansion/recovery in 3D. In section 5.7g timain results of our simulation will be briefly

summarized.
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5.2 Plasma Distribution in Different Time Span along Noon-Midnight Plane

We present the results of the interactioh a solar wind “air pocket” with Earth’s
magnetosphere when IMF is included as a steady sauthield (B_z<0). As in the previous chapter,
the system is first allowed to become esslidd before the depression takes place at @00'sw is
then reduced from 0.25 to 0.1 and, acawgtyi, the ram pressure drops by 60% during IDbefore
being restored to its initial W& (see Figure 5.1(A), taken at 10@f). This effect results in the
formation of a 15Re wide gap (shown between tpposite arrows in the figure) located between
10Re and 25Re along the x-axis, as shown in FigurfA\p. The classical aicture of the Earth’'s
magnetosphere is easily observed] ane can see the signature of Bseth's bow shock at 44-48Re.
The cusps are quite pronaint and nightward-oriented.In figure 5.1(B), taken at 1100X, an
expansion of the magnetopause sunward is noticetbdhe depression ahead of the nose. Bow shock
can be seen at around ~ 48Re alomyxdaxis. As the gap moves dowesm Earthward, it begins to
show a curvature around 5-20Re and 80-100Re alongdkis zhat appears as a departure from the z-
direction toward the planet. Thisirvature is the result of the gagoundary that begins to respond to
the strong magnetic pressure of the Earth on theEawth symmetry line, whilst across, at both ends
of the boundary along z, this pressure is notfyly felt, and thus the gap’s boundary continues its
forward motion unimpeded. More clouds of plasmassaen filling the generategap. The cusps are
clearly seen, and cloudsf plasma are also seen along theutral line on thenightside. The
magnetopause is still in its exp#rs phase at this stage, havintgeagth of ~12.3Re from Earth along
the x-axis.

In Figure 5.1(C), taken at 117&, the subsolar magnetopausarts retreating Earthward at
around 43Re (Earth position is 60Re). We observetliegblasma flow enlarges the indentation at the

cusp. On the other hand, the cusp region expandsddhe poles. At this particular time, we clearly
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see a ~2Re thick belt/sheet of plasma formethatdayside of the magnetas®; it appears at the
nightside and has a thickness of about ~3Re. ,Heeedayside magnetopause structure never breaks as
it did when B_z=0 discussed in chapter 4n Figure 5.1(D), taken at 125@, the dayside
magnetopause recovers its classstelpe after the gap’s boundaries pass over the planet. The effect of
the reduction of the ram pressure can be felt at 6Be88long x. We see thtite cusp outflow region
becomes more flared relative ttee Earth-Sun line. At 100-14Dwe observe that the tail boundary is
reduced, thereby increasing the plasma sheet thaskiBarn (2005) discussed the relation between the
tail boundary reductions and the plasmslaeet thicknesat the magnetotaila relation that our
simulation seems to confirm. The denser plasnmaesofrom the nightside that feeds the equatorial

plane along the neutral line.
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Figure 5.1. Time sequence of the respensf Earth’'s magnetosphere @&odepression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0Qrespectively. All plots arehewn in the x-z plane located at

y=520
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5.3  Other examples of plasma distribution seeim different planes such as dawn-dusk and
south-north directions

In the same context as we did in chapter 4new present the plasma density distribution in
different planes. We will present here four imagedawn-dusk plane (x-y planat z=53Re; equatorial
plane) and other four images in south-north plgne plane at x=60 Re), all taken at the same time
span of 1001, 1100, 1175 and 12%D respectively. By doing soye tend to acquire a global
description of the plasmdistribution when IMF is southward oriented.

First, in figure 5.2(A) taken at 10@L, the classical structure dfie Earth magnetosphere is
observed in the equatorial plavehere the gap is shown (indicatey opposite arrows in the figure)
between x=10 and x=25Re. The sigmataf the bow shock is observatix=44Re. A trapped region of
plasma of thickness3Re at the night side appesas a concaved shape svdg to the planet. Plasma
clouds are filling the equatorial plane at the night gsigecially at x=82 anonward. In figure 5.2(B)
taken at 11000, the expansion of the magnetopause sudws noticed. The gap moves earthward,
and starts showing a curvature@and the magnetopause; inside whldobs of plasma are seen all
over. The magnetotail contracted earthward regtd temporary new boundary of plasma at x=95Re.
This contraction is a sigiure of reconnection in the magnetotiilthe inner magnetosphere, a strip of
plasma, more oriented toward davisiseen adjacent tbe inner boundary of ¢hmagnetopause, which
is another signature of possible reconines. In figures.2(C) taken at 117&, the gap now moves in
the magnetospheric region, and its curvature dastrin preceding figures leave a very low density
two parcels at the boundary of the simulation bes(the zone indicated by the two arrows in the
figure) along y-directiondt is worthy to note thadluring this expansion dhe magnetopause, it didn’t
break up as it was the case at the same duratiomefvhen B_z=0. In figure 5.2(D) taken at 12G0

one clearly sees the plasma belt which was shavigure 5.2(C), now extends from x=55 out to 64
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Re along x-direction. The magnetopause recoveraagsical shape as the gap passes over the planet
position. Almost an empty parcel indicated by t® arrows in the figure at the far y-direction

indicates the gap position at this particular time. Gtwetraction of the magnetdaitss still seen in this

figure at x=103Re.

C D

Figure 5.2 Time sequence of the response of Earthagnetosphere to a depression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0respectively. All plots arehewn in the x-z plane located at
y=520
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As a second study, we now show the plasma dedsitgibution in the south-ntr direction (y-z plane

at x=60Re). In Figur®.3(A) taken at 1001, the northern and the southecusps alike are pointing
toward the dusk direction. A doughnut shape of plassch has an average thickness of ~1.5Re, is
seen inside the magnetospheric cavih figure 5.3(B) taken at 110®, both cusps show the same
orientation as the previous figure and poinslduard. The doughnut shape is squeezed in the right
hand side of the plane@ard dawn) and relaxed in its leftrithside (toward dusk). Plasma entering
from north and south pdeare seen at the uppewller dusk side of the rgaetospheric cavity. In
figure 5.3(C) taken at 1175, aethap moves inside the magnetospgheavity at this particular time,
the gap boundaries, indicated by the arrows in thedjgahiow the strength of the created disturbance
more clearly in y-z plane. The plasma doughnut bngkeat the dusk direction and connected to the
magnetopause in the y-direction. The northern cuspmest upright, whilst the southern cusp is dusk
oriented. The gap in figar5.3(D) taken at 125@, is more driven towardightside along x direction

at the dawn side boundary. This explains thatstilesee it in the duskwardirection but not in the

dawnward direction.
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Figure 5.3 Time sequence of the response of Earthagnetosphere to a depression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0respectively. All plots arehewn in the x-z plane located at

y=520
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5.4  Field topologies in different time span abng noon-midnight plan that correspond to the
above mentioned plasma distribution

We discussed the plasma dengiigtribution in 3D inthe last three sections and built up a
global idea about the behavior of the plasma vtherEarth magnetosphere responds to a depression in
the solar wind flow. Now we need to see the cauesling fields’ topologiesn the same manner as
have been previously describédle start by the fields’ topologgt the noon-midnight plane as in
Figure 5.4.

Figure 5.4(A) shows the field topmgy corresponding to thgarticle density in Figure 5.1(A). The
diffusion of the field lines with pect to the plasma at 15-30Re sh@ndrop in their strength because
of the noticeable drop of ¢hplasma dynamic pressure in that aréa opening ofthe field lines and
the signature of reconnection aresetved at the dayside magnetopaushis signatures seen better
at (x,2)=(43,37)Re, when the image is zoometivben (x=5-80Re) and (25-90Re). The Earth’s
bow shock is seen at ~42-46Re. tA¢ upper and lowdobes of the magnetotail points (x, z) = (100,
62) Re and (100, 43)Re, respectively, a fishtail shegnfiguration is observed. In addition, an X-
point formed at ~80Re.

In Figure 5.4(B), instabilities seen at 5-30Re @we to the cumulated effects of the new, fast-
approaching solar wind plasma as well aspglesma that slows down from the gap during 1®0
Indentations of the field tensities are seen aheadtloé subsolar point andflect the existence of the
bow shock from 30-60Re. Enlargement of the aheysonfiguration of the magnetopause at the Sun-
Earth line is seen at 46Re along »at&'’s position is 60Re). Field lin@se driven tailward, and in this
instance, an X-point is observed-&0Re. The fishtail configutian appears with roughly the same
position as the previous case. figure 5.4(C), as the upstream boundafyhe plasma approaches the

subsolar point, field lines become stronger—a socboection. The upstream of the air pocket effect
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now hits the expanded magnetopaw the distance of ~42Re (B8 Re from the planet). The
expansion of the magnetopause along the south-dwéttion is seen in thfield topology. Magnetic
erosion takes place in which field linase bent tailward rather thagueezed; as a resulhey feed the
tail with particles. An X-point is seen at ~80 Be the nightside, and thestabilities seen in figure
5.4(B) move Earthwardln Figure 5.4(D), the magnetic fieldgology at the magnetopause restores its
classical bullet-likeshape after #ninduced gap boundaripass over the planet pten at 60Re. Field
lines in the cusp region show inclination to the niglggdirection: in other words, this system is highly
dynamic, even in a very short instance of timee #dpology seen in thisgure resembles the classical
structure of the magnetosphere fiedghresentation. The fishtail cagdiration is now more flared out
due to the air pocket effect at points (x, z) = (BO)Re and (90, 42)Re, respectively, up to the box

boundary.
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Figure 5.4. Time sequence of the respensf Earth’'s magnetosphere @&odepression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0Qrespectively. All plots arehewn in the x-z plane located at

y=520
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5.5  Other examples of fields’ topologiesseen in different planes such as dawn-dusk
and south-north directions.

Two field configurations are presedte this section: in the dawhask plane (in x-yplane at z=53Re;
figure 5.5) and in south-north plane -z plane at x=40; figure 5.6).

First, figure 5.5(A) taken at 100k, shows the field’s lines topologi@s the equatorial plane directed
tailward. At the nightside of the planet, thereaisclear drift of the fia lines toward dusk side.
Instabilities of the fial lines appear along x direction betwegerv0-90Re. In figure 5.5(B) taken at
11000, at x=73Re out to 110Re, we ghat the field line across the edqoidal plane athe nightside is
clearly flared out toward the dusk. After this distariedd lines are drifted agn along the x-direction.
A small fishtail field configurion can be observed at x=144Between z=50 and 63 Re. In Figure
5.5(C) taken at 117&, as now the gap occupid®e inner magnetosphere pasi, the fietl’s lines at
the dayside look uniformly diributed, while at the nightside thaye straightened and directed toward
the neutral line. Instabilities awmbserved at the beginning of teenulation box, provided that these
instabilities might be related togmew solar wind plasma update. lhetword, the plasma to the left
of the upstream of the generated gap is fast platimeamay make the disturbances in the flow In
Figure 5.5(D) taken at 1258, most if not all the plasma at theydale have restored its strong initial
drift velocity, hence the dynamic m®ure is updated by the squardha drift velocity. Therefore, the
dynamic pressure dominates the weak southwargnet& pressure, which results in these strong
instabilities all around thdayside. The field lines dhe night side are almostraightened out toward

the tail. A clear vortex appeacsntered at (x,y)=(130,91)Re
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Figure 5.5. Time sequence of the respensf Earth’'s magnetosphere @aodepression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0Qrespectively. All plots arehewn in the x-z plane located at

y=520
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Second, the field’s lines topologies will be presdnite the south-north direction (at y-z plane at
x=60Re). In Figure 5.6(A) taken at 10@1the y-z plane reveals importanew of the dipole structure
and the resultant topology of thelfi and the possible reconnectianther at the dawn-dusk, south-
north directions or the cusps. For example at)¥y3¥7,46)Re and at (y,z|67,48)Re, signature of
reconnection is clearlyegn. In the cusps regions signaturerexfonnection is obseed at the north
cusp at (y,z)=(49,66)Re and (stz)=(49,36)Re at the south cusp figure 5.6(B) taken at 110®, the
field lines are opened and peeled off back in thendside around the dipole, bah contrary they are
confined in the dusk side. Field lines at the creggion are dense and mostyifted at dusk side as
compared by position to their corresponding regionthénplasma of Figure H(B). In Figure 5.6(C)
taken at 117%5t, field’s lines are widely flared out atehdawn side, and monfined and slightly
drifted toward the south at the dusikle as the gap now & the planet positionVhat appears at the
two right corners of the simulated box correspotmighe empty parcels shown in figure 5.3(C).
investigation the corresponding fieldselgs that the field’s lines withithe limit of the said parcels are
very week, then the strong configtioms of these line’s are not a sighthe magnetic fields, but rather

a sort of noise. In fact, it igot clear why this happens. Sagféect appears in figure 5.6(D)
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Figure 5.6. Time sequence of the respensf Earth’'s magnetosphere @aodepression (air pocket
effect) in the incident Solar Winddilv for Bz<0. Plasma density is shown in panels A, B, C, and D,
taken at 1001, 1100, 1175 and 12&0Qrespectively. All plots arehewn in the x-z plane located at

y= 52Re.
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5.6  Analysis and comments

As we did in chapter 4, the respers the magnetopause to the disaurce in the dymaic pressure, is
discussed here following the same analysis.Flgure 5.7, panels AB, and C represent the
expansion/recovery phase when B_z<0 as medstiirough the size dhe magnetopause along X
(from Earth), y (dawn to dusk), and z (south to nomé&3pectively. Here, x represents the Sun-Earth
line (at (y, z) = (52, 53)Re), y represents dawrkduree (at (x, z)=(60, 53)Re), and z represents south-
north line (at (x, y)=(60, 52Re); no tilt is assumedTo locate the magnetopause boundary along any
axis, we plot the density profilend look for the abrupt drop-off afie density by definition of the
stagnation region. Next, we meastine position of that density edgsative to theEarth’s position at

(x,y,2) =(60, 52, 53)Re

In Figure 5.7(A), the magnetopauexpands from 10Re up to I8Ronlinearly. Existence of
B_z makes the expansion phase slower, thus leadislgaider distances of the MP for the same step
time. In other words, the IMF confines the plasma, and the magnetopause never breaks up. This

expansion takes place withiluration between 1089 and 11d2

In Figure 5.7(B) the expansion phasketa place very slowly between 1087 and 1295and
the recovery phase is vemast between 1205 and 123&. Now, in the expansion phase, the
magnetopause size grows slovegd nonlinearly up to ~ 35Re until 120%. The recovery of the
magnetopause size in the y-direntimkes place very quickly: it shks from ~35 to~16Re between
1205 and 1240k. We believe that the fast recoverytbé magnetopause is due to a magnetic force
directed tailward (the slingshoffect) that adds to the magnetic ferof the dipole when the dynamic

pressure of the solar wind overpasses the magnetopause boundary for B_z<0.
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In Figure 5.7(C) we have a perbed expansion of the size zadirection for ~ 26Re between
1101 and 1172k; the system then recovers its equilibrium position between 1172 and(L220e
measured the size of the magnetopause 5Re awaythnertical position of the dipole to avoid the
interference of our readings withe cusp’s position, a region thiat highly susceptible to pressure

gradients.
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Figure 5.7 Magnetopause expansion/recovery measured Earth location (X, yz)=(60, 52, 53)Re in
3-D along x, y, and z axis for B_z<0 (panels, A, B, and C).
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5.7 Conclusion and Remarks

The low density plasma insideetlyenerated air pocket continugalving along the stream when
B_z<0 with more density fillingsThe magnetopause, as it respotmigshe gap effect, sustained its

shape and never breaks up. In addition, itmagion/recovery phasevere not linear.

Indication of reconnection is observed for B_z#fbough the manifestatn of both field’s lines
topology, and particles injection sile the inner magnetosphere, seen in the obtained plasma
distributions (see Figures5.3(C)Jhe X-points are observed locatedore closer to the planet’s
position because the tail side boundary shrank as ceshpathe previous caséth No IMF included.

Earth’s bow shock was successfully simulaaed was shown for both plasmas and fields.
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Chapter Six
The Impact of a Solar Wind Depressin (Air Pocket Effect) on the
Dayside Magnetopause during Nottward Interplanetary Magnetic

Field.

6.1 Introduction

In our endeavor to understand the general prolaethe Earth magnetosphere response to the
variability of the solar wid dynamic pressure, and aftesting our PIC code lfapter 3) to simulate
strong disturbances in the solar wittalv, we present in this chapta follow up study of the impact of
a depression in the solar wind flow on thertBa magnetosphere but with north IMF condition
(B_z>0). We remind that comparable studies wemeducted respectively in chapter 4 when no IMF
was applied (B_z=0), and in chapter 5 for soutlr I&bndition (B_z<0). To summarize, we found that
the existence of the IMF when southward orientedalpgsrently a stronger inknce in shaping up the
Earth’s magnetospheric structure. As an examplesponse to an air pocketthre incident solar wind
(SW) flow, the dayside magnetapse broke up during the expamsiphase at ~15Re when B_z=0
(chapter 4), but sustained its s$&cal shape when B_z<0 (chapter B)e also found that inside the
generated gap “air pocket”, themas low density ensembles ofapma ‘blobs” which reversed
direction and flew against the stream sunwardiiz=0 case. By contrast, this reversal was much
slower when B_z<0. Other findisgwere that the orientation ¢iie cusps was found to be highly

affected by the depression in the solar wind flowileviobes were flared out when B_z=0 due to the
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air pocket effect. To complete odragnostic, it would therefore be useful to see how these results
could change when IMF is included but northward.

In this chapter, as in chapse4 and 5 (Baraka and Ben-Jaft&07), our PIC code is applied to
carry out this follow-up study. For reference, wemind that our simulation box has dimensions
(155,105,105}, ' = 1 Re, and is loaded by 2¥l@lectron-ion pairs, where Earth is located at
(60,52,53)Re. The behavior of the plasma distrdrutind field topology at the dayside magnetopause,
including the formed gap (air pocket effect) and thacrostructure of the Earth’s magnetosphere are
all the focus of this chapter. The time evolutairthe system along the Sun-Earth direction will also
be discussed. A brief comparisortlwobservations and other relatedrivaill be presented. The same
organizational scheme of our previous work will dopted to easily explore the similarities and the
differences in our work. Therefore, in each dimensiwe present four images for the plasma density
distribution taken at 1001, 1100, 1175 and 12%(see Figure 6.1, 6.2 and 6.3 respectively for the
three directions previously considered). Theresponding four images of the field topology in each
dimension are shown (see Figure 6.4, 6.5, and 6.6)ref@rence, figures are drawn in x-z plane at (X,
y, Z) = (155, 52, 105) Re, in x-y plane at(x,y,4)5%, 105, 53)Re, and in y-z plane at (x,y,z)=(60, 105,
105)Re.

As in the previous chapters, the code was run for enough time({p@® establish the magnetospheric
structure when a northern IMF (B_z=0.2) is steadigluded. Then, a disturbance is applied during
100 & to generate the gap. The magnetopause \variati3D measured frofBarth position (at: x=60,
y=52, z=53) Re as it responded to gap effect is deeived and analyzed. A geular attention will be

paid to the onset of thexpansion phase of the magnetopauseraladed processes. Final conclusion
will draw attention to the effect of a solar widdpression on the dayside magnetopause when northern

IMF is included, with brief comparison with our preus study cases of southern and zero IMF. With
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the three main directions considered, we foreseedtinatheoretical model PI€imulations will help
understand the magnetosphere resptmse simple pressure force, maake predictions, and to build

diagnostic tools that could be uskfor future data comparison.

6.2  Plasma Distribution in Different Time Span along Noon-Midnight Plane

In Figure 6.1(A), taken at 100ft, a gap is formed between 13Re and 28 Re along x direction.
The gap size is almost the same as it was fdn bases of zero and sbutard IMF discussed in
chapter 4 and 5 respectively. Clouds of plasma ént#lil are filling the formad cavity and feed the
equatorial plane witla plasmasheet that has a variable thickniéss worth to note that the location of
the Van Allen belts is latent within this plasmgédain the nightside. Signate of a bow shock can be
observed at 44-48 Re (12-16 Re from Earth positiGasps are clearly seen nightside orientedes
are observed almost parallel tetheutral line along from 60 to 85Re beyond this distance, they
converge toward the neutiale with denser filling®f plasma up to 145 Re.

In Figure 6.1(B), taken at 110G, the downstream of the genta@ gap is now approaching the
dayside magnetopause, and concaves over the maggeatb as a cover. This cover has an apparent
thickness along the x-direction of ~5.5 Re. The congaditthe flowing plasmas related to the fact
that the dipole magnetic pressure is felt strorayethe Sun-Earth line dhe gap downstream, whilst
both ends (toward poles) proceed alngistidily along x. Inside the gap, cloydfobs) of plasma are
seen all over and are more unifdyndistributed. Magnetopause sthoff position reads the value of
~12.52Re in the x direction, compared with~13Re for B_z=0 and ~12.3Re for B_z<0. At the
nightside, around 8 Re from the planet, a plasmegtsis formed. Bow shodk observed between 42
and 46 Re along x-direction. Both cusps areeolmd clearly and nightside shifted. Random

distribution of plasma clouds filling the magnetospheric cavity at the nightside.
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In Figure 6.1(C), taken at 1178, the gap is apparently filleoly plasmas with its downstream
edge now almost located along thlanet position (at: x=60, y=52=53) Re, while its upstream edge
stands off at ~1%e By coincidence of the selected timesé&ems that this distance traces also the
stand off position of the magnetopause at the subsolar point. In previous chapters, at the same time
duration, the magnetopause was broken up at ~15R88t B_z=0 but expands with no breaking up
to ~17Refor B_z<0. The magnetopause inner boundary is nehsamoothly curved; it seems that the
particles entries into the inner magnetosphere (Bigaaf reconnection) causieat discontinuity. The
formation of a plasma ring arounlde planet is seen aboutRe thick. Blobs of plasma observed at
around 80 Re (along x-axis) could pesmoid. Plasmoid usually formed as a result of reconnection
from different orientation of IMRn the northern and southern lob&key seemingly were dragged
back by the air pocket effect and have the poskieB.7 Re, close to the planet position at x=60 Re.
The cavity structure of the magntgtib can be seen along x down 410 Re (50 Re from planet).
Beyond that distance, in contrast to the caseB far0 and B_z<0, the magnetotail becomes filled up
with plasma

In 6.1(D), taken at 125@@, the stand off position of the dage magnetopause is now restoring
its classical shape at ~R&e (almost same with B_z=0 and B_z<Uhe lobes are flared out due to the
air pocket effect that hit theedges. The flared owtpper/lower lobes almostxtends from 36-72 Re
along z. The magnetospheric cavityorscupied with low density plasma blobs up to ~110 Re along x.
Plenty of plasma clouds accumulate in the cavitth& to this distance.The cusps are now more
oriented nightward. A plasmang around the planet is formetearly and exteded to ~5Rein size
nightward. It is remarkably clear that the magtataeased to flare outt 74.9Re (~15Re from the

planet position).
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Figure 6.1. Time sequence of the respensf Earth’'s magnetosphere @odepression (air pocket
effect) in the incident SW flow for B_z>0. Plasmansity is shown in panels A, B, C and D, taken
at 1001, 1100, 1175 and 1250 respectively. All plots are shown the x-z plane located at y=
52Re and the gap position along xediion is shown in figurdoetween the two arrows heads.
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6.3 Other examples of plasma distribution seen in different planes such as dawn-dusk
and south-north directions

Two examples for the plasma distributions ig glane at z=53Re and y-z plane at x=60Re will
be presented in this section to expand our vieth®imagnetospheric plasinahavior under the strong
depression implied by the incidestlar wind dynamic pressure.

First, we discuss the plasma distriion in the dawn-dusk direction akown in Figure 6.2. In Figure
6.2(A) taken at 100(t, a gap indicated by the twopposite arrows in the figaiis formed with a width

of ~15Re. The bow shock can be seen at ~45Retrépped region plasma in the nightside around the
planet has thickness of ~4Re. The convergence dblies in Figure 6.1(A) is confirmed in this figure
and the filling of the plasma in¢mightside is seen up to 140Re.

In Figure 6.2(B) taken at 11@g the structure of concave plasma band, previously shown in
Figure 6.1(B), is now seen more concave sideatahe dayside of the magnetopause. The magnetic
pressure of the dipole fields superimpose over magpesssure of the northern IMF at the subsolar
point, thus producing a resistance ttlatelerates plasma downstreanthaf incident gap. The plasma
trapped region is expanded out to 10Re in size nightwaldits radius of curvature is seen reduced.
The far magnetotail boundary is seen dragged inw@s@rd the planet; it seems that a reconnection
took place in a region bounded along thdirection from x=115Re out to 145Re&his figure also
shows same observations made by Nishikawa, Neubert and Buneman (1995), where the magnetotail was
shifted toward south and its length is shortened. f@sslt is consistent with occurrence of the magnetic
reconnection at the high latitude mantle. Due to the more effective reconnection at the north side, more
plasma move into from that side, therefore theadisinagnetotail move toward south shortening its length.

In Figure 6.2(C) taken at 1175Re, the magpause inner boundary and the trapped region
(located at 8Re on the nightside of the plafetin a rough magnetospherircular cavity in the

equatorial plane. Additionally, at both wda and dusk direction around the boundary of the
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magnetosphere and within the boundary of the gaggnse plasma blobs is accumulated. Moreover,
this accumulation of plasma is lessened as distagceases in both directions (dawn and dusk) away
from the planet. At 113Re in the nightside, a s@rplasma walling is fomed vertically along z-
direction; comprising within itboundary and in both lobes a randdistribution of plasma blobs.

In Figure 6.2(D) taken at 12%f as soon as the gap passeer the planeposition, the
magnetopause roughly recovets position. Further more the mas almost filled with plasma.
Moreover, the magnetotail becomes more confined avitbnic shape that has a base located at planet
position and its apex is filled up by plasma blobg=t17Re. Additionally, the trapped region at the

night side seemingly reduces in size.
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Figure 6.2.Time sequence of the response of Eamfégnetosphere to a depression (air pocket
effect) in the incident SW flow for B_z>0. Plaskhensity is shown in panels A, B, C and D, taken

at 1001, 1100, 1175 and 12%0respectively. All plots are shown the x-y plane located at z=
53Re and the gap position alonglixection is shown in figurbetween the two arrows heads.

As a second example, we consider the pladmaiibution in the sotitnorth direction (y-z
plane at x=60Re). In Figure 6.3.a (A) taken at 1@01he magnetospheric cavity has an oval shape
with its narrow part pointing toward dawn. Insithe cavity, C-shaped plasnband on the dawn side
of the planet is seen. This C-skdpband is seemingly related tofpdes entry through the flanks in
the dawn direction.

In Figure 6.3.a (B) taken at 1100 at this time the magnetospheric oval shape is modified in
terms of shape and particles distribution inside it. Particularly, this magnetospheric oval cavity is

zoomed-in between y=[25, 79] and z=[20,79] as showFigure 6.3b, to better illustrate the particles
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entry regions around the cavifyotential pdicles entry regions (flanks/acks...etc) are pointed out by
the white arrows shown in Figure 6.3b. Theseamrgjicorrespond to where the magnetic field’s lines,
which are shielding the planeteasubject to reconnections tltause ‘openings’ in the cocoon around
the planet; as a result particles penetrate into the inner magnetosphere.

In Figure 6.3.a(C) taken at 11@5 the magnetospheric cavity is now filled with blobs of
plasma. The doughnut shape plasnsdm the cavity is squeezed frdomath north and south direction
above and below the planet position. The gap catrdo¢able at the very far boundary of the box at
dawn and dusk directions.

In Figure 6.3.a (D) taken at 1280 the oval shape, previously shown in figure 6.3.a (A),
appears now in a reversal ordesith the narrow part of its ellipt shape pointing toward dusk. The
northern and the southern cusps are seen dawmtexdieAt this time step, the magnetopause length in
y-direction reads the value of 15.73Re. Moreover,zoomed view othe magnetospheric cavity,
reveals that at the dawn side of the innegnetosphere, there are two opposite arcs of plasma

configuration extended out from 51Re (~1fRen the planet) t86Re along x-direction.
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Figure 6.3.aTime sequence of the response of Earth’s magnetosphere to a depression (air pocket
effect) in the incident SW flow for B_z>0. Plasmansity is shown in panels A, B, C and D, taken

at 1001, 1100, 1175 and 1250 respectively. All plots are shown the y-z plane located at x=

60Re.

94



Figure 6.3.b Zoomed-in plasma distribution between X0] 79] Re and z= [25, 79] Re, in the y-z
plane at x=60 Re. White arrovghow some of the pential regions at the magnetospheric cavity
through which particles enterside the inner magnetosphere.

6.4  Field Lines topology indifferent time span along noon-midnight plane

In the previous section, we discussed the respaoih the magnetosphere to a disturbance in the
solar wind flow under northern IMF condition, inrtes of plasma 3D distributions. In the same
context, we go forward to discuss theresponding field’s lies topology in 3D.

In Figure 6.4(A), taken at 1001k, the field’s lines topologythat corresponds to the plasma
distribution of Figure 6.3.a (A), ishown. The northern IMF field ks are superimposed to the dipole
field lines, thus strengthening therccordingly, the magnetic fidls lines at the magnetopause are
closed. Further more, at ~44 Rerad x-direction, one can see a cave stripe of dese field's lines
around the dayside magnetopause, evidently revetimgignature of the Ba bow shock. At the

same time, at the lower side of the simulatbmx about~ 45-90 Re along djstorted field's lines
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(instabilities) are seen. We don’t know exactlyatviphysical processes are behind these distorted
lines. Admittedly, these lines are real, may be fusinglar work will disclose the reason, why these
lines are produced at this region and what catiems®? Another important piece of information can
also be drawn from Figure 6.4(A), which is the existence oK4uoint that is I@ated roughly at
around ~110 Re. By comparison, the correspondicgtion of the X-point tht appeared after the
same duration of time was respectyvat 80 Re for B_z<0 (chapt&) and 103 Re for B_z=0 (chapter
4). Therefore, the effect of northern IMF in théasavind-Earth magnetosphere interaction, generate a
field’s topology with x-points locatemhore distant nightward thaim zero and southern IMF.

In Figure 6.4(B) taken at 110Q, the superimposed northern atigole field’s lines shield out
the magnetopause nose which is seen at~ 11 Re dayk&le. However, in the northern cusps region,
the field’s lines are open. On other hand, the presty obtained X-point susns its position at 110
Re. Deeper in the nightside around 40 Re from thagtlposition, the field’ lines constellated in a
manner that seemingly related @aopotential reconnection. The diged field’s lines mentioned in
figure 6.4(A) not only appear in thiggure but changing position as wdh. addition, we notice that the
magnetopause expands sunward along the x-direction.

In Figure 6.4(C), taken at 1178&, the position of the downstam boundary of the gap falls
together with the inner magnepb®ric cavity. Coincidently, thdield’s lines of the inflated
magnetopause are almost tangential to the upsié#me air pocket boundary. The drift in the position
of the plasma distribution in the magnetotail to thetks as shown figure 6.1(0¥ also clearly seen in
this figure for the field’s lines topology.

In Figure 6.4(D), taken at 1250 as the depression effect over passes the planet position, the
dayside magnetopause reswiits position at around ~Re It is praiseworthy to see that the field

lines are larger (in comparison tatlbefore the disturbaaecffect was applied) at the standoff distance
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of the subsolar magnetopause. Rartto what was observed at figu6.1(D) where the magnetotail
ceased to flare out at 15Re from the planet positioronclusion, this result is consistent with the

work of Chen et al., (1993), where a similaretysition by ISEE 1 and 2 spacecraft was attained.

C D

Figure 6.4.Time sequence of the response of Eantiieginetosphere to a depression (air pocket
effect) in the incident SW flow for B_z>0. Field &im are shown in panels A, B, C and D, taken at
1001, 1100, 1175 and 125D respectively. All plots are shown the x-z plane located at y= 52Re
and the gap position along x-diteon is shown in figure between the two arrows heads..
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6.5 Other examples of field’s lines topologyn dawn-dusk and south-north directions

Further to the intrinsic structud this chapter, we now predeivo examples of field’s lines
topology in dawn-dusk and south-nodinections. As a first example,dHield’s lines will be described
in the x-y plane at z=53Re. In Figure 6.5(A) taken at 1M0the dipole lines, within the vicinity of the
magnetospheric cavity, are radiantly spread out maiward dawn-dusk directh. Besides that, the
magnetotail is slightly mapped by distorted low-densgld lines extending outo 120Re. Similarly,
the instabilities shown in Figure 6.4(A) in the x-amp¢ have also a signature in the equatorial plane
and can be seen all around the planet.

In Figure 6.5(B) taken at 11@f the structure of théeld’s lines topology irthis figure reflect what
the plasma density in Figure 6.2(B) showeatigh the pressuring of the magnetopause Earthward,
Accordingly, the field’s lines are diverted towatde dusk direction around (x, y)=(48,60)Re. Also, on
the nightside, the field’s lines do not show gular structure outside=83Re, forming unmapped
zone, before appearing againmegular structure beyond x=105Re.

In Figure 6.5(C) taken at 117f despite the fact that the digbance (gap) is localized inside
the inner magnetosphere at thigtigallar time step, the outwardhdiant field’s onfiguration are
clearly seen around the dipole. Furthere; at the nightside the fiekllines are not easily tractable at
this particular time in the equatorial plane.

In Figure 6.5D) taken at 1250, as soon as the gap over pastee planet position, more
violent instabilities are agaring on the dayside, and the field’sebnof the dipole are tractable nearby
the planet, but not at the magnetotail. In the foifmythe corresponding sduhorth plane will better

describe the field's lines at this particular time.
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C D
Figure 6.5.Time sequence of the response of Eamfégnetosphere to a depression (air pocket
effect) in the incident SW flow for B_z>0. Field &im are shown in panels A, B, C and D, taken at

1001, 1100, 1175 and 125D respectively. All plots are shown the x-y plane located at z= 53Re
and the gap position along x-diteon is shown in figure between the two arrows heads..

As a second example, the field’s lines topolegl be presented in the y-z plane at x=60Re,
corresponding to the Earth’s positi In Figure 6.6(A) taken at 10@4, the northern IMF on both sides
of the magnetospheric cavity (alogedirection) apparently confinethe dipole field’s lines at this
particular time step (very mudike a cocoon). On the other hande theld’s lines at the northern and
southern cusps are seemingly dawn oriented.

Sequentially, the field’'s linem Figure 6.6(B) taken at 110Q, are apparently inflated along
the z-direction in the dawn side of the planet, amate confined and denser at the dusk side of it.

Further more, the magnetic field’s lines that shield the planet are subject to reconnections with the
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northern IMF; which in turn causepenings’ in the shieldonfiguration (a signature of reconnection
appears at the southern part of penet at (y, z)=(63,39)Re). Consenqtlg, this is consistent the with

corresponding plasma distriboti shown in Figure 6.3.a (B)

In Figure 6.6(C) taken at 1175Re, as it has bestier shown in figure 6.3(C) that the inner
magnetospheric cavity is filled with blobs of plasma patrticles, evidently the opened field’s lines at the
dawn direction is the potential tgavay for plasma blobs entry. Aadingly, these particles entry are
probably partially relatetb a potential reconiéon at the dawn side fi&k of the magnetosphere. In
the mean time, the northern and the soutkbasaps field’s lines are driven dawn side.

In Figure 6.6(D) taken at 1250 as soon as the depressioreeffis over passing the dayside
magnetopause, the dipole field’s cgofation at the dawn side iseseflared out, while it is more
confined inward at the dusk side. dddition, the field’s lines that arcloser to the planet position are
apparently closed. In the cusps regions, the fiegklshow a dawnward orientation. Furthermore, this

orientation of the cusps is accompanied by dengeles entries inside the inner magnetosphere.
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C D

Figure 6.6.Time sequence of the response of Eamfegnetosphere to a depression (air pocket
effect) in the incident SW flow for B_z>0. Field &is are shown in panels A, B, C and D, taken at
1001, 1100, 1175 and 125D respectively. All plots are shown the y-z plane located at x= 60Re
and the gap position along x-diteon is shown in figure between the two arrows heads.
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6.6  Analysis and comments

In Figure 6.7, the expansion/recovery phaskethe magnetospheric system are shown when
B_z>0. Panels A, B, and C represent the magraetse (MP) size along xr¢im Earth), y (dawn to
dusk), and z (south to north), respectively. We nefhthat x represents ttf&un-Earth line (at: y=52,
z=53)Re y represents dawn-dusk line (at: x=60, zEs8)and z represents sbemorth line (at: x=60,

y=52)Rg (no tilt is assumed).

In Figure 6.7(A), as a conseaqwe of the abrupt decrease in the solar wind ram pressure, the
magnetopause expands. In the beginning, thgnetapause starts expanglifrom 11Re up to 13Re
(~2 Re) between 1099 and 11@¥, then it shrank from 13Re down to 12Re between ITd@nd
11150. Subsequently, the MP linearly expands fritva former position up to ~20 Re, a size that it
reached at about 1160t. Apparently the system then relaxes for(g§ before the MP starts
contracting, thusly entering the recovery phase.réhevery phase starts sgon as the upstream edge
of the air pocket hits the expanded nose of thgne@pause. The MP then recovers linearly its

undisturbed size that it attains at 1202

In Figure 6.7(B), we report ¢hexpansion rate of the magnetoga size in the y-direction when
B_z>0. The onset position of the MP in y-directieads the value of ~13.3 Re. Soon after the nose of
the magnetopause starts expanding in responsee taittpocket effect, the magnetopause shrinks at
dawn-dusk direction during thente interval between 1000 and 110l During this contraction, the
MP reached its minimum size ~9.2R2 at 1050.78(. In order to understanthis phenomenon, we
propose in the following the model of elastic magnéétd’s lines. Figure 6.&hows the scenario to

illustrate the onset of the expansion phase of the niagguese in the y-direction. In that figure, curve
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1 (green dashed curve) represents the magne®patad off” position before expansion. Curve 2
(red dotted curve) represents the onset of therskpa phase that startedbng the x-direction while
delayed in the y-direction for ~10@. Curve 3 (blue dashed dottedpresents the response of the MP
to the air pocket effect in the y-direction. ¢onclusion, the whole scenario resembles a U-shaped
rubber band that is fixed at the ends, while pudiadfrom the concave padnd then stretched from
the walls sideway. To sum up, during the onset efetkpansion in dusk diresh, the magnetic field’'s
lines behaved like an elastic rubber band. Furthhéhe process describadbove, the MP nonlinearly
expands from 13.4 to 27.2e between 1101.27 to 1165.&. Once the gap effect approaches the
magnetopause, the effect of northward IMF segihgi hinders the MP expansion/recovery, where the
system relaxes from 116@& until 1223.2 (. Afterward the system recovers very fast as the effect is

over at 1235.7047Zk.

In Figure 6.7(C), the expansion/recovery of thagnetopause in shown in the z-direction. In
contrast to aforementioned directions, at the on$eéhe expansion, the MP size remains relatively
stable at ~ 1®Refrom 1000 & up to 1136.8599k. Obviously, the air pocket effect is still relatively far
to be felt by the MP boundary atdirection. Moreover, the systeexpands linearly out to 28.555 Re
at 1190.69, before it relaxed until 1228t (~37 (). The recovery phase is linearly attained when the

MP reached its initial position (19 Re) at about 1Z#0
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C

Figure 6.7 Magnetopause expansion measiosd Earth location (x=60, y=52, z=33in 3D; X, y
and z for B_z>0 at panels A, B, and C respectively
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Figure 6.8 this sketch describeg tmodel of elastic magnetic Fieldé® during the expansion phase in
y-direction. Curve 1 green-dashegpresents the MP balanced position in xy-plane at z=53Re, before
the expansion took place. Curve 2 red-dotted, exparisok place on x-direction but time-delayed in
y-direction. Curve 3 blue-dashedttbal represents the response & P in y-direction to the air

pocket effect.
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6.7 Conclusion and Remarks

In this chapter, we studied the impact of@ar wind depression ifapocket effect) on the
dayside magnetopause during the northern IMF|laWaup to two case studies for the absence of IMF

(chapter 4) and southern IMF(chapsgr Our conclusions are the following:

The generated gap due to the simulation of theedspn in the solar wind has a comparable size ~15
Re to the one obtained with of B_z<0 and B_zMare dense plasma populates the cavity at the
magnetotail which results in tail shift to theush (figure 6.1 (C)), which by turn is a sign of
reconnection at that region. Fitre magnetopause expansion réte, MP expands along x-direction
with speed equal ~ 0.18 (a solar wind speed of 6a2fesponds to a bulk veliby of the SW of ~500
km/s) corresponding to an equieat velocity of 360 km:$ and recovers at a speed rate equal ~0.16
(~320 km. ). On the other hand, the rate of the B¥pansion along y-diogion is 0.177 (~354 kmi.s

!y and the corresponding recovery speed is ~0.31 (~ 620'krvisreover, the expansion rate as seen
in the z-direction shows speed around 0.12 (~ 240 krit),swhilst the corresporidg recovery speed
reads the value ~0.45 (~900 ki.sIn conclusion, thexpansion phase in xféition is the fastest
compared to the expansion in y and z-directioecause the subsolar poiit the magnetopause is
closest to the generated disturbarthan the other two boundariesyimnd z-directions. On contrary,
the recovery phase of the magnetopause in y andeetidin is very much faster than that at the x-
direction. The evidence is that: the disturbamceffectively generated as a planar cut along x-
direction, therefore the elapsenhe for the gap to over pass the magpause along x-is longer than

that elapsed along y and z.
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Orientation of the cusps is less affected bydbpression in the solar wirfebw during the northern

IMF than the two case studies in chapter 4 (no Isifg 5 (southern IMF). Paates entry in the dawn
direction shown in Figure 6.3(4% believed to be caused by a reconnection at both southern and
northern cusps. In Figure 6.8, a model of etastiagnetic field lines is proposed to explain the

contraction at the onset thfe expansion phase of the MP along the y-direction.
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Chapter Seven
Code application on analysis of te October 2003 solaactivity event

using ACE data.

7.1 Introduction

For reference purpose, we remind that the Paiitietzll (PIC) code considered in this work
has been extensively used before by Bume(@f92, 1993, and 1995), Nishikawa (1995, 1997, 1998,
2000) and Cai et al (2003, 2006) unddferent versions. In this thissproject, we use an evolved
version that has been develogsda French-Polish team (Ben-Jafé al., 2006). The code structure
and its basic elements are described in chapter 2e¥¥ed its validity as desbed in chapter 3. Then
the code was used in three case studies to sintbtenpact of a depression (air pocket) in the solar
wind flow on the macrostructure of the Earth’sgmatosphere during the absence of IMF (chapter 4),
the southward IMF (chapter 5) atite northern IMF (chapter 6). Bjoing so, we intended to separate
effects and study them individually. $ar we didn’t include ionospherg our simulation, but we will
consider that improvement in the future work. Tamclusion of these case studies is that the code
effectively simulated the macrostructure of tBarth magnetosphere, including the magnetopause,
magnetotail, as well as the droptie dynamic pressure (depression)haf solar wind flow. Moreover,
signatures of reconnection, and other dynamicalcstres in the day and/amight side, such as
vortices, erosions and multiple X-points were successfully obtained by the code. The time response of
the magnetosphere to the air pocket disturbancetivesssderived in 3D along the main axes, namely

the noon-midnight, the dawn-dusk ahe south-north directions.
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The output of the aforementioned applicationsass used as a prototype model to expand our
experiments to simulate the response of the magple¢oe to real solar mdl data. We contacted the
Advanced Composition Explorer (ACE) science teemat Caltech (A. Davis and R. Skoug) who
thankfully provided us with processed datanir ACE. The ACE spacecraft is carrying six high-
resolution sensors and three monitoring instrumentgples low-energy particles of solar origin and
high-energy galactic particlesitiv a collecting power 10 to 1000 tismgreater than past or planned

experiments (http://www.srl.caltech.edu/ACE/).

The violent solar eruptions of October-Navger 2003 and are one of the best observed
outbreaks of intense solar activity totelaThese events, referred to as Haloweenstorms, are
extreme events in terms of both their source ptegseat the Sun and théieliospheric consequences.
The plasma, particle, and electromagnetic conse@senf these events were detected at several
locations in the heliosphere thanks to the disted network of spacecrdftopalswamy, et al, 2005).
Three components of the ACE data of the solar vilo are used in our task, namely the number
density (N_sw), the bulk velocitfV_sw) and the Interplanetary Magnetic Field in the z-direction
(IMF). The resultant total pressure (magnetic and ohyogrof the solar wind @w is then derived and
all components are shown in Figure 7.2.a. This dataeasured by ACE at 1AU every 64 seconds. The

data have been scaled to a constemé¢ of ~3.36 seconds corresponding tdtlof our code’s time

scale, so that it requires tioe code to run almost 19 time steps under the same ACE input.

To simulate the impact of the Halloween event, the macrostructure of the magnetosphere was
first established based on the sgonecedure adopted in chapters, 4abd 6. The system was left to
evolve for 900, by using the solawvind bulk velocity along the x-ax@nd the IMF z-axis component

from one side, and the planet dipole magnettdfirom the other sideConsequently, during the
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application of our code to the ACE data, we onlgduthe B_z, Vsw_x and the particle density from
their data profile versus time. teat we noticed that the code cannmnage strong and abrupt changes
in the components of the incident solar wind paeters (IMF field strengthhulk velocity, density,
etc). Previously, in all our case studies, we heddSkV density constant and then supplied south/north
IMF as a steady flow all over thesilation box. As shown in Figure 7a2 with the ACE data, it is not
any more the same case. Fortunately, we succeeded to simulate few hundreds of step times of the ACE
time variable solar wind flow impact on the Hest magnetosphere. The dépdistribution in the
noon-midnight sector is shown in Figufel at four time steps since the ale flow hit the left side of
the simulation box. The correspondingldi’s lines topology is shown filgure 7.3. We believe that the
whole event can be globally simulated with an edesl and denser grid and a larger number of pair-
particles loaded in the simulated box. In fact, sévaxdors make it difficult to carry out this task all
the way out to simulate all the available ACE datestFiack of computer smurces as we only use one
4-processors machine, and limitati of data storage capacity. rFexample, each binary file to
describe one step time consumes a size of ~100MdRBarry out the whole event we need to compile
almost 6390 files for particles, and same numbefiédls, before reading amghalyzing this data by
IDL to generate the output imagésach IDL output neexda space of ~50 MB). The total required
space exceeds a terabyte, a space that was not avaiiahke time of this thesis project. This task
could be however a good research project for fubungost-doctoral work ifaster computers and few

terabytes disk storage are available.

In the following, we present four images in x-am taken at y=52 for plasndéstribution (Fig. 7.1)
and their corresponding field’s lines topolo@irg. 7.3) taken at 920, 1015, 1091 and 18&hen we

briefly add our concluding remarks leaving discassand analysis of the results to chapter 8.
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7.2  Simulation of the magnetosphere response iretms of plasma distributions to the abrupt

solar event observed during thesolar activity on October, 2003.

The plasma distribution corresponding to théasactivity during Oct. 2003 is presented in
Figure 7.1, in noon-midnight planx-z plane: ay=52Re). In Figur&.1(A) taken at 920k, which is
the first step time when the ACE datapplied. At this particular time the macrostructure of the
magnetosphere is well established. The magnetop@esat the x-direction readhe value of 10.4 Re.
Moreover, on the dayside, a sigma of the Earth’s bow shock isen at 42-44 Re along x-direction,
while both south and north cusps akearly seen and nightside driftéelrthermore, the trapped region
in the nightside seemingly extends from 66-70 Raglx-direction. Worthy toeport that, the structure
of the lobes as they are observed is consistenttiathypical lobes structure when a southward IMF is
applied in the system. At the magnetotail therseismingly dense plasmaobk randomly distributed
starting from x=90Re out to the haidary of the simulation box.

Later on, in FigureZ.1(B) taken at 101&, the cusps are seen almost at the same position as
they appear in the previous case. In additiba,magnetopause stand off position reads the value of
~10Re. A gap is observed as a double cureatut between 19Re ar@8bRe along x-direction.
Additionally, the plasma density at the downstrdaoandary of the gap is denser than its upstream
one. This is exactly the opposite cadavhat we saw in Figures 4H), 5.1(B) and 6.(B), where the
upstream boundary of the gap is danthan downstream boundary oétbap. In other words, Figure
7.1(B) demonstrates new classeslisturbances that are not createid time as a result of the abrupt
change in the bulk velocitgf the SW flow considered in pres chapters, but rather related to the
strong IMF input value (uthward oriented).

To realize the aforementioned difference betwbencase studies (chapter 4, 5, and 6) and the

current application, we present the following analgsithe solar wind injection in the simulation box
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versus time. As the time goes on, SW patrticles miotbe box as layers orthogonal to the x-direction
of different properties (density, bulk leeity, IMF). For example, at the time 100 the SW plasma
penetration in the box translates to a spatiakiigion within the box between 0 out to 35 Re as
shown in Figure 7.1(B). Figure 7.2.b (up i®=35 Re) shows the density input profile (pink color), the
scaled solar wind velocity input profile (green e¢dldhe IMF input profile (red color), and the local
value of the IMF (blue color) inside the simulatibax. Apparently, the dramatic jump in the input
IMF (compared to B_z=-0.2, the IMF value that bagn used for our starting model; see chapter 5 for
example) causes the gap to form. This strongpjux-direction) in the southward IMF strength
generates a duskward (y-directianggnetic force, which in turn sweeps sideway the plasma. This is
indeed confirmed by the velocity field in the yplane at the position of the gap around x=35 Re. In
conclusion, the IMF is the key inpparameter that causes the strorgjuitbance in the plasma flow, as
the solar wind density and velocitipn’t have a differentlaignificance to causeither compression or
depression in the plasma flow. Surprisingly, when camagp to the descriptioni&ick et al. (1999) of a
hot flow anomaly formation, we found similar imglients to produce our air pocket with the ACE data.
Indeed, Sibeck et al. advocated a tangential discotytithat interacted with the Earth bow shock that
itself produced an HFA in the magnetosheat, dieatespace that allowed the magnetopause to expand
as far as 5 Re from its nominal position. Our simatatesults go in the sameelition. The nice result
obtained here is that our code produced a raresfiedte by the only application of a huge gradient in
the impinging IMF! The gap produced here may beetipgivalent of an HFA as reported by Sibbeck et
al., 1999 or investigated latby Omidi and Sibeck, 2005, 2007. Furtlevestigations a still need to
validate this claim by a direct comparison to existiaga. Worthy to note that the jump is caused by
our decision to have IMF=-0.2 fuge injecting the ACE data with an IMF starting at -1.2. These new

class of disturbances should be sddnore carefully in the future.
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Worthy to note that the jump is caused by oecision to have IMF=-0.2 before injecting the
ACE data with an IMF starting at -1.2. Thesewnnelass of disturbanceshould be studied more
carefully in the future.

In Figure 7.1(C) taken at 1094, the gap advancesarthward along x-directions keeping almost
the same shape. The downstream bondathe gap is shaped suclatht concaves over the nose of
the magnetopause (a thickness of ~4 Re), whiltherother hand it stretchesit along the south (at:
x=52 Re) and the north (at: x=54 RBjections. Furthermore, the upsam of the boundary of the gap,
located x=16 Re, has a layer of low density plaslobs distributed between x=16 and 34 Re. The
magnetopause stand off distance reads 9.5Re. Anothextad the magnetosphestructure is that the
northern and southern cusps apptyegrow thicker and extend clos&r the planet position with an
approximate upright orientation. Qine other hand, the trapped regiorthe nightside of the planet is
monitored at x=65 Re with a rebadi thickness of ~3Re. Moreover, tlobes are flared out, a shape that
characterizes the configuration wfagnetospheric structure whers@uthward IMF isincluded. The
magnetotail, seemingly, is filled by plasma cloudthwa plasma sheet thatdaariable thickness along
the neutral line.

In Figure 7.1(D) taken at 11886 the downstream position of the disturbance over passes the
planet position in a curvilinear manner, at bothrfarthern and southern hemisphere. Seemingly, the
standoff position of the magnetopause is no longen,san indication of the effect of the induced
magnetic force. On the other hand, the upstream efdifpe generated gap can be observed at x=31 Re
with a random boundary cogfiration. Moreover, the sps are seen thinnerthts particular time and
having a nightside orientations. At the nightsittes magnetospheric configation suggests that the

total pressure inbounds the plasma toward the ridirtea where the lobes ompacted inward as we
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move tailward. We demonstrate also the exterfdiiggs of plasma clouds inside the magnetospheric

cavity at the magnetotail.

C D
Figure 7.1. Time sequence of the dramatic response ofhEsamagnetosphere to a short piece of the

Halloween event, Oct., 2003. Plasmansity is shown in panels B8, C and D, taken at 920, 1015,
1091 and 1184l respectively. [Tt~ 3.368 sec]. Plots are shown i tkrz plane located at y= 52Re.
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Figure 7.2.aThe solar wind parameters of the ACEadduring the Halloween event, Oct., 2003
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Figure 7.2.bThe solar wind input parameters of theFA@Gata during the Halloween event, Oct., 2003
and the measured IMF at 10&5At that time, the profile of thesvalues is taken within the box along
the expected position of gap frahto 35Re along x-direction.
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7.3  Simulation of the magnetosphere response iretms of field’s lines topology to the abrupt

solar event observed during thesolar activity on October, 2003.

The field’s lines topology of the solar activityrthg Oct. 2003 is presented in figure 7.3 in the
noon-midnight planet(x-z plane: at%2Re). In Figure B(A) taken at 92@, the field lines are opened
at the dayside. Moreover, those lines at sloeithern hemisphere and around the magnetopause
boundary are bent backward; seemingly undergo ergsmress. On the other hand, the field’s lines
are flared out at the early nightsidAdditionally, the fistail configurations (aesult already obtained
in our synthetic case in chapter 5, and that seembe a constant in the Earth’s magnetosphere
response to strong disturbances when a southWdFdis included) appears clearly starting from
x=100 Re and beyond. Also, at the nightgltke x-point is obseed at around 80 Re.

Figure 7.3(B) taken at 101K shows the field's topology & corresponds to the plasma
distribution described irfigure 7.1(B). The field’s lines shawalong x-direction at the supposed
position of the gap (x=0-35Re) are pointing southwaiterefore, these lines are real field’s lines
topology, a conclusion of the IMFpresentation that Figure 7.2 cprovide. Apparently, the opened
field’s lines at the magnetopausetlire southern hemisphere are againjestt to erosions same case as
described in Figure 7.3(A). On thehet hand, at the nightside the il lines are flared out with the
fishtail configuration of the fiel's lines is observed starting fror#95Re and on. Also an x-point
appears clearly at 77 Re, followbkg subsequent connected bent field’s ling along the neutral line
all the way out to the ehof the simulation box.

In Figure 7.3(C) taken at 1094, the southward IMF field line advances toward the
magnetopause position and is seemcaved sunward at x-44Re, much like the plasma distribution
shown in Figure 7.1(C)); further discussion of this figure will be presented in section 7.5. In addition, at

the magnetopause a signature of reconnection tvghIMF field lines is observed, namely along
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z=46Re and 55Re at x=50Re. Moreo\arthe nightside of #hfield’s configurations, the field’s lines
are largely flared out In additiothey are subject to reconnectiontbhe IMF at both hemispheres. An
X-point is clearly observed at x=77Re, followed adda in Figure 7.3(B) by subsequent connected or
bent field’s lines along the neat line all the way out to thend of the simulation box.

Figure 7.3(D) taken at 1188 the density profile at thérst 40Re alongthe x-direction
indicates that the plasma dengifiyes down to an average value df8(separate analysis of the IMF
profile at the said range yields the average IN#tue of ~0.18 nT). For this reason, the field's
configuration appears stormy in shape. As a respkgifically two vortices appear at two locations
centered at the points (x,z)=(30,24) and (30,52)Re. Additionally, the field’s lines at the magnetopause
are open and reconnect to the advanced southWHfdFurther more, the northern and the southern
planet poles seem like a hub through which the field'ssliare seen either ermtg or leaving. While

at the nightside, the field’s lines are slightly flamad and seemingly more drifted toward the south.
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C D

Figure 7.3 Time sequence of the dramatic responsearth’s magnetosphere to Halloween event,
Oct., 2003. Field’s linesopologies are shown in panels A, 8,and D, taken at 920, 1015, 1091

and 1186 respectively. Provide real time period that correspond to these code step times. Plots
are shown in the x-z plane located at y= 52Re.

119



7.4  Future works and plans

ACE data will be a good source for implementmgy theoretical model, after enhancing its
parameters in terms of number of particles per aatl the grid size. This possible as shown by
recent work by Cai et al. (2006) who improved théisties of the PIC code i) a higher density of
particles per cell and a better resolution for the fadcription (0.5Re scale compared to 1 Re in our
work). However, this would require to access fast parallel computer ith few terabyte storage
capacity. The learned lesson from the study of the Wakm events is that: dog the erupt of a solar
activity a problem of data collectionsight be raised, and is then attribd to the impact of the erupted
activity on the satellites, probes and other space mstntations themselves. Therefore, an enhanced
tested-code will be of a great asset for future studies;is the pillar of my future potential research

activity.
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7.5 Conclusion and Remarks

In this chapter the PIC code has been appliestudy real solar wind data. In chapter 5 and 6,
the IMF input value was set as a steady flow all dkersimulation box equal to -0.2 (south) and 0.2
(north), respectively. On contrary the implied IM&lue during the applicatn of ACE data is much
higher. One of the important conclusions of ttispter is that a gap cahso be generated when
strong IMF is abruptly applied. Ehstrong gradient in the applie@lfi immediatelynduces an electric
field that sweeps out the plasma from the region whereapplied. By comtist, we remind that in
chapter 3, a gap was generated as a drop in thewmd speed flow. Anothigorocess that may also
cause a depression in the solar wind is the &ion of a hot flow anomaly that allowed the
magnetopause to expand sunward by as much asff@riRets nominal position (Sibeck et al., 1999).
We may thus conclude that by catesing our simple air pocket mode&le raised a general problem of
interest in the study of the Earth’s magnetosphatkits response to the solar activity. This class of

disturbances covers a wide rargfgrocesses that shaube studied more in depth in the future
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Chapter Eight

Summary and Discussion

8.1 Results

The thesis title is “Study of the Interactiof the Solar Wind with the Earth Magnetosphere:
Theoretical Model and application ¢ime Halloween Event in Oct. 2003rhe thesis is based on a fully
3D electromagnetic relativistic particle-in-cell codatthepresents the skeleton of the theoretical model
that we propose to study the respoo$the Earth’s magnetosphereatspecific class alisturbance in
the impinging solar wind. Concretely, we focus ostutibances that may induce a gap (depression) in
the plasma flow in front of the gaide of the magnetosphere, either by a sharp gradient in the density,
velocity, or IMF profiles.
In practice, the study is carried owtith the basic conttling elements, namely the ram pressure and
the IMF of the solar wind on one side, and the lZardipole magnetic field on the other. For example,
low, moderate and strong bulk veitbes of the solar wind are usediaputs to read the reaction of the
Earth’s magnetosphere. Consequently, an artificetldbance in the solar wind dynamic flow is then
created to simulate its variability. As a result a gagreated in the solar wind flow (depression); later
this gap is called ‘air pocket effect’ based on aistaal analysis of the Imavior of plasma blobs
inside it. Moreover, to gradually study the tinvdkition of the response of the Earth’s magnetosphere
to the depression in the solar wind, IMF is sedtfio zero, and then was separately included as a
steady flow in both south and nodhections. This strategy enabledtosbuild up a diagnostic tool, by

which later the model was applied to the Halloween event in October 2003.
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The conclusion of each chapter presented in this thesis is summarized in the following sub-
sections. Comparison to existirgjudies and/or observations iscluded when there is a need.
Generally speaking, this thesis work is relatedlitcerse topics, such d@ee Sun-Earth connection,

Space Weather, Magnetospheric Physics and Space Plasma Physics.

8.1.1 Code description [chapter 2]

The code initially proposed by Buneman e{18192, 1993, and 1995) isst@ibed in chapter 2
in terms of particles updates, magnetic and elecelddiupdates. This code has been extensively used
in the past years (Nishikaw&997, 1998; Nishikawa and Ohtani, 20@/odnicka, 2001; Cai et al.,
2006; Baraka and Ben-Jaffel, 2007). It may be wortletoark that the way ¢hPIC code was built is
to have the fields evaluated ouee grid nodes, while particles chave any position within the box.
Kinetic effects of particles are then included, thotiglis are averaged over a cell's scale (1 Re here)
and the particles mass ratio, mi/me, is large but far from its real value. It follows that our PIC code is
well designed for the study of theagro-structure of a magnetosphbre requires a denser grid and a

better particle statics for smaller scales (Cai et al., 2006).

8.1.2 Code Validation on test study cases [chapter 3]

The code has been tested successfully réoover the macrostructure of the Earth
magnetosphere. In a small simulation box and smathber of electrons-iongairs, three different
categories of solar wind bulk velocities were succdlgstested. The code was also used to simulate
disturbances in the incident dynec pressure of the solar winds a result a gap was generated
(depression in the solar wind dynarpiessure). The 3D representatafrplasmas density distributions

and the fields’ topology offea comprehensive image about the défé regions of the magnetospheric
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macrostructure. As an example, the magnetopdhsenagnetotail, the northreand southern cusps,
the magnetospheric cavity were all recovered.
8.1.3 Air Pocket Effect on the Daysde MP when B_z=0 [chapter 4]

Our simulation for the depression of the saoland pressure produdea planar volume of
depletion in the plasma (figureld, with sharp edges geendicular to the x-dection and propagating
Earthward. In the real solar wind, an analogoyzesion in the IMF strength has been observed just
upstream of the bow shock by d¢lersatellites AMPTE UKS, IRM an@&EE1 (Chisham et al 2000). In
our PIC model, the solar wind pressyerturbation (gap) as it approastthe magnetosheath region, is
decelerated with the generationinstabilities, evidenced both inghplasma distribution and in the
field lines topology (Figures 4(1,2)). Our resuisem consistent with the general idea for the
occurrence of instabilities and turbulence in thegnetosheath as observed bystér (Lucek et al.,
2005). In response to the depressof the solar wind pressurtie magnetopause expands sunward
along the x-direction from 10 Re out to 15 Re wadthaverage speed of 0.12 (equivalent to 240Rm.s
and then recovers its original size with an aversgeed of 0.133 (equivalent to ~266 km/s). We also
note that if the perturbation gpatially confined, only a limited section of the magnetopause should
expand. It is worth to note that in the absermd the IMF, and during its expansion phase, the
magnetopause structure breaks up at 15.5Re. Simitdodgrvations by Interddal and Magion-4 of a
hot flow anomaly (HFA) with a strong depressiavealed that the magiopause expanded sunward
by as much as 5 Re from its namal position (Sibeck et al., 1999Magnetic field measurements in
solar wind and outer magnetosphere onboardINlEERBALL-1 was discussed by Klimov et al.,
(2002). According to Sibeck etl. (1999) the HFA was born aftan IMF tangentidiscontinuity
interacted with the Earth’s bow shock. The resultswfsimulation are remarkably consistent with the

Interball-1 observations. Thus hittw anomalies are a class of distinuities that can be handled by
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our simulation model. These results open new horizonguture work using this code to study the
propagation of solar wind discontities and their impact on the magnetosheath/magnetopause system.
In the past, these studies were usually condugstng MHD modeling (Sasonov et al, 2006, and
references within). In the future it would be usetutompare a PIC code simulation of the interaction

of solar wind discontinuities dhe kind considered hesgith the Earth’s magnetosphere to previous
MHD calculations. During our study of time propagatiof the depressed rapressure of the solar
wind, we noticed some penetratioh solar wind plasma into the magnetospheric cavity. Despite the
fact that our code was run wighrelatively large spatial scale (1Re) for the fields, many other dynamic
processes were observed around thagnetopause boundary. Thesecpsses were the candidate
processes responsible for the pgest@n of solar wind particles to the inner Earth magnetosphere,
based on CLUSTER observations presented in thd& wbPhan et al., (2005). As an example, our
simulation showed that one can &ap to two x-points in the magnetdtaeutral sheet as indicated by

two arrows in Figure 4.4 (C). These results are reatykconsistent with Cluster report of multiple x-
line structure in the Earth’s magnetotail currergetiEastwood et al., 2005)néther intriguing result

in chapter 4, the magnetopauwssponse to the abrupt change in the solar wind dynamic pressure shows
a nearly-fast lineaexpansion. Since the gap extensiorarge enough, the induced non-restricted
force blows off the magnetopaustucture and the magnetopauseirimary breaks up, leaving the
magnetopause with an open boundary. FTE studgL&dSTER space craft discussed discontinuities
corresponding to open magnetopause (Robert, P.280&l). Within the generated disturbance in the
solar wind flow during B_z=0, it was noticed thatrs® plasma blobs reversed directions. Details of

this reversal and the related analysis are dssdiin section 4.6 and figure 4.8 in chapter 4.
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8.1.4 Air Pocket Effect on the Daysde MP when B_z<0 [chapter 5]

Again the simulation of the depression of theaswind pressure producedplanar volume of
depletion in the plasma (figurg.1), with sharp edges perpendauto the x-direction propagating
Earthward. In figure 5.4(C) we noticed that magnetsion takes place in which field lines are bent
tailward rather than squeezed; as a result, theytfeethil with particlegconfirmed by a movie of the
field lines that spans 250 frames, each fi@r This result is consistent with investigation made during
the magnetopause crossings by the ISEE 1 and 2 spacecrafts, where the magnetopause erosion wa
observed during a southward IMF. It is shown &t magnetopause erosimay be explained by a
depression of the magnetic figltensity in the dayside magnepb®ere caused by the penetration of
the magnetosheath magnetic field (component perpendicular to the reconnection line) into the
magnetosphere, Pudovkin et al (1997). On contrary tvéhabsence of IMF (disssed in chapter 4), it
was noticed that during the southward IMF the magpeaise expansion/recovery phase as it responds
to the depression of the solar wind dynamicspuee was nonlinear. Ex@sce of B_z makes the
expansion phase slower. Indeed, the IMF confthesplasma so that thmagnetopause never breaks
up. We believe that the fast recovery of the nedgmause is due to a magndticce directed tailward
(the slingshot effect) that adds to the magneticdmf the dipole when the dynamic pressure of the
solar wind overpasses the magnetopause boundaryX-ploents are observed located more closer to
the planet position as the tail side boundary smen reduced. Earth’'s bow shock was successfully

simulated and was shown for both plasmas and fields.
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8.1.5 Air pocket Effect on the Daysde MP when B_z>0[chapter 6]

We notices that accumulation of plasma density is seen maximized around the magnetopause
and along the upstream edge of the generated gatpoas in figure 6.1(A). In a recent study, Lin and
Wang (2006) showed that, undeparely northward interplanetary magnetic field (IMF), magnetic
reconnection in both northern amlighern hemispheres leads to a cargd formation of newly closed
field lines on the dayside. Subsequently, the |diulde boundary layer (LLBLjorm by capture of the
magnetosheath ions on the original magnetosheathlifiels, as the newly closed field lines shorten.
The formation of the LLBL is associated with tta@ward spreading of the transmitted ions along the
magnetopause as the newly closed flux tubes cotabgard. Same confirmation for the formation of
LLBL under B_z>0, is discussed in the work of Lawd et al., (2006). Our Figei6.1(A, and B) seems
consistent with these findings. Moreover Cheralet (1993) have shown through the analysis of the
data obtained by observation by ISEE 1 and 2 spacecaatin flare out at the night side ceased at 15
Re, and the fields lines are largdrthe subsolar magnetopause wherthern IMF is applied, a result
that our work seem consistent as in Figure 6.140J 6.4(D). The simulated depression of the solar
wind for B_z>0 has a comparable size for the ge¢adrgap as for both B_z<0 and B_z=0. Inside the
gap, we noticed that the density of clouds is miacger this time. For the magnetopause expansion
rate, the MP expands along x-direction with aespequal ~ 0.18 (velocigquivalent to 360 km$
and recovers at a speed rate equal ~0.16 (~320 Km. ®n the other hand, the rate of the MP
expansion along y-direction is 0.177 ( ~354 kh.and the corresponding mery speed is ~0.31 (~
620 km.&). Moreover, the expansion rate as seethénz-direction shows a speed around 0.12 (~ 240
km. s%), whilst the corresponding recovery speed has the value ~0.45 (~908).kim.sonclusion,
these statistics show that the recovery phase alte&gs place much faster that the expansion phase.

In addition, the closer is the bounddoydisturbance effethe faster it responds the applied effect.
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Moreover, denser plasma populates the cavity etmhgnetotail which resulis tail shift to south
(figure 6.1(C)). This tail shift is in turn a sign cfconnections in that region. Particles entry in the
dawn direction shown in figure 6QGJ) is believed to be caused the reconnection at both southern
and northern cusps. Orientation of the cusps istbligiffected by the depressi in the solar wind flow

and most often is nightward oriented.

The size of the MP in the y-direction is approately ~13.3Re just before the onset of the
magnetopause expansion along that direction. Agiénerated gap moves Earthward, the drop off in
the solar wind dynamic pressure causes the magnetebsolar point to move sunward. The drop
off in the solar dynamic pressure is not yet feltha dawn-dusk direction. This makes the field lines
elongate along x for 10@ before the gap advances enough tpdot the expansion in the dawn-dusk
direction. During this period, thBlP shrank from 13.3 down to 9.2 Rleefore it started expanding.
The situation resembles a U-shaped rubber bangthigd from the concave part while kept fixed at
both ends for some time. Figure 6.8 shows this mogf@esentation, namely the elastic field lines

model.

8.1.6 Code Application on October 2003 Event [chapter 7].

The application of our PIC EM code to silae the ACE data revealed a new class of
disturbances that are worthy to bensidered in future work carefully. In chapters, 4, 5, and 6 an
artificial disturbane was generated by an abrapop in the bulk viecity of the incident solar wind
dynamic pressure, as a result gap (depressiong isallar wind was generateadferm we called it ‘Air
Pocket Effect'. When the code was first used produce the macrostture of the Earth’s
magnetosphere, we purposefully set IMF=-0.2, sotlan the ACE data is applied, a high jump in

the IMF value is applied to the system (see figiu@d). Consequently, a guisingly new air pocket
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class was generated i.e. Figure 7.1(B). The aikgtoso far produced by our simulation could be the
equivalent of a flow anomaly (HFASs reported by Sibeck et al., 1999.

To the best of our knowledge thssthe first study teynthesize a macrostructure of the Earth
magnetosphere, as it responds torangt solar activity. It is only arst step, in more comprehensive
future research in the field using our PIC EM reiatie code. This work sheds light to the importance

of the development of the PIC codessimulate natural processes.
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8.2  Future work and plans.

a. Short term plans
b. Medium term plans
C. Long term plans
a. To go on further case studies using the cadd target specific regions in the Earth’s

magnetosphere. In other words, the code outpntbe used to zoom-in the dawn, dusk or
subsolar points of the magnetopause tacKr particle’s entre and any potential
reconnections. Also, as some of our resuitsased that the cusps orientation, thickness and
position are affected by the depression in thé belocity of the solar wind; both regions
are of interest to study. Filg my thesis focused mainly on the dayside magnetosphere,
but the nightside is a rich region for the gegmetic activity that can be soon targeted for
study.

b. In the medium term plans, | am thinking be affiliated with an observation group to
closely work with them to analyze datadato better understand some dynamical processes
that take place in nature by re-producingnthto trace their cause/effect and the other
related physics. For that purpose, more parametn be included in the code, such as the
ionosphere, corotation currenés)d the planet tilt.

C. In the long term plans, to establish a spacearebeproject in Gaza-Rsstine and link it to
international institutionso promote astronomy in my comptin a program | mean to call
‘if peace can’t be found temporary on Earth fihth the space”. In fact, we have already

started the establishing ofggomagnetic station by the helpthe French Government. Dr

130



Ben Jaffel from the French side was the principal investigator of the project called “SWEP”,
which stands for Space Weather in Palestine. For some reasons related to the current
situation, the project ozen. | am longing to revitalize it agn. | hope thingsvill be better

and in the near future we could be able to make it happen.
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