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Abstra
tThe main aim of this proje
t is to study the expansion of Coronal Mass Eje
-tions (CMEs) from the Sun due to Lorentz self-for
es. We use data from theSOHO/LASCO and STEREO/SECCHI 
oronographs. We assume a �ux rope ge-ometry for the CMEs and �t a polynomial to the data of �ux rope minor radiusvs time. We derive the expansional a

eleration of the �ux rope using the se
ondderivative of this polynomial. In trying to examine if Lorentz self-for
es are (pri-marily) responsible for �ux rope expansion, we 
ompute the predi
ted �ux ropeexpansion rate using two pres
riptions: 1) One in whi
h the axial 
urrent en
losedby the nearly for
e-free �ux rope 
on�guration remains 
onstant, and 2) one in whi
hthe axial 
urrent de
reases approximately in inverse proportion to the height of the�uxrope from the Sun-
enter. The latter pres
ription is motivated by 
onsiderationsof magneti
 heli
ity 
onservation. We generally �nd that a model where the axial
urrent de
reases as R−0.91 (where R is the helio
entri
 height of the �ux rope CME)agrees best with the data.Furthermore, we have 
omputed the surfa
e area of CMEs observed with SEC-CHI using a three-dimensional �ux rope model. The variation of the �ux ropesurfa
e area with time is expe
ted to be a valuable tool in analyzing the drag for
eon a CME as it travels through the solar wind.
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Chapter 1Introdu
tionThe opti
al radiation that we see, is emitted from the photosphere (surfa
e ofthe sun). These emissions are produ
ed by Thompson s
attering in the mu
h moretenous atmosphere or the 
orona above, is many orders of magnitude less intenseand hen
e 
an only be seen when the solar surfa
e is o

ulted (e.g., by the moonduring solar e
lipses).The observations of the solar 
orona date ba
k to as early as 2800 B.C. Regularobservations of solar e
lipses and prominen
e started with the e
lipse of 1842 A.D.,whi
h was observed by experien
ed astronomers like Airy, Arago, Baily, Littrowand, Struve. Photographi
 re
ords started sin
e 1851 e
lipse in Norway and Sweden,when the professional photographer Berwoski su

eeded to produ
e a dagguerotypeof prominen
e and the inner 
orona.Bernard Lyot built the �rst 
oronagraph at Pi
-du-Midi Observatory in 1930, aninstrument that o

ults the bright solar disk and thus allows for routine 
oronalobservations, without the need to wait for rare total e
lipse events. In 1942, Edlén,identi�ed the forbidden lines of highly ionized atoms and in this way established forthe �rst time the million-degrees temperature of the 
orona.The solar 
orona is divided into three major zones namely: (1) a
tive regions (2)quiet sun regions and the (3) 
oronal holes.A
tive Regions: The a
tive regions on the solar surfa
e are the areas where mostthe a
tivity happens, but it a
tually makes up of a very small fra
tion of the totalsurfa
e area. A
tive regions are lo
ated in areas of strong magneti
 �eld 
on
en-trations, visible as sunspot groups in opti
al wavelengths or magnetograms. Thesegroups typi
ally exhibit a strong 
on
entrated leading magneti
 polarity, followed bya more fragmented trailing group of opposite polarity. Due to su
h bipolar nature,these regions are asso
iated with 
losed magneti
 �eld lines.Quiet Regions: Be
ause of re
ent te
hnologi
al advan
es this term has now be-
ome a misnomer, and is now 
lassi�ed in relative terms as an area where dynami
small s
ale phenomena like su
h as network heating events, nano�ares, explosiveevents, bright points, and soft X-ray jets, to large-s
ale stru
tures that overar
hquiet sun-regions are rooted in the a
tive regions.Coronal Holes: The northern and southern regions have been found to be darker1



than the equatorial regions on the 
oronal surfa
e. These are regions of open �eldlines that a
t as e�
ient 
onduits for �ushing heated plasma from the 
orona intothe solar wind. Be
ause of this e�
ient transport me
hanism, 
oronal holes areempty of plasma most of the times, and thus appear darker than the quiet sun.The solar 
orona is observed during total e
lipses or with an instrument 
alled a
oronagraph. E
lipses only o

ur roughly on
e a year while 
oronagraphs 
an re
ordimages of the solar 
orona all year long. Spa
e 
oronagraphs like LASCO aboard theSOHO spa
e
raft and SECCHI aboard STEREO spa
e
raft, are positioned betweenthe Sun and Earth, so that it 
an re
ord images of the 
orona without interruptionsof the night and day 
y
le we have on earth.The software used on these satellites are intended to simulate the Thomsons
attering of the photospheri
 light by the ele
trons of the 
orona. This is the
omponent of the solar 
orona is 
alled the K 
orona. This is in this 
omponentthat we observe the most stru
tured and transient phenomenons, like streamers andCoronal Mass Eje
tions (CMEs). The K 
orona is opti
ally thin: the line of sight(LOS) are then simple straight lines.The K 
orona stru
tures that are observed, are linked to the solar magneti
�eld. Loops and streamers are the main stru
tures we observe. They are relatedrespe
tively to 
losed and open �eld lines.The reversal of the magneti
 polarity of the global solar magneti
 �eld, modu-lates the total radiation output in many wavelengths in a dramati
 way. This solarmagneti
 
y
le is of about 11 years. The full 
y
le is of 22 years, after whi
h theoriginal magneti
 
on�guration is restored, is 
alled a Hale 
y
le. The total mag-neti
 �ux rea
hes a maximum during the peaks of the 
y
le and drops to a low levelduring the minimum of the 
y
le.Sin
e many radiation me
hanisms are governed by dissipation of the magneti
 en-ergy and the resultant plasma heating, the radiation output in these wavelengthsis 
orrespondingly modulated from solar maximum to minimum. During a 
y
le,the a
tive regions migrate from higher latitude to lower latitude near the equatorialregion, leading to the butter�y diagram of the sunspots (Spörer's Law), when theirlatitudinal position is plotted with time.1.1 Coronal Mass Eje
tionsEvery main sequen
e star is losing mass, 
aused by the dynami
 phenomenain the atmosphere that a

elerate plasma or parti
les beyond the es
ape speed.The mass loss is a

ounted to broadly two main phenomena: the steady solar windout�ow and the sporadi
 eje
tion of the plasma stru
tures (Coronal Mass Eje
tions).The frequen
y of su
h a phenomena is about a few per day, 
arrying mass in the rangefrom 1014 − 1016g. The geometri
 shapes of su
h events have, range from �uxropes,semi-shells, or bubbles. Coronal Mass Eje
tion (CMEs) are dynami
ally evolvingplasma stru
tures, propagating outward from the sun into the inter-planetary spa
e,
arrying a frozen-in magneti
 �eld and expanding in size. If a CME travels radiallytowards the earth, it is 
alled halo-CME.2



Some of them 
an travel toward Earth and 
an generate magneti
 and parti
lestorms. The main manifestation we 
an see on Earth are the aurora borealis. They
an also have more dramati
 
onsequen
es as they 
an damage orbiting satellites orirradiate astronauts. Understanding their me
hanism is then of a parti
ular interestfor both s
ien
e and spa
e weather fore
asts. The resultant geomagneti
 stormsin the Earth's Magnetosphere 
an 
ause disruption of global 
ommuni
ations andnavigation networks, or failure of satellites and 
ommer
ial power systems.The study of Coronal Mass Eje
tions (CMEs) started in the early 1970s and havebeen subje
t to intensive investigation. In 
oronagraph images, a CME is identi�edby a dis
rete ele
tron density enhan
ement expanding outward from the sun. Su
hstru
tures have spatial stru
tures of the order of the solar radius (R0) near the sunand masses of 1014 − 1016g.Although CMEs observed in 
oronagraphs have velo
ities biased towards the planeof the sky, there is a strong 
orrelation between CMEs and large geomagneti
 storms.White-light 
oronagraphs regularly re
ord expulsions of plasma in the solar 
orona.The shape and sizes of 
oronal mass eje
tions (CMEs) vary from event to event.1.1.1 Causes:Various explanations have 
ome to light, that give us an insight on the 
auses ofCMEs based in terms of me
hani
al analogues: [1℄Thermal Blast Model: This model suggests that the driving for
e of the CME is
aused by greatly enhan
ed thermal pressure, produ
ed by a �are, whi
h 
annot be
ontained by a magneti
 �eld and thus pushes CME outwards into the heliosphere.With re
ent investigation it was found that sometimes CME were laun
hed �rst,and a �are-emitted emission later, or the relative timing of the two events was very
lose, hen
e this model has run out of favor.Dynamo Model: This model suggests that there is a rapid generation of mag-neti
 �ux by real-time stressing of the magneti
 �eld. The driver of the magneti
stressing is a

omplished by rapid displa
ements of footpoints of a 
oronal magneti
�eld systems. Bla
kman & Brandenberg also suggest that the laun
h of a CME bal-an
es the 
onservation of magneti
 heli
ity during the solar 
y
le, by simultaneouslyliberating small-s
ale twist and large-s
ale writhe of opposite sign.Mass Loading Model: This models 
omes under the broad 
lassi�
ation ofstorage and release models, whi
h entails a slow build-up of magneti
 stress beforeeruption begins. The mass loading pro
ess 
an be manifested in the form of a grow-ing quies
ent or eruptive �lament. Theoreti
al studies 
ompare the total magneti
energy in the pre-eruption and posteruption equilibrium 
on�gurations in order todemonstrate the plausible transitions from a higher to lower energy state.Tether Release Model: Magneti
ally dominated 
on�gurations like 
oronalloops generally involve a balan
e between upward-dire
ted magneti
 pressure, anddownward-dire
ted for
e of magneti
 tension. The �eld lines that hold the tensionare 
alled tethers. On
e the tethers are released one after the other, the tensionon the other tethers in
reases, until the strain be
omes eventually large that theremaining tethers begin to break and the spring un
oils in a 
atastrophi
 explosion.3



Tether Straining Model: This model is similar to the tether release model, ex-
ept that the strain on the tethers is 
onstant, but is distributed to fewer and fewertethers with time until they break.This 
hapter has been inspired by the book "Physi
s of the Solar Coronal" [2℄
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Chapter 2TheoryThe magneti
 geometry of the Coronal Mass Eje
tions are of fundamental im-portan
e in understanding the dynami
s of CMEs be
ause the Lorentz for
e a
tingon the stru
ture 
riti
ally depends on the 3D 
on�guration of the ele
tri
 
urrent(J) and magneti
 �eld (B). Although magneti
 �eld in the 
orona is not dire
tlymeasurable, there are observable signatures in the CME dynami
s that are 
hara
-teristi
 of the �ux-rope geometry [3℄. There is a broad understanding, that CMEsare envisaged as a magneti
 �uxrope, wound radially along the axis of the majorradius R.Figure 2.1 shows a s
hemati
 drawing of a magneti
 �ux rope. The ele
tri
 
urrentis lo
alized to a 
urrent 
hannel of major radius R and minor radius a, with 
om-ponents Jt and Jp in the toroidal and poloidal dire
tions [4℄. The magneti
 �eld ofthe �ux rope, given by J = (c/4π)▽×B (2.1)whi
h the has poloidal 
omponent Bp and toroidal 
omponent Bt. The toroidal�eld is 
on�ned to the 
urrent 
hannel, but the poloidal �eld 
an extend beyond. Aheli
al �eld line inside the 
urrent 
hannel and some poloidal �eld lines outside the
urrent 
hannel are also mentioned in the diagram. Coronal magneti
 �eld Bc dueto 
urrents unrelated to the ele
tri
 
urrent is shown in the poloidal dire
tion. Bya �ux rope, we refer to the 
urrent and the magneti
 �eld of the system, in
ludingthe poloidal �eld Bp outside the 
urrent 
hannel (but not Bc).The outward for
e per unit length f on the �ux rope (in 
gs units) is given by
f =

I2
0

c2a

[

ln(
8a

r0
) +

li
2
− 3

2

]

+ πr2
0
(▽P∞) + I × B∞ − πρr2

0

GM⊙

a2
(2.2)[5℄ whi
h is quite similar to the equation presented in [6℄ Yeh (1995), it also in
ludesthe Lorentz self-for
e, whi
h was previously not in 
orporated in Yeh's (1995) treat-ment.The de�nation of the magneti
 �eld inside a magneti
 �eld stru
ture 
an be de-s
ribed with the use of the Lundquist solution [7℄ [8℄ in whi
h the terms (J × B)vanish. But a
tually, in reality the Lorentz self-for
e do not a
tually vanish.Upon looking at the Lundquist solution we �nd that it was derived with the as-sumption that 
urrent density was parallel to the magneti
 �eld (j = αB), whi
h5



Figure 2.1: The �gure from [3℄. S
hemati
 of a �ux rope above the photosphere.The toroidal loop stru
ture is the 
urrent 
hannel with major radius R and minorradius a. The toroidal Jt and poloidal Jp 
urrents and the 
orresponding poloidal
Bp and toroidal Bt magneti
 �eld 
omponents are indi
ated. Coronal pressure pcand the overlying 
oronal �eld Bc (in the toroidal dire
tion) are indi
ated. Theoutermost �ux surfa
e, represented by three poloidal �eld lines, is at r = 2a(θ) fromthe toroidal axis of the 
urrent 
hannel, where a(θ) is the lo
al minor radius atangular position . The 
entroid of the apex of the �ux rope is at height Z from thebase of the 
orona. The CME LE is at height ZLE = Z+2aa at the apex. The apexof the prominen
e is at Zp = Z − aa. These heights are indi
ated by the arrows onthe left. The �ux-rope footpoints are separated by Sf , measured 
enter to 
enter.The prominen
e footpoints are separated by Sp = Sf − 2af .
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in turn implies the vanishing of the Lorentz stress [4℄. The Lunquist solution wouldstill remain valid in the regime where the 
urrent density and the magneti
 �eldve
tors make a very small angle κ with respe
t to ea
h other. As Iz × Bφ givesrise to the Lorentz self-for
e in the r̂ dire
tion (in 
ylindri
al 
oordinates), leadingto the expansion of the minor radius. Due the small misalignment in Iz (in theaxial dire
tion) gives rise to the translational motion. In the 
ase of solar �laments,[9℄ Kumar and Rust (1994) showed that κ lying between 0.36 ◦ and 3.6 ◦ degrees isenough to support the dense �lament material against solar gravity. Therefore, inthis regime the Lundquist solution remains approximately valid even in the non-for
e-free 
ases. So in the 
ase of a large aspe
t-ratio �uxrope, even a minute anglebetween the 
urrent density and magneti
 �eld is su�
ient to provide the requiredLorentz for
e for the translational motion.In Demoulin and Dasso 2009 [10℄, it is stated that the rapid de
rease in totalsolar wind with the solar distan
e is the main fa
tor whi
h drives the expansion ofthe �uxrope. Fa
tors su
h as internal over-pressure, the radial distribution and theamount of twists in the �uxrope have a minus
ule e�e
t on the expansion of the�uxrope.In Wang et al. 2009 [11℄, it is stated that the both the thermal pressure for
e and theLorentz self-for
e de
rease rapidly as the CME moves out and the thermal pressureis the internal driver of the CME expansion.In this study it is assumed that, the minor radius does not seem to a�e
tedby 
onditions in the external environment. The fa
tor on whi
h the evolution ofthe minor radius depends are mainly the 
onditions in the internal magneti
 
on�-gration [4℄. The major fa
tors being the 
onservation of magneti
 heli
ity and theaxial �ux. Hen
e, if the major radius of the �uxrope 
on�guration of the CMEin
reases (resulting in the in
rease in the length of the �uxrope), so as to ensure the
onservation of magneti
 heli
ity and the axial �ux, an expansion in the �uxrope,implying that the minor radius of the CME in
reases. Further observations alsoshow that the evolution of the minor and the major radius of the CME moving inthe inter-planetary spa
e evolve linearly with time.The energy of a 
urrent ring (the 
ross-se
tion of the CME) is given by
W = LI2/2 ≈ I2R[ln(8R/a)− 7/4] (2.3)[12℄ where I, R, a, and L are the 
urrent, major and minor radius, and the indu
-tan
e of the ring, respe
tively. Sin
e magneti
 energy must be released in order toa

elerate the eje
ta (CMEs) and the term in bra
kets ([ln(8R/a)− 7/4]) does notvary strongly, the 
urrent in the rising �ux loop of the CME must de
rease fasterthan R−

1

2 . In the approximation the 
urrent in the loop de
reases roughly as R−1,be
ause the number of �eld line turns in the loop is 
onserved. Consequently, onlya minor part of the initial relative heli
ity leaves the system with the eje
ted �ux.We will see that the data do indeed 
onform to the law I ∝ R−0.91.
7



2.1 Studying the evolution of the minor radius ofthe CMEIn order to fa
ilitate the study of hydrodynami
 properties of the CMEs, a 
ir-
ular 
ross-se
tion of the magneti
 
loud (CME) is 
onsidered [6℄. This se
tion isassumed to be moving in the heliographi
 equitorial plane, with axis oriented per-pendi
ular to the plane. The helio
entri
 distan
e and azimuth of the 
loud's axis,is denoted by r0 and θ0 in the polar 
oordinates (r, θ), whi
h 
hange with time.

Figure 2.2: The �gure from Yeh 1995 [6℄. With the shaded area being the area of
ross-se
tion of the magneti
 
loud. The bold lines being the spiral interplanetarymagneti
 �eld lines. While the magneti
 
loud is moving along the heliographi
equitorial plane.Also the 
loud's 
ross-se
tional radius, denoted by a(t). The assumption ofvarying 
ross-se
tion is to a

ount for the Lorentz self-for
e a
ting on the magneti

loud. In terms of 
ylindri
al 
oordinates (q,φ,z) aligned with the axis of the 
louds,the velo
ity of the elemental magneti
 
loud 
an be represented by
uE(t; q, φ, z) = u0 + (1qV + 1φΩa)

q

a
(2.4)Hen
e, u0(t) denotes the translational velo
ity and V(t) denotes the expansionalspeed of the magneti
 
loud, and Ω(t) denotes the angular speed at whi
h themagneti
 
loud is rotating about its axis. The ratio q/a remains invariant with timeso that the periphery of the 
ross-se
tion remains 
ir
ular [6℄. The magneti
 �eldinside the 
loud is entirely due to the internal 
urrents that �ow inside the 
loud.The external 
urrents whi
h sustain the inter-planetary magneti
 �eld, is 
an
eledout be
ause of the polarization 
urrent, indu
ed on the interfa
e that separates themagneti
 
loud from the solar wind.A simple 
urrent distribution is taken to de�ne the permissible �elds inside themagneti
 
loud [13℄:

BE(t; q, φ, z) = 1zB0

(

1− q2

a2

)1/2

+ 1φ
1

2
µJ0q,8



produ
ed by the 
urrent distribution:
JE(t; q, φ, z) = 1zJ0 + 1φ

µ−1B0

a

q/a
(

1− q2/a2
)1/2Ea
h of these mass elements is subje
t to both Lorentz for
e of the magneti
�eld and the gradient for
e of gas pressure in addition to the gravitational for
e ofthe sun. Hen
e, the magneti
 for
e density of the magneti
 
loud:

JE ×BE = 1q

(µ−1B2

0

a
− 1

2
µJ2

0
a
) (2.5)The expansional motion is driven by the for
e-density in the dire
tion from theaxis to the periphery. Hen
e, the equation of expansional motion is thus:

ρ0
d

dt
V =

µ−1B2

0

a
− 1

2
µJ2

0
a+ 2

p0 − p∞
a

− 2
ρ∞u2

∞
+ µ−1B2

∞

a
(2.6)Of whi
h the self-indu
ed Lorentz for
e resulting from self-intera
tion of theinternal 
urrent is a part, another part is the gradient for
e resulting from thedi�eren
e in internal (p0) and external pressures (p∞). There is also a 
ontributionfrom the dynami
 and magneti
 pressures of the solar wind ampli�ed from theintera
tion between the magneti
 
loud and the surrounding solar wind(ρ∞, u∞ and

B∞ are the plasma density, velo
ity and magneti
 �eld respe
tively asso
iated withthe solar wind).If the gas pressure if 
ompletely ignored, the magneti
 for
e in the �uxrope of thedynami
al model will be zero when the ratio µJ0a/B0 is equal to ±21/2 (for left orright handed heli
ity). The required 
onstraint in the 
ase of for
e-free equilibriumgives us the situation where µJ0a/B0 equal to ±2.405 (the �rst zero of the zeroth-order Bessel fun
tion), whi
h in turn gives us:
BE(q) = 1zB00

(

2.405
q

a

)

+ 1φ
1

2.405
µJ0a1

(

2.405
q

a

)with the 
urrent distributed as
JE(q) = 1zJ00

(

2.405
q

a

)

+ 1φ2.405
µ−1B0

a
1

(

2.405
q

a

)So with the radial velo
ity proportional to q/Q, the equation of expansional motiontakes the form
ρ0

d

dt
V =

2.4052

2

µ−2B0

a
− 1

2
µJ2

0
a (2.7)This is the primary equation that will be used in studying the evolution of theminor radii.
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Chapter 3MethodsThe a
tual �tting is done on the minor radius of the CME, obtained from themapping of minor radius from SECCHI and LASCO data, and �tting it to a 5thorder polynomial w.r.t. time. Upon di�erentiating the polynomial �t to the minorradius vs. time data, we obtain the expansional velo
ity of the �uxrope. The ex-pansional a

eleration is obtained, upon double di�erentiating the polynomial.Equation 2.7 is the theoreti
al predi
tion for the expansional a

elerations for amagneti
 
loud (
ross-se
tion of a CME). Upon using this fa
t we see the variationof Yeh's equation and with that try to 
he
k whether the behavior of a

elera-tion over di�erent time intervals is in good a

ordan
e with the a
tual a

elerationfound by double di�erentiating the the polynomial found when it was �t to the data.We use LASCO data from the events in group A of Subramanian and Vourlidas,2007 [14℄. To whi
h we �t the polynomial, on the minor radius.We also use SECCHI data, to �t the Graduated Cylinder Shell model (�gure3.1) [5℄ for su

essive time stamps to obtain the evolution of the major radius ofCME as a fun
tion of time and, hen
e simultaneously obtaining the minor radius.Based on the observed 
hara
teristi
s of CME velo
ity v(t) and a

eleration pro�lesdv/dt(t) observed with SOHO/LASCO and SECCHI over the distan
e range of r= 2�30 R0.3.1 Analysis done on LASCO dataThe data obtained from SOHO/LASCO data is an image of the proje
tion of theevent on the plane of the 
oronagraph, enabling us to just measure the parametersthat are spe
i�
 to that plane of view. LASCO, onboard the Solar and Heliospheri
Observatory (SOHO), has two working 
oronagraphs observing the solar 
orona from
2.1R0 to about 32R0 with a 
aden
e of about 40 minutes [16℄.Two approa
hes were taken in this analysis:i. In the �rst approa
h, the axial 
urrent is taken to be a 
onstant, as mentioned11



Figure 3.1: Representations of the Graduated Cylindri
al Shell (GCS)model. (a) fa
e-on and (b) edge-on . The dash-dotted line is the axis throughthe 
enter of the shell. The solid line represents a planar 
ut through the 
ylindri-
al shell and the origin. O 
orresponds to the 
enter of the Sun. (
) Positioningparameters. The loop represents the axis through the 
enter of the shell, φ and θare the longitude and latitude, respe
tively, and γ is the tilt angle around the axisof symmetry of the model[15℄.in Subramanian and Vourlidas 2009 [5℄.ii. In the se
ond approa
h, the axial 
urrent varies inversely with respe
t to themajor radius (R−0.9), as mentioned in B. Kliem et al. 2010 [12℄.3.1.1 For 
onstant 
urrent:When the axial 
urrent is assumed to 
onstant, we use the equation of Sub-ramanian and Vourlidas 2009 (eq. 2.2) [5℄, to 
ompute the axial 
urrent. With
li = 0.5 from Kliem and Torok 2006 [17℄, and also assuming the for
e-free s
enario,in whi
h all the other 
omponents like gravitational, magneti
 and drag for
es donot 
ome into play. Upon 
omputing the for
e by dividing the power generated bythe velo
ity of CME, we then are able to arrive at the values for the axial 
urrent.Upon dividing the 
urrent with the 
ross-se
tional area of the CME, we get the
urrent density. As the magneti
 �eld is frozen in the CME, upon using the equationmentioned in DeVore 2000 [18℄

Φ = 1.4B0a
2 (3.1)with φ, B0 and a being the magneti
 �ux, axial magneti
 �eld and the 
ross-se
tionalradius (minor radius) of the CME respe
tively. With the help of this equation themagneti
 �eld asso
iated with the CMEs were obtained. In Subramanian and Vourl-idas 2009 [5℄, it was noted that the values of the magneti
 �ux was found to be afew times of 1021 Maxwell. Just 
on
entrating on the proportionality, I took just

1021 Maxwell as the magneti
 �ux and obtained the various values of the asso
iatedmagneti
 �elds at various time stamps. 12



With the help all the data, the values of a

elerations were found, at various timeintervals using the using equation 2.7. Then the a

eleration found out by doubledi�erentiating w.r.t. time were overplotted on the the theoreti
al value and a 
orre-lation 
oe�
ient between the two were found, so as to as
ertain the extent to whi
hthe two approa
hes have in 
ommon.3.1.2 For variable 
urrent:When the axial 
urrent is assumed to be variable, we use the equation 2.3, to
ompute the axial 
urrent. Just 
on
entrating on the proportionalities, the axial
urrent is 
omputed:
AxialCurrent(I) =

1018

R−n
(3.2)The 1018 term in the equation 3.2 was 
hosen so as to mat
h the exponent of the
onstant axial 
urrent obtained in the 
onstant axial 
urrent se
tion. The variable
urrent is 
omputed by varying the exponent of the major radius (n) from 0.5 to1.2. With the value of n being 0.91 we get the maximum values for the 
orrelation
oe�
ient, hen
e the exponent value of 0.91 is retained for further analysis andhen
e, it is spe
ulated that axial 
urrent �owing within the �uxropes varies with

R−0.91 as the CME propagates in spa
e.Upon dividing the 
urrent with the 
ross-se
tional area of the CME, we get the
urrent density. As the magneti
 �eld is frozen in the CME, upon using the equationmentioned in DeVore 2000 [18℄
Φ = 1.4B0a

2with φ, B0 and a being the magneti
 �ux, axial magneti
 �eld and the 
ross-se
tionalradius (minor radius) of the CME. With the help of this equation the magneti
 �eldasso
iated with the CMEs were obtained. In Subramanian and Vourlidas 2009 [5℄,it was noted that the values of the magneti
 �ux was found to be few times of 1021Maxwell. Just 
on
entrating on the proportionality, I took just 1021 Maxwell as themagneti
 �ux and obtained the various values of the asso
iated magneti
 �elds atvarious time stamps.With the help all the data, the values of a

elerations were found, at various timeintervals using the using equation 2.7. Then the a

eleration found out by doubledi�erentiating w.r.t. to time were overplotted on the the theoreti
al value and anda 
orrelation 
oe�
ient between the two were found, so as to as
ertain the extentto whi
h the two approa
hes have in 
ommon.3.2 Analysis done on SECCHI dataUpon using SECCHI data, we get the whole 3-D view of the event and the pa-rameters we measure give us the real pi
ture. The SECCHI instruments aboard there
ently laun
hed STEREO spa
e
raft enable for the �rst time the 
ontinuous tra
k-ing of 
oronal mass eje
tions (CMEs) from the Sun to 1 AU [19℄. The 
oronagraphs13



and heliospheri
 imagers part of the SECCHI investigation onboard STEREO areCOR-1, COR-2, Heliospheri
 Imager 1, and Heliospheri
 Imager 2 (HI-1 and HI-2,respe
tively). Their �elds of view are 2.13 ◦ (4R0 with a 1.5R0 o

ulting disk), 8 ◦(15R0 with a 2R0 o

ulting disk), 20 ◦, and 70 ◦, respe
tively.Also, the HIs are not pointed at the Sun but along the Sun Earth line and their�elds of view are o�set by an angle of 13.65 ◦ and 53.35 ◦ with respe
t to the Sunspa
e
raft line, respe
tively [20℄. At the time of the eje
tions, STEREO was inits 
ommissioning phase and STEREO-A was rolled by 22.4 ◦ from the solar north,whi
h resulted in HI-1 and HI-2 imaging higher latitude regions than during thenormal phase of the mission [20℄. The spa
e
raft were separated by approximately
0.4 ◦ from Earth and were at a radial distan
e of 0.97AU from the Sun.3.2.1 For variable 
urrent:After downloading the FITS images from the SECCHI online database, thoseimages were pro
essed and 
onverted from 0.5 level image to 1.0 image level usingthe software SOLARSOFT IDL (SSWIDL). Then these images were grouped andfurther pro
essed using the raytra
e software suite mentioned in the SECCHI wikipage. Then with the help of a GUI the GRADUATED CYLINDER (GCS) MODELis modeled on to these images.The ray tra
e software suite is used to reprodu
e with a 
omputer the imageof a three-dimensional obje
t as seen by an imaging devi
e. The three-dimensionalobje
t 
an be either a solid obje
t or a di�use obje
t. The Solar 
orona being adi�use obje
t: it is made of a plasma of ele
trons and parti
les of dust. Theseele
trons and dusts s
atter the light 
oming from the photosphere.The main goal of the raytra
ing software is to reprodu
e by numeri
al simulation
oronagraphi
 observations. These simulations are important to test di�erent modeland 
ompare the simulated image with the true data. The software is also usefulwhen designing new instruments to simulate the future observations [21℄ [22℄).The analysis is done, by using the same pro
edure mentioned in se
tion 3.1.1 forthe variable 
urrent subse
tion, on the data obtained from SECCHI.

14



Chapter 4ResultsUpon studying the evolution of the minor radius of the CME, a de
ent 
orrelationis found between the theoreti
al and a
tual data, whi
h in turn gives some 
redibilityto predi
tion, that the axial 
urrent of the CME varies inversely as the major radiusof the CME.In the present study, we use the Graduated Cylindri
al Shell (GCS) model ofThernisien, Howard, and Vourlidas (2006) (as shown in �gure 4.12) to �t CMEevents observed by the SECCHI/COR2 A and B instruments.Upon overplotting the LASCO data with a 5th order polynomial, we 
he
kwhether if a good �t is obtained on the data. After a de
ent �t is obtained forthe data, we di�erentiate the polynomial twi
e w.r.t. time to obtain the a

elera-tion by whi
h the radial expansion of the CME takes pla
e.The analysis is divided into two se
tions:i. We �rst take up the evolution of minor radius of the CME using LASCO data.ii. We �rst take up the evolution of minor radius of the CME using SECCHIdata.4.1 Analysis done on LASCO dataThe analysis in this se
tion is further is divided in two parts. Depending on thevariation of the axial 
urrent �owing within the �uxropes we try to as
ertain thatof the two; whi
h is far more robust approa
h at looking at the rate at whi
h theminor radius of the CME propogates, namely:i. the axial 
urrent is taken to be a 
onstant, as mentioned in Subramanian andVourlidas 2009 [5℄.ii. the axial 
urrent varies inversely with respe
t to the major radius (R−0.9), asmentioned in B. Kliem et al. 2010 [12℄.
15



4.1.1 Analysis done on LASCO data, by assuming 
onstant
urrent.Figure 4.1 - �gure 4.4 show the plots for the various events, des
ribed below:i. Plot for the minor radius vs. time. Also the 5th order polynomial overplottedon it, and the 
orrelation 
oe�
ient is mentioned between the two.ii. Plot of the a

eleration (dv/dt) vs time. The a

eleration is obtained by doubledi�erentiating the polynomial w.r.t. time(denoted by the 
ontinuous line).The a

eleration obtained by the Lorentz self-for
e is overplotted (denoted bythe dashed line) and the 
oe�
ient of 
orrelation is mentioned.The table shown below (Table 4.1) gives us the dates of the event on the lefthand side and on the right hand side are the 
orrelation 
oe�
ients between theapproa
hes of getting to the a

eleration of the evolution of the minor radius ofthe CME, based on the assumption of 
onstant axial 
urrent. As it is evident fromthe table that the there are a few events whi
h show pretty good mat
hes for thetwo approa
hes for 
al
ulating the a

elerations, but it is not proof enough so as toobtain a 
lear pi
ture from this data set.4.1.2 Analysis done on LASCO data, by assuming variable
urrent.Figure 4.5 - Figure 4.8 show the plots for the various events, des
ribed below:i. Plot for the minor radius vs. time. Also the 5th order polynomial overplottedon it, and the 
orrelation 
oe�
ient is mentioned between the two.ii. Plot of the a

eleration (dv/dt) vs time. The a

eleration is obtained by doubledi�erentiating the polynomial w.r.t. time (denoted by the 
ontinuous line).The a

eleration obtained by the Lorentz self-for
e is overplotted (denoted bythe dashed line) and the 
oe�
ient of 
orrelation is mentioned.The table shown below (Table 4.2) gives us the dates of the event on the lefthand side and on the right hand side are the 
orrelation 
oe�
ients between theapproa
hes of getting to the a

eleration of the evolution of the minor radius of theCME, based on the assumption of variable axial 
urrent (varies inversely as R0.9).As it is evident from the table that the two distin
t groups in the table. One whi
hshows negative values of the 
orrelation 
oe�
ients, the other group shows highpositive value, whi
h implies that the variable axial 
urrent model takes well to thedata.The a
tual data in most 
ases shows a good 
orrelation with the theoreti
alpredi
tions. Implying that there the axial 
urrent within the �uxropes of the CMEdoes de
ay at a rate some what inversely propotional to the major radius of theCME (R) as it moves out from the solar 
orona and into the interplanetary spa
e,so as to 
onserve heli
ity. 16



Date[yy/mm/dd℄ Fit of data00/06/06 -0.4800/08/02 0.1200/08/03 0.5500/11/17 -0.5901/01/07 0.7101/01/19 0.5201/02/09 0.3301/03/01 0.5798/02/04 0.2999/07/02 0.8999/08/02 0.4400/03/22 -0.6800/05/05 -0.8500/05/29 -0.7500/10/26 -0.7600/11/17 0.2801/03/23 -0.6897/11/01 -0.6498/02/24 0.2998/05/07 -0.70Table 4.1: This table highlights the results obtained from the LASCO data. Onthe left hand 
olumn the date of the events are given. On the right hand sidethe 
orrelation 
oe�
ient are mentioned that are obtained when we overplot thea

eleration (by using the assumption of 
onstant axial 
urrent) obtained by theequation 2.7.)

17



Figure 4.1: The plot shows two graphs. The �rst depi
ts the graph for the minorradius vs. time. Also the 5th order polynomial overplotted on it, and the 
orrelation
oe�
ient is mentioned between the two. The se
ond plot is of the a

eleration(dv/dt) vs time. The a

eleration is obtained by double di�erentiating the polyno-mial w.r.t. time (denoted by the 
ontinuous line). The a

eleration obtained by theLorentz self-for
e is overplotted (denoted by the dashed line) and the 
oe�
ient of
orrelation is mentioned (for the assumption of 
onstant axial 
urrent). This is forthe event on 7 Jan 2001.4.2 Analysis done on SECCHI dataUpon using the raytra
e software suite from the SECCHI wiki page we use theSECCHI data to 
all upon the GUI for the �tting of the wire 
loud on the imageof the 
oronagraph. Figure 4.12 shows the two FITS images whi
h are view fromthe satellites COR-A and COR-B on whi
h with the help of the GUI the wire framemodel (in green) is �t. Table 4.3 shows the parameters upon whi
h the GrdauatedCylinder Shell (GCS) model depends.4.2.1 Analysis for the variable axial 
urrentFurther using the evolution of the Leading Edge (LE) of the CME with time weagain �t a 5th order polynomial to the minor radius w.r.t. time. Upon using theassumption of variable axial 
urrent of the �uxropes as mentioned in the se
tion18



Figure 4.2: The des
ription of this graph is same as �gure 4.1. This is for the eventon 19 Jan 2001.4.1.2, so as to 
he
k whether the SECCHI data is in a

ordan
e with the theoreti
alpredi
tions. Figure 4.9 - Figure 4.11 and Table 4.4 shows the parameters of the�tting done and the 
orrelation 
oe�
ient between the two a

elerations.
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Figure 4.3: The des
ription of this graph is same as �gure 4.1. This is for the eventon 1 Mar 2001.
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Figure 4.4: The des
ription of this graph is same as �gure 4.1. This is for the eventon 2 Aug 1997.
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Date[yy/mm/dd℄ Fit of data00/06/06 -0.53400/08/02 -0.29600/08/03 -0.34200/11/17 -0.28501/01/07 -0.35601/01/19 -0.10501/02/09 -0.35301/03/01 -0.40698/02/04 -0.24499/07/02 -0.25599/08/02 -0.44300/03/22 0.76000/05/05 0.61100/05/29 0.88900/10/26 0.75900/11/17 0.69601/03/23 0.52497/11/01 0.60298/02/24 0.69298/05/07 0.690Table 4.2: This table highlights the results obtained from the LASCO data. Onthe left hand 
olumn the date of the events are given. On the right hand sidethe 
orrelation 
oe�
ient are mentioned that are obtained when we overplot thea

eleration (by the using the assumption of variable axial 
urrent obtained by theequation 2.7).

22



Figure 4.5: The plot shows two graphs. The �rst depi
ts the graph for the minorradius vs. time. Also the 5th order polynomial overplotted on it, and the 
orrelation
oe�
ient is mentioned between the two. The se
ond plot is of the a

eleration(dv/dt) vs time. The a

eleration is obtained by double di�erentiating the polyno-mial w.r.t. time (denoted by the 
ontinuous line). The a

eleration obtained by theLorentz self-for
e is overplotted (denoted by the dashed line) and the 
oe�
ient of
orrelation is mentioned (for the assumption of variable axial 
urrent). This is forthe event on 26 O
t 2000.
23



Figure 4.6: The des
ription of this �gure is same as 4.5. This is for the event on 29May 2000.
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Figure 4.7: The des
ription of this �gure is same as 4.5. This is for the event on 22Mar 2000.
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Figure 4.8: The des
ription of this �gure is same as 4.5. This is for the event on 17Nov 2000.
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Date Time θ φ γ LE κ α25/03/2008 19:22 199.004 -11.736 -44.162 4.49 0.203 21.241825/03/2008 19:52 199.004 -11.736 -44.162 7.50 0.203 21.241825/03/2008 20:22 199.004 -11.736 -44.162 10.07 0.203 21.241825/03/2008 20:52 199.004 -11.736 -44.162 12.28 0.203 21.241825/03/2008 21:22 199.004 -11.736 -44.162 15.00 0.203 21.241825/03/2008 21:52 199.004 -11.736 -44.162 16.92 0.203 21.241825/03/2008 22:22 199.004 -11.736 -44.162 18.32 0.203 21.241812/12/2008 08:22 73.78 7.26 87.20 4.92 0.10 18.1612/12/2008 08:52 73.78 7.26 87.20 6.14 0.10 18.1612/12/2008 09:22 73.78 7.26 87.20 6.64 0.10 18.1612/12/2008 09:52 73.78 7.26 87.20 7.30 0.10 18.1612/12/2008 10:22 73.78 7.26 87.20 7.64 0.10 18.1612/12/2008 10:52 73.78 7.26 87.20 8.42 0.10 18.1612/12/2008 11:22 73.78 7.26 87.20 9.82 0.10 18.1612/12/2008 11:52 73.78 7.26 87.20 10.78 0.10 18.1612/12/2008 12:22 73.78 7.26 87.20 11.85 0.10 18.1612/12/2008 12:52 73.78 7.26 87.20 12.78 0.10 18.1612/12/2008 13:22 73.78 7.26 87.20 14.07 0.10 18.1612/12/2008 13:52 73.78 7.26 87.20 15.21 0.10 18.1612/02/2008 17:22 243.72 -13.900 67.08 14.42 0.30 20.6812/02/2008 18:22 243.72 -13.900 67.08 16.50 0.30 20.6812/02/2008 18:52 243.72 -13.900 67.08 17.21 0.30 20.6812/02/2008 19:22 243.72 -13.900 67.08 20.07 0.30 20.6812/02/2008 19:52 243.72 -13.900 67.08 20.64 0.30 20.6812/02/2008 20:22 243.72 -13.900 67.08 21.84 0.30 20.6813/02/2008 16:22 351.05 17.88 -68.75 11.28 0.31 6.9813/02/2008 16:52 351.05 17.88 -68.75 11.78 0.31 6.9813/02/2008 17:22 351.05 17.88 -68.75 12.42 0.31 6.9813/02/2008 17:52 351.05 17.88 -68.75 13.24 0.31 6.9813/02/2008 18:22 351.05 17.88 -68.75 13.57 0.31 6.9813/02/2008 18:52 351.05 17.88 -68.75 13.92 0.31 6.9813/02/2008 19:22 351.05 17.88 -68.75 14.57 0.31 6.9813/02/2008 19:52 351.05 17.88 -68.75 15.01 0.31 6.9813/02/2008 20:22 351.05 17.88 -68.75 15.78 0.31 6.9813/02/2008 20:52 351.05 17.88 -68.75 16.00 0.31 6.9813/02/2008 22:22 351.05 17.88 -68.75 17.42 0.31 6.9813/02/2008 23:22 351.05 17.88 -68.75 18.85 0.31 6.9813/02/2008 23:52 351.05 17.88 -68.75 19.35 0.31 6.9813/02/2008 00:22 351.05 17.88 -68.75 20.01 0.31 6.98Table 4.3: This table shows the various parameters on whi
h the GCS model de-pends. Namely, the Carrington Latitude, the Carrington Longitude, the tilt anglearound the axis, the height of the Leading edge of the CME in solar radii, the aspe
tratio and the half-angle between the legs respe
tively.27



Date[yy/mm/dd℄ Fit of data to predi
tion08/03/25 0.66308/02/13 0.53508/02/12 0.11308/12/12 0.618Table 4.4: This table depi
ts the date of the event on the left. On the right the 
or-relation 
oe�
ients are mentioned between the two a

elerations, the �rst obtainedby the double di�erentiating the polynomial �t on the data w.r.t. time and theother obtained (using the assumption of variable axial 
urrents) by using equation2.7

Figure 4.9: The plot shows two graphs. The �rst depi
ts the graph for the minorradius vs. time. Also the 5th order polynomial overplotted on it, and the 
orrelation
oe�
ient is mentioned between the two. The se
ond plot is of the a

eleration(dv/dt) vs time. The a

eleration is obtained by double di�erentiating the polyno-mial w.r.t. time (denoted by the 
ontinuous line). The a

eleration obtained by theLorentz self-for
e is overplotted (denoted by the dashed line) and the 
oe�
ient of
orrelation is mentioned (for the assumption of variable axial 
urrent). This is forthe event on 12 De
 2008. 28



Figure 4.10: The des
ription of this �gure is same as �gure 4.9. This is for the eventon 25 Mar 2008.
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Figure 4.11: The des
ription of this �gure is same as 4.9. This is for the event on13 Feb 2008.

Figure 4.12: The �gure depi
ts the wire frame model (GCS) modeled upon the FITS(Flexible Image Transport System) images, with help of the GUI from the ray tra
esoftware suite. a) Depi
ts the view from spa
e
raft COR-A. b) Depi
ts the viewfrom spa
e
raft COR-B. The wireframe rendering gives a 3-D view, whi
h providesthe a
tual parameters for the event. 30



Chapter 5Dis
ussionAfter analyzing the data from both the satellites (LASCO and SECCHI), various
on
lusions 
an be drawn, whi
h do provide an insight on the nature of the expansionof the minor radius of the 
oronal mass eje
tions due to the Lorentz self-for
es.Upon determining the a

eleration by double di�erentiating the �tting polynomialwrt time. Then the a

eleration of the CME is 
omputed from equation 2.7 andthe plotted together to see, how they mat
h. Also with the help of the SECCHIdata, the total surfa
e area of the CME 
an be obtained whi
h is instrumental inthe determination of the drag for
es a
ting on the CME.5.1 For LASCO dataUpon 
he
king the 
onsisten
y of the rate of the expansion of the CME withthe theoreti
al 
onsiderations of the Lorentz self-for
e, a 
onsiderable amount ofeviden
e was obtained to support the hypothesis that to 
onserve heli
ity the axial
urrent de
ays at a rate of approximately R−1. Upon observing Table 4.2, thereare a lot of events, whi
h show a de
ent mat
h with the theoreti
al values to thea
tual data. The mat
hing for most being above 0.65. Also in the same table, thereare same events that mat
h poorly with the data. Hen
e, nothing 
on
rete 
an bedetermined from the analysis and it 
an only be spe
ulated that the axial 
urrentof the �uxrope might de
ay at the CME moves forward.Upon observing the table 4.1, we �nd that a de
ent mat
h are too few and inbetween, also while the rest of the data mat
h poorly with the data, hen
e withbetter 
ertainty we it 
an be spe
ulated that the axial 
urrent does not remain
onstant as it CME moves outwards into interplanetary spa
e.5.2 For SECCHI dataFour events were observed with the help of the SECCHI data. As the LASCOdata gave us the partial pi
ture of what exa
tly happened (being just a 2-D pro-je
tion in the plane of the image), SECCHI on the other hand gives us the full 3-D31



pi
ture of the event, and hen
e the parameters observed are real in terms of signi�-
an
e.Upon observing the table 4.4, we �nd that there is a de
ent mat
h between the twotheoreti
al and a
tual data. As the number of events observed are here are verysmall, as 
ompared to LASCO data, again we 
an't say for sure, but still 
an spe
-ulate that to 
onserve heli
ity the axial 
urrent of the �uxropes of the CME doesvary at a rate proportional to R−1.

32



Referen
es[1℄ S. K. Antti
hos, C. R. Devore, J. A. Klim
huk, A model for 
oronal masseje
tions, ASTROPHYS J 485 (485).[2℄ M. J. As
hwanden, Physi
s of the Solar Coronal, Praxis Publishing, 2009, Ch.Coronal Mass Eje
tions, pp. 703�737.[3℄ J. Chen, Theory of prominen
e eruptions and propogations: Interplanetary
onsequen
es, J GEOPHYS RES 101 (1996) 27449�27519.[4℄ A. Kumar, D. M. Rust, Interplanetary magneti
 
louds, heli
ity 
onservation,and and 
urrent-
ore �uxropes, J GEOPHYS RES 101 (1996) 15667�15684.[5℄ P. Subramanian, A. Vourlidas, Driving 
urrents for �uxrope 
oronal mass eje
-tions, ASTROPHYS J 693 (2010) 1219�1222.[6℄ T. Yeh, A dynami
al model of magneti
 
louds, ASTROPHYS J 438 (1995)975�984.[7℄ M. Vandas, E. P. Romashets, Magneti
 �eld in an ellipti
 �uxrope: A general-ization of the lundquist ssolution, in: Solar Variablity: From Core to the outerfrontiers, Vol. 506 of Pro
. 10th European Solar Physi
s Meeting, 2002.[8℄ S. Lundquist, Experimental investigation of magneto-hydrodynami
 waves,PHYS REV 76 (1949) 1805�1809.[9℄ A. Kumar, D. M. Rust, Heli
al magneti
 �elds in �laments, Sol Phys 155 (1994)69.[10℄ P. Demoulin, S. Dasso, Causes and 
onsequen
es of magneti
 
loud expansion,ASTRON ASTROPHYS 498 (2) (2009) 551�566.[11℄ Y. Wang, J. Zhang, C. Shen, An analyti
al model probing the internal state of
oronal mass eje
tions based on observations of their expansions and propaga-tions, Solar and Stellar Astrophysi
s.[12℄ B. Kliem, S. Rust, N. Seehafer, Heli
ity transport in a a simulated 
oronal masseje
tion, in: A. Bonanno, E. de. Gouveia, A. Kosovi
hev (Eds.), Advan
es inPlasma Astrophysi
s, Vol. 274 of Pro
eedings IAU Symposium, 2011.[13℄ T. Yeh, Hydromagneti
 buoyan
y for
e in the solar atmosphere, Sol Phys 95(1985) 83�97.[14℄ P. Subramanian, A. Vourlidas, Energeti
 of solar 
oronal mass eje
tions, AS-TRON ASTROPHYS 467 (2007) 685�693.33



[15℄ A. Thernisien, V. A, R. A. Howard, Forward modelling of 
oronal mass eje
tionsusing stereo/se

hi data, Sol Phys 256 (2009) 111�130.[16℄ G. E. Brue
kner, R. A. Howard, M. J. Koomen, C. M. Korendyke, D. J. Mi
hels,J. D. Moses, D. G. So
ker, K. P. Dere, P. L. Lamy, A. Llebaraia, M. V. Bout,R. S
hwenn, G. M. Simnett, D. K. Bedford, , C. J. Eyles, Sol Phys 162 (1995)357.[17℄ B. Kliem, T. Torok, Torous instabilty, PHYS REV LETT 96.[18℄ C. R. Devore, Magneti
 heli
ity generation by solar di�erential rotation, AS-TROPHYS J 539.[19℄ N. Lugaz, J. N. Hernandez-Charpak, I. I. Roussev, C. J. Davies, A. Vourlidas,J. A. Davies, Determining the azimuthal properties of 
oronal mass eje
tionsfrom multi-spa
e
raft remote-sensing observations with stereo se

hi, ASTRO-PHYS J 715.[20℄ R. A. Howard, J. D. Moses, A. Vourlidas, J. S. Newmark, D. G. So
ker, S. P.Plunkett, C. M. Korendyke, J. W. Cook, et al., Sun earth 
onne
tion 
oronaland heliospheri
 investigation (se

hi), SPACE SCI. REV. 136 (2008) 67�115.[21℄ W. T. Thompson, Coordinate systems for solar image data, ASTRON ASTRO-PHYS 449 (2006) 791�803.[22℄ M. R. Calabretta, E. W. Greisen, Representation of 
elestial 
oordiantes in �ts,ASTRON ASTROPHYS 395 (2002) 1077�1122.[23℄ P. J. Cargill, On the aerodynami
 drag for
e a
ting on the interplanetary 
oro-nal mass eje
tions, Sol Phys 221 (2004) 135�149.

34



Appendix ASurfa
e Area Cal
ulationsThe dynami
s of an CME is determined (equation 2.2) by (a) the outward orinward Lorentz for
e, (b) the inward gravitational for
e and (
) for
es due to theintera
tion of the CME with the solar wind, referred to as the drag for
e(p 
argill2004). There are a lot di�
ulties in determining the drag for
es as it is dependenton a number of independent fa
tors. The drag for
e 
an be quanti�ed in terms of[23℄:
Fdrag = ρeACD(Vi − Ve)|Vi − Ve|where ρe is the solar wind density, A is the total surfa
e area of the CME, Vi is thevelo
ity of the CME and Ve is velo
ity of the solar wind. Hen
e, it is imperative toknow the total surfa
e area of the CME so that exa
t 
al
ulations 
an be made todetermine the drag for
es that a
t on the CME.Upon observing the GCS model (referring to �gure 3.1), a 
on
lusion is madethat the model is a
tually made up of three parts. One being the partial torus �ttedon top of the legs with the major radius r and the minor radius a. The other twoparts being the 
oni
al legs of the CME with radius as a and the height mentionedas h. By using the raytra
e software, we are able to determine hext or the heightof the leading edge of the CME in solar radii, the half angle between the legs αand κ: the aspe
t ratio (from table 4.3), whi
h are vital for the 
al
ulations for theparameters su
h as h, a and r. This 
an be done by using the equations:

a = κr

h = hext(1− κ)/ tan(
π

4
+

α

2
)Furthermore, we also 
ome to 
on
lude on observing the �gure A.1 that:

r + a = hext (A.1)hen
e upon using the equation 1 in the paper of A. Thernisien et. al 2009 [15℄ , weget:
r =

hext

1 + κ
, a =

κhext

1 + κ
(A.2)
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Figure A.1: Representations of the fa
e-on Graduated Cylindri
al Shell(GCS) modelNow, to 
al
ulate the total surfa
e area we �rst need to 
al
ulate the surfa
e areaof the two 
ones.
Scones = 2πa

√
h2 + a2The surfa
e area of the torus is:

Storous = 2πa(π + 2α)[r − h sec(α)]Hen
e, the total surfa
e area of the whole model 
an be 
al
ulated by summingup the surfa
e area of the two 
ones and the torus:
Stotal = 2× 2πa

√
h2 + a2 + 2πa× (π + 2α)[r − h sec(α)] (A.3)
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Appendix BResults obtained from the surfa
earea 
al
ulationsUpon using equation A.3, we 
ompute the total surfa
e area of the CME and itis plotted against time, for the various events. Figure B.4 shows the plots of thetotal surfa
e area with time, for the various events.Upon observing the total surfa
e area of the events and plotting them w.r.t time,we see a gradual in
rease in the surfa
e area as time progresses. By studying theevolution of the total surfa
e area, we are one step further in estimating the dragfor
e a
ting on the CME as it propogates further in time. This information is vitalas it a
tually gives us the 
omplete surfa
e area of the CME as 
ompared to theLASCO data, whi
h is just a proje
tion of the CME on the plane of proje
tion. Thedrag for
e on CME is not an easy quantity to determine as it depends on variousparameters whi
h keep 
hanging with ea
h event. By determining the total surfa
earea of the CME, we at least have the information about one of the fa
tors andwhi
h in its own is a huge step.
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Figure B.1: This �gure shows the plot of the total surfa
e area of the CME withtime. Depi
ts the plot for the event on 25 Mar 2008.
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Figure B.2: This �gure shows the plot of the total surfa
e area of the CME withtime. Depi
ts the plot for the event on 12 De
 2008.
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Figure B.3: This �gure shows the plot of the total surfa
e area of the CME withtime. Depi
ts the plot for the event on 12 Feb 2008.
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Figure B.4: This �gure shows the plot of the total surfa
e area of the CME withtime. Depi
ts the plot for the event on 13 Feb 2008.
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