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Abstract

The thesis “Multi-spacecraft analysis of the solar corgt@tma” deals with two dierent
approaches in the analysis of the solar corona: an obsenehtnd a theoretical one.

The rst approach aims at the reconstruction of the 3D stmecof phenomena in the
solar corona using data obtained by multiple spacecraftu$®e observations from three
spacecraft: Solar Terrestrial Relation Observatory (SEBGRA and B and Solar Dynamic
Observatory. The observed and analyzed solar phenomepgweninences and CMEs.
For the analysis of the observed phenomena we extended ahddap 3D stereoscopic
reconstruction method, called MBSR (Multi-view B-splineef&oscopic Reconstruction)
which was developed as part of this thesis. The MBSR methedaHarge spectrum of
possible applications to solar phenomena, from corongdddo coronal mass ejections
(CME). We applied the MBSR method to two eruptive prominane@ich evolved into
CMEs.

In one of the events a bright patch of low polarized radiatias observed in corona-
graph images of the CME core, which was presumably caused-byrasonant scatter-
ing. This e ectis not common since at the usual coronal temperaturbe aeight of the
analyzed CME, one expects the plasma to be fully ionized.pbi@rization ratio method
failed to retrieve a meaningful location of the bright patchherefore, we applied the
MBSR method and determined its probable 3D position in theE@dre. For the second
event we make use of simultaneous data from three spacesptolveconstruct the 3D
location of the highest ridge of a rising prominence and thre @and leading edge of the
CME which evolved from it. We follow the evolution of the etign from the time of
the initial rise of the prominence until the CME core leaves €ld of view of the COR1
coronagraph. We calculate various parameters which clegize the 3D curves, such as
the propagation direction, the rise velocity, the angulaitivof the prominence and of
the CME core and their rotation.

The second approach is related to the extrapolation of tremebmagnetic eld from
a photospheric magnetogram using the NLFFF (non-lineaeffree eld) model. It is
generally accepted that coronal loops observed in EUV imaggline magnetic eld
lines. The results from many conventional magnetic eldragblations show, however,
large discrepancies between the extrapolated magnetldireds and the observed coronal
loops, typically they deviate by angles of the order of 20rdeg. We therefore introduced
an additional observational constraint to the extrapofaticheme by requiring the eld
also reproduces 3D reconstructed coronal loops. This igaeth by minimizing the local
angles between the extrapolated magnetic eld and the tedede the coronal loops. We
call this new method stereoscopic - nonlinear force-frelel -NLFFF) extrapolation
method because the shape of the coronal loops is recomstriroim EUV images by
stereoscopy. In the thesis we present the S-NLFFF methotkatslof it with synthetic
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data.

The thesis is structured in six chapters: in Chapter 1 we giventroduction to the
studied solar coronal phenomena; in Chapter 2 we presemeltieods which we devel-
oped for analyzing prominences, coronal loops and CMEs dsawéose for computing
the coronal magnetic eld. Already existing methods empldyere are also described.
in Chapter 3 we present the spacecraft and instruments wiadiave used for our data
analysis. Chapter 4 presents the application of the MBSR eod the analysis of two
coronal events. In Chapter 5 we present the tests for S-NIokédrel. Chapter 6 contains
conclusions and a brief outlook.
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1 Physics of the solar corona

1.1 Introduction

The corona is the outer most layer of the solar atmosphelé starts at around 3000
km above the solar surface, but it does not have a well de ngdrdboundary. During

a total solar eclipse, the solar corona can be observed weryately. However, solar
eclipses are relatively rare and short-lived events. Thezeground-based instruments
which replace the Moon by an arti cial occulter were constad after the beginning of
the 20th century.

The solar corona is highly in uenced by the magnetic agfioit the photosphere. We can
observe this in uence in Fig. 1.1 which shows two drent snapshots of the solar corona
during solar eclipses.

Figure 1.1: Images taken during two solar eclipses. The mupmage was recorded in
2001 during maximum solar activity (ht{pyww.mreclipse.com). In the lower
panel we see an eclipse during minimum solar activity resdrdn 1998
(http//solar-center.stanford.edu).

1The solar atmosphere is composed of four layers: the phleéospthe chromosphere, the transition
region and the corona.
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1.1 Introduction

A strong magnetic activity at the photosphere correspoadgreamers, i.e. bright
regions of closed eld line oriented in all derent directions. As the coronal plasma is
trapped on magnetic eld lines, the appearance of the coi®aa in the upper panel of
Fig. 1.1. In contrast, at low magnetic activity, coronal megc eld is dominated by a
bipolar con gurations and the appearance of the coronabstiers is more elongated at
the equatorial plane (lower panel of Fig. 1.1).

The coronal radiation in white-light, as observed duringpses, has two compo-
nents: F-corona and K-corona. The F-corona (F for Fraumhafenostly present from
approximately 2 R (solar radii) and is due to the scattering of the photospHgyit at
the interplanetary dust particles. The spectrum of themer@shows the dark Fraunhofer
absorption lines of the photospheric spectrum. The K-ca(ghfor “Kontinuum?”) is due
to the scattering of the photospheric light on the free eb&xst Its continuous spectrum
resembles the photospheric spectrum without the absarlaties (Stix 2002).

Another component of the solar corona is the E-corona (E &omssion) which is due
to the spectral emission (from radio waves to extreme uitveevand X-rays) produced
by highly ionized atoms at temperatures of millions of Kelvrig. 1.2 shows two images
of the solar corona in two emission wavelengths. In most gignslines the plasma is

Figure 1.2: The left image shows the Sun in the emission linesa195 A of Fe XlI recorded by
EUVI onboard STEREO (httpicdaw.gsfc.nasa.gov). The right image was recorded
by the Yohkoh spacecraft. It shows the Sun in the waveleragthe between 345 A
of soft X-rays (http//solar.physics.montana.edu).

optically thin and hot with temperatures larger than 10 0Q0rka steady state and in
ionization? and thermal equilibrium.
Some of the processes which contribute to the emission iodiena are:

" Spontaneous emission occurs when an electron falls frongleehienergy level
(E,) to a lower energy levelH,,) with the emission of a photon with the energy

2The ionization equilibrium is the equilibrium between thalisional ionization and the radiative and
di-electronic recombination (Aschwanden 2004).

11



1 Physics of the solar corona

Free-free emission (also called bremsstrahlung) occuenvaim electron with en-
ergy E. is non-elastically scattered aan ion and emits a photon with the energy
h =E. E;, whereEs is the energy of the out coming electron.

Radiative recombination occurs when a free electron reaoeshvith an ion. When
the energy of the free electron is higher than the energy iewehich was trapped
(En), a photon is emitted with the enerby = smev?  E...

Di-electronic recombination occurs when a free electraragured into an excited
state and at the same time a bound electron is excited faltwe decay of one or
both of the electrons into a lower energy level.

For the theoretical understanding of the physics of therwom large scales, we have
to introduce the laws of magnetohydrodynamics. By “largdess’ we here mean scales
well beyond the ion gyroradius and the ion inertial lengthvaich the coronal plasma
can be described as a uid. Typically, the above mentionedscales are only a few
kilometers and well below the spatial resolution of currewiair telescopes.

1.2 Magnetohydrodynamics

Magnetohydrodynamics (MHD) describes the dynamics of Alsigonductive uid (“hy-
dro”) in a magnetic eld (“magneto”).
MHD can be applied to uids which ful Il certain criteria (Fest 1982):

A

The uid is electrically conductive.
Plasma can be considered as a single tid.

Plasma is electrically neutrah{ n << n,; n with the number densities of
positive and negative ions).

The evolution of the plasma is considered to be slow in theesémat its time-scale
of evolution is larger than the collision times and its ldngtale is larger than the
mean free paths of individual particles, ions and electrdimg plasma is assumed
to be in local thermodynamic equilibrium (LTE).

Since material and phase speeds involved are much lowethkeagpeed of light,
the plasma evolution is treated non-relativistically.

The magnetohydrodynamic equations combine the nonarisiiti approximation of
Maxwell's equations and the Navier-Stokes equation for dggamics of the neutral
plasma extended by the Lorentz-force term, the adiabasdaya, the continuity equa-
tion of the plasma and Ohm's law. As we are interested mor&énmagnetic eld's
behavior, we will present only the electromagnetic equmstio

3The single uid condition may be used due to the slow evolutib the electrons and the ions.

12



1.2 Magnetohydrodynamics

In the reduced form of Maxwell equations, the non-relatigiassumption above al-
lows us to neglect the displacement current from Amperes la

r B = Oj : (11)
r E= % ; (1.2)
r B=0,; (1.3)

whereE andB are the electric and magnetic elf,represents the current density and
o is the magnetic permeability in vacuum. The Ohm's law giVvesrelation between the
current density and the total electric eld:

i= (E+v B); (1.4)

wherev is the ow velocity and is the electric conductivity assumed here to be
isotropic.

A very important equation for solar physics which descriteesevolution of the mag-
netic eld with time when the velocity eld is known, is the duction equation. The
induction equation can be obtain from Maxwell's equatioombined with Ohm's law.
Rewriting the Ohm's law (Eq. 1.4)asE = v B =, applying the curl operator on
the new equation, then inserting into it the Faraday (Eq). dan@d Ampere's law (Eq. 1.1)
and using the vector triple product, we obtain the inducéquoation:

1
—=r (v B)+—r?B; 1.5
@ (v B) - (1.5)
We can introduce = 15 ( ), which is called the magnetic disivity. The induction
equation is valid in this form for a constant The ratio between the two terms from the
right hand side of the induction equation (1.5) is called n&g Reynolds number and
indicates when one of the two terms can be omitted to loweksror

i (v B).

Rm:
] B

(1.6)
For a typical length scall and velocityV,, Reynolds number can be approximated
with R, Yoo,
WhenR, << 1 the Lorentz force is small and we are in thewlive limit In this
case, the time change of the magnetic eld is characterizettiddi usive term, r 2B =
B=(lo)2. In this di usive limit, the magnetic eld can move freely through thagha.
For a certain length scalg, magnetic eld di uses according to a dusion time scale
given by 4 = I13=. In a fully irc])nizleﬁ ﬁ)lasma the dusion time scale depends on the
21T 3=

3 .
plasma temperaturesy; 10 ° I\/Il_om m s. For the solar corona, where the typical

length scale i$; = 10° m and typical temperature & = 10° K, we obtain a di usion
time scale of 4 10'?s 31710 years.

13



1 Physics of the solar corona

For a typical velocity in the corona of 10° ms , the Reynolds number amounts to

Rn = \'700 ¢ 10%° Therefore, for the corona the conducting limjtplies(R, >> 1).

In this case the evolution of the magnetic eld is describgd% =r (v B)which
means that the plasma can move freely along the eld linesdsunhotion perpendicular
to the magnetic eld lines the plasma and the eld are intietatied together. This is the
so-called frozen-in ux condition.

1.3 Plasma beta

Plasma is the ratio of the plasma pressure over the magnetic pres<bary (2001)
calculated the plasma beta in @rent regions of the solar atmosphere, above a solar
active region. For these calculations, he combined a pateakd magnetic model with
various density and temperature observations a¢rmint heights. The resulting pro le

of the plasma beta with height above an active region fronpti@osphere is presented

in Fig. 1.3. The gray area indicates the range of estimateslues. The left boundary

Plasma beta model

10— AR
i Solar Wind
[ Acceleration Region B>1
10°F
~ 10?2} Corona
E E
=
N |-
£ 10t
2 ]
Q [
I \
10° - a
Chromosphere ]
10* '_Photosphere \
B>1 -
10* 103 1072 107 10° 10" 10

Beta(16TtKT/B?)

Figure 1.3: Approximate range of the plasma beta versushheigove an active region in the
solar atmosphere adapted from Gary (2001). The left boyn(tdack thick line)
corresponds to the sunspot region while the right boundarsesponds to the plage
area of the active region (Gary 2001).

of the gray area in Fig. 1.3 corresponds to a sunspot umbreauBe of the very strong
magnetic eld over the umbral area, the plasma beta remasssthan unity at all heights
down to the photosphere. The right hand side boundary inERjcorresponds to plage
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1.4 Creation and the emergence of the magnetic ux

areas which occupy most of the active region (AR). Accordmthis model (Fig. 1.3),
in plage areas, may rise to 100 which is the value assumed to dominate belewdtar
surface. But at coronal heights, above the transition regiodecreases well below unity.

If we consider a coronal temperatufe= 2 10° K and a number density = 1:2
10 m 3, typical for bright loops from active regions (Reale 2010% obtain a plasma
pressure of

p = nKgT = 0:5 Pa; (1.7)

whereKg = 1:38 10 JK ! is the Bolzmann constant. For a magnetic eld®E
100 G= 10 2 T, the plasma beta becomes

_ P _20p_ ~na.
= g = g = 00L; (1.8)

where g is the vacuum permeability.

1.4 Creation and the emergence of the magnetic ux

The coronal magnetic eld is generated below the solar setfdn order to understand
how the magnetic eld is created we need a short introdudtotine inner layers of the
Sun. The interior of the Sun is composed of three main laylees;ore, the radiative zone
and the convective zone. Much of the knowledge about thgseddas been gained from
modeling stellar evolution and more recently from heliss®logical observations.

The coreextends from the Sun's center to approximatel® B . Here, the energy
is generated by nuclear fusion of hydrogen. The temperaidethe density drops (see
Fig. 1.4) from 15 10° K at the center to 5 1(° K at the outer boundary of the core,
which causes the nuclear reaction rate to decrease towardsite boundary. The energy
generated by fusion process is mainly set free in the formigti Bnergy photons and
neutrinos.

The radiative zonsurrounds the core and extends to approximatelyR0. In this
layer the high-energy photons produced inside the coreagliated to the outer layers of
the Sun. The time for a photon to arrive at the outer boundhtkyie zone is very long
due to its repeated scattering at free electrons. The tetyercontinues to drop from
5 10° K at the core boundary to 20 K at the outer boundary of the radiative zone (see
Fig. 1.5).

The tachoclinas a very thin layer centered at 0:7 R and with a thickness of
0:04 R (Charbonneau et al. 1999). Helioseismic observations bhwe/n that at this
interface region, between the radiative zone and the coimreexone, the rotation which
is approximately solid below, becomes latitude dependentélled di erential rotation)
towards the surface, in the way that the Sun's equator ®ta8% faster than the pole
regions.

The convection zonés the subsequent region which reaches up to the photosphere
(see Fig. 1.4). The negative outward temperature gradiethiree orders of magnitude
provides the gravitationally unstable condition for aremge convection and an eient

15



1 Physics of the solar corona

Figure 1.4: The internal structure of the Sun (adapted from
http//www.astro.cornell.edacademicgoursefastro201sun_inside.htm).
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Figure 1.5: The radial temperature (left) and density @igho les in the Sun
(adapted from httésolarscience.msfc.nasa.dioterior.shtml).

transport of energy (Fig. 1.5). This layer is of great impade for the creation, suste-
nance and emergence of the magnetic ux in the outer layers.

At the bottom of the convection zone which coincides with tibehocline, the mag-
netic ux is generated by dierential rotation (Fisher et al. 2000). The mechanism which
generates and maintains the magnetic ux is considered ta Belf-excited dynamo
(Solanki et al. 2006). An essential ingredient of the solaraino is di erential rotation.
The essential conditions for the dynamo to work are:

1. high magnetic Reynolds number (Eq. 1.6). For the conmecbne the typical
value is estimated to be 500 (Brun 2004) in order to keep thgnestz&c ux frozen
in the plasma movement.

16



1.4 Creation and the emergence of the magnetic ux

2. non-axisymmetric eld and ow*. The ow in the convection zone can be decom-
posed into a mean ow and a turbulent one.

3. the di erential rotation is axisymmetric with respect to the sotdation axis and
anti-symmetric with respect to the equatorial plane.

The models which deal with the solar dynamo solve the magyetodynamic equa-
tions, the induction equation and the equation of motiore@1982). The magnetic eld
can be separated into its poloid&,j and toroidal B;) component (Charbonneau 2010).
Making use of the mean- eld theory (the separation of eldsoian average and a uc-
tuating part) applied to the induction equation, the two pornents of the magnetic eld
are revealed as solutions of the induction equation (Dilkgat Gilman 2009).

One concept which is considered to drive the solar conveadone dynamo is the
so called e ect combined with the meridional circulation of the conwattzone
(Dikpati and Gilman 2009). To illustrate the concept coesia poloidal eld as an initial
seed magnetic eld. The e ect consists of a wrapping of the initial poloidal magnetic
eld by the di erential rotation around the Sun (see Fig. 1.6 a).

Figure 1.6: Idealized evolution steps of the dynamo acticthé convection zone of the Sun taken
from Dikpati and Gilman (2009).

4According to Cowling theorem a rotationally symmetric matio eld (like a dipole eld) cannot be
maintain by dynamo (Solanki et al. 2006).

17



1 Physics of the solar corona

By this action the eld changes into a strong toroidal eldeésFig. 1.6 b). The
toroidal eld is transported to the surface of the Sun by tbawective motions. During
the transport through the convective zone the toroidal ektibits a kink due to the
Coriolis force ( e ect) (see Fig. 1.6 c, d).

Meridional ow (see Fig. 1.6 g) transport the magnetic uxiesm the Sun's surface

along meridian lines polward. Some of the ux is then transpad from the poles to the
equator below the surface (Dikpati and Gilman 2009). Vagiolbservations have proven
the existence of a poleward meridional ow of about 10-20 s the near-surface layer.
The observation could not reveal the equatorward return eoyected below the near
surface layer. Dikpati and Gilman (2009) argue that therretow must exist because
the mass cannot pile up at the solar poles.
As we mentioned earlier, the plasma is transported fromriortef the Sun to its surface
(photosphere) by convection. The temperature gradientast iof the convective zone
is nearly adiabatic except close to the surface where itrhesosuper-adiabatic. The
adiabatic temperature gradient is a direct consequenceeotdnvective motion. The
super-adiabatic gradient near the surface is due to thengoof the surface plasma by
radiation into space. The observable consequence of chonet the photosphere is the
appearance of the granulation (see Fig. 1.7), organizeagalked convective cells.

Figure 1.7: View of sunspots, pores and granules (in the iréngaarea outside sunspots and
pores) recorded with the SOT (Solar Optical Telescope) @iblinode spacecraft
(adapted from httgiwww.nasa.gov).

As a result of the convective motion in the cells at the s@fabe magnetic ux
penetrating the surface is pushed into the inter-granaancow lanes between the con-
vection cells (Solanki et al. 2006).

Sunspots (Fig. 1.7) are the manifestation of large magneticconcentrations at
the solar surface (Solanki et al. 2006). From an azimuttaaignted magnetic ux tube
located in the deep convection zone, strands of magnetibacome detached and rise to
the surface where they emerge and form bipolar magnetiomegind sunspots (Solanki
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1.5 The magnetic eld in the solar corona

et al. 2006).

Well below solar surface, the sunspot ux tube can be modeiddeal MHD by a
thin ux tube surrounded by eld-free plasma. The ux tube ikin in the sense that
its diameter is smaller than the other physical relevargtlescales (Fisher et al. 2000).
The forces acting on the dynamic ux tube are the buoyancyepthe Coriolis force, the
magnetic tension force, the hydrodynamic drag force. Th@eced magnetic pressure in
the uxtube is compensated by a reduced density which gigeso an upward buoyancy
force (Solanki et al. 2006, Parker 1975).

1.5 The magnetic eld in the solar corona

While below the solar surfaceis large and the magnetic eld is pushed around almost
passively by the convective ow, in the solar corona thisdition changes. In the corona
<< 1 and we nd that the magnetic eld imposes its shape on a Waré coronal
structures. We can nd the magnetic eld in the shape of catdoops and streamers, of
plumes in the “open” eld of the coronal holes or as arcadetheprominence systems.
The plasma density variation along the eld lines in theserpimena is often assumed to
be in a hydrostatic equilibrium. This allows to deduce theperatures from the variation

of the plasma density with height (Aschwanden 2004).

Sometimes, coronal loops or magnetic arcades in promirgneetures are observed
to be in steady state for a quite long period of time. The rethperegions of the corona
can therefore be assumed to be close to a magneto-hydeasgatiibrium. In this case,
the main forces acting on a plasma volume element, the plpsesaure, the gravity force
and Lorenz force, are in balance:

r p+ g+j B=0: (1.9)

Here p and are the plasma pressure and dengitig the current density and is the
magnetic eld.

1.5.1 Active region loops
1.5.1.1 Introduction

Active regions (AR) are localized regions on the solar stefalom which strong mag-
netic elds emerge, most often in two nearby areas of oppgsilarity. During the ac-
tive region development, the intense changes of the magoeti guration ( ux emer-
gence, ux cancellation, changing in magnetic topology) tagger dynamic processes
like ares or coronal mass ejections (CMEs) (Aschwandenf0M@ue to their bipolar
nature, active regions mostly form closed magnetic elegsi{Aschwanden 2004). Ac-
tive regions loops are magnetic ux tubes lled with a saient amount of hot plasma
so that they radiate ectively in extreme ultra violet (EUV) wavelengths. In EUM-
ages recorded by solar telescopes, the ux tubes are oftsaereéd to emerge from the
low corondchromosphere with at least one foot point rooted in an actggon. Due
to the low of the solar corona, the plasma is well con ned by the magnetd. The
low in the corona allows to approximate a stationary magnetiorea loop as an iso-
lated mini-atmosphere in hydrostatic equilibrium (Ascinl@n 2004) which has nearly
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the same temperature along its arc length (Petrie 2006Ydnigis between dierent ux
tubes. The material inside the ux tubes is assumed as a @assjmle uid moving and
transporting energy only along the ux tubes (Reale 2010). ddent conditions at the
two foot-points can induce a considerable plasma and hemilong the loop from one
foot-point to the other (e.g. siphon ow).

1.5.1.2 Observations and models

Coronal loops are only visible on the solar disk in EUV andrsrovavelengths. Hence
they could only be discovered after spacecraft equippel BlilV telescopes could es-
cape the Earth's atmosphere. The rst images of coronaldaogre made by the Skylab
spacecraft launched in 1973. The emission of plasma fronutheibes at temperatures
sampled by dierent EUV wavelength gives rise to the classi cation of caghrm and
hot loops (Reale 2010). Cool coronal loops are detectedriaviblet (UV) lines emitted
in thermodynamic equilibrium at temperatures betweehKl@nd 1¢ K. Warm loops
have temperatures betweerf¥0and 15 10° K and are observed better in EUV lines
and the hot loops emits around or abovel?f K and are visible in X-ray observations.

The three type of loops can be part of the same bundle of lomasating from one
active region, while each of them emits at drent wavelengths. An image recorded at a
certain wavelength monitors the line-of-sight (LOS) intggn of the radiation emitted
by all the loops in that particular wavelength band.

The observed line intensity () emitted by the transition from an atomic level (j) to
another (i) at the wavelength; from an ionX*™ is given by (Aschwanden 2004)

Z
I, = Z_I” N;(X*™A;dh[Kg m 2s %] ; (1.10)
where j; = c= j; is the wave frequency); is the Einstein coecient for spontaneous
emissionN;(X™™) is the number density of the emitting io¢i™ in the state of the upper
level j andhis the line-of-sight coordinate. In the corona, in genaralljsional excitation
and ionization dominate over radiative processes. Thelptpo of the levelj can be
rewritten as

N O™ NOC™) N(X) N(H)

N = Roem NGO NGH) N e

(1.11)

1. %:)) is the ratio of the number density of the id™ excited at levej relative to

the total number density of the iot™.
2. NIEI’((X;]) represents the ratio of the number density of K relative to the total
number density of the elemeXt

N Ay is the element abundance relative to that of hydrogen.

4. %':) is the ratio of hydrogen number density to the electron dgngior a fully
ionized plasma, this ratio is 0:83.
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1.5 The magnetic eld in the solar corona

The line intensity then can be written as
Z
I, = Ax  C(T; ij; Ne)NeNydh;; (1.12)
~ i A NiXT) NOX™)

CT i Ne) = N N9

(1.13)

C(T; ij; Ne) is the contribution function which contains all the reletzatomic physics
parameters and is peaked in a narrow temperature rangethtbe temperature depen-
dence ofN(X*™M=N(X). The temperature here is considefied T, = Ti,,. The separation
of the ratio% = Ax from the contribution function arises from the assumptiaat the
abundances are constant along the line-of sight. An aligende nition of the contribu-
tion function is

Gij(T; i3 Ax; Ne) = AxC(T; i Ne) : (1.14)

Based on observational data of a certain line inteniity) at wavelength j;, the
contribution function can be calculated from the CHIANTIlespal code (Dere et al.
1997).

The most commonly used EUV lines for coronal observatioeslae emission lines
of iron at di erentionization levels. Fig. 1.8 shows coronal loops frenAR in di erent
emission lines.

'
&

ISDOJAIA 211 # SDOJI}&JA 335

SDOJAIA 131

Figure 1.8: Coronal loops observed on 01 August 2010 withAh#% telescope on board the
SDO spacecraft in the wavelengths of = 171A (top left), = 193 A (top
right), 211 A (middle left), 335 A (middle right), 94 A (botto left) and
131 A (bottom middle) (adapted from httfsdo.gsfc.nasa.gfatdaiahmi) and with
XRT (X Ray Telescope) on board Hinode spacecraft (bottorhtyigadapted from
http//www.solarmonitor.org).
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Typically, EUV intensity measurements are reduced to themintial emission mea-
sure (DEM) which is de ned as the derivative of the emissioeasure (EM) with re-
spect to the temperatur®EM(T) = dEM(T)=dT = NeNy(dT=dh) . It is used in the
approximation of local thermodynamic equilibrium and esties the emitted intensity
in terms of the local temperature and its gradient. Underagsumption of the den-
sity prole N(h) = Ne(h)  Ny(h), the di erential emission measure is expressed as
DEM(T) = N3(dT=dh) * wheredT=dhis the gradient of the temperature along the LOS.
The line intensity can be written in terms of the DEM as

Z
1
i = o Gij(T; ij; Ax; Ne)DEM(T)dT : (1.15)

With the CHIANTI code which consists of an atomic databasgasuite of computer
programs to calculate the optically thin emission spectéienlarge number of EUV lines
(Landi et al. 2013), the dierential emission measure of various EUV lines can be tted
to the observational data. This way information about thesdg and temperature at the
emission site can be obtained. From the variation of emrmssieasure with temperature
dEM(T)=dT N2( h= T), the squared average density can be estimated as it sh®uld b
directly proportional tadEM(T)=dT and inversely proportional to the local loop diam-
eter h. This relation,N2(T) = (dEM(T)=dT)( T= h) can be estimated for a range of
temperature3 (Aschwanden 2004).

Using observations of the DEM of coronal loops, Winebargexd.(2011) suggested
a stationary heating model of active region loops. Theyntla be able to reproduce
the density-sensitive spectral lines from the core of theakid the DEM of the loops.
Their model is based on the assumptions that the potentidlegtrapolation replicates
the geometry of the AR core and the heating along a loop istanhs

The evolution of observational instruments and the in@easomputational power
allows the development of analysis techniques which retreaphysical characteristics
in more detail. Using the DEM technique, Aschwanden (20Eletbped an automatic
code for the analysis of the temperature distribution nd¢ ower the entire Sun but also
for structures like active region loops. Using observairom six di erent EUV wave-
lengths emitted from dierent iron ions, Aschwanden (2011) could built a tempeeatur
map for an active region (see Fig. 1.9). The authors condltidat the highest temper-
ature in the active region is found in the core with valuesveen 8 10 10° K (white
part of the Fig. 1.9) while at the periphery of the AR, the tengpures are 1.5-25F K.

Under the assumption of local thermodynamic and hydraseguilibrium one can
calculate the total emission measure (EM) of a loop from titegration of a known
DEM over the whole temperature range. In such a calculatienias to take into ac-
count the LOS integration over all observed loops as thenaqglasma in the corona can
be assumed to be optically thin in most EUV lines. One comnssum@ption in these
calculations is that the loops are isothermal.

A way to derive the temperature of the loop is to observe ar@iroop in two EUV
emission lines. The observed intensities depend on thesemimeasure at the ective
loop temperature and on instrument characteristics (da&tnal. 1973). The ratio of
the two emission measures depends on the temperature amgeEendent of the local
density if the pair of EUV lines are suitably chosen. The ainis measure method is
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Figure 1.9: Temperature map derived usingeadiential emission measure technique taken from
Aschwanden (2011).

limited by the capability to separate the background emissif the solar surface or of
other overlapping loops from the emission of the loop to bestigated. This di culty
also arises when the diagnostic is applied to loops abovbnie(Reale 2010) because
of scattering from the non-negligible coronal background.

Coronal loop models often treat the ux tubes as monolitetaijc) and at equilibrium
(Reale 2010) with a uniform temperature along the loop. Tdreyassumed to be heated
and cooled as an homogeneous unit (Klimchuk 2009). Fromredisens, most of these
loops live longer than their cooling time where the coolimge can be determined from
observations. The cooling time depends on temperaturesitgeand the length of the
loop (Klimchuk 2009).

The structured (dynamic) types of loops are multi-strarmetlles often below obser-
vational resolution. The strands are dynamic, behave enldgntly and are assumed to
be heated impulsively. Averaged over the entire bundleettiee loop appears to evolve
slowly (Klimchuk 2009).

From observations at a pixel size larger than 1 arcsec, dee cannot distinguish
clearly between dierent loops. With the launch of Solar Dynamic ObservatoBy@3 it
has become possible to continuously image the low coron&W\Eavelengths at a pixel
size of 0.6 arcsec. Another instrument with an even highsslotion (0.1 arcsépixel)
is High-resolution Coronal Imager (HI-C). Peter et al. (2pdlid not nd the substruc-
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tures in Hi-C observations that are expected from the encstef resolvable loop bundles.
Their conclusion was that the observed loops are either fitbicovith diameter of typ-
ically 2 to 3 arcsec, or the loops are multi-stranded withgtrand diameter below the
HI-C resolution. According to their calculations, theyiged a diameter of a strand to be
about 15 km.

The heating mechanism of coronal loops and of the corona ées the topic of
intensive research since a couple of years. The detailseotdnversion of magnetic
energy which forms the dominant energy reservoir into ttaremergy is still unsolved
(Reale 2010). Currently there are two main mechanisms anabdrloop heating dis-
cussed, namely Direct Current (DC) heating through modesad frequent explosive
events (nano ares) and Alternating Current (AC) heatingMtiyén waves (Reale 2010).

Winebarger et al. (2011) classi ed loop and heating modet®eding to the number
of strands which existin a ux tube. If a coronal loop is conspd of only one strand and
the heating events occur infrequently, the temperaturedangity along the strand will
strongly vary in time. The heating mechanism is then assumeéd the “nano are heat-
ing” mechanism. If the heating occurs almost continuoustytemperature and density
along the loop will reach an equilibrium and time variationgemperature and density
are moderate. If the ux tube consists of few strands whictoemter heat pulses almost
simultaneously, the intensity of the loop will evolve in thegme manner as the individual
strands evolve. This heating scenario is called “short remastorm” (Winebarger et al.
2011). A“long nano are storm” scenario takes place in thescéhat many sub-resolution
strands are heated individually and randomly. The entop tben evolves more smoothly
in time according to the average strand.

Klimchuk (2009) concluded that EUV loops with temperatur&(® K are composed
of multiple strands which are heated by storms of nano ailesthe case of loops with
temperatures 2 1P K, the author found no clear evidence whether the nano aatihg
mechanism applies.

In another study Petrie (2006) analyzed the coronal looghsidnd pressure scale
heights using the approach of isothermal monolithic uxealwith a steady-state plasma
ow. He studied how the cross-section of the loop varies withght solving the mass
Oow conservation equation with the ux tube expansion taketo account. Motivated by
Landi and Feldman (2004), who found that static loop modetsestimate the foot-point
emission by orders of magnitude, Reale (2010) concludechélzessity of introducing
non-uniformity in the cross-section of the loop.

1.5.2 Prominences
1.5.2.1 Introduction

Prominences consist of dense, partially ionized plasmaddgavith several thousand km
above the solar surface sustained by the coronal magnéti@ared embedded in the hot,
highly ionized solar corona. When observed in detail, praances are build from ne
threads partially lled with cool material which outline rgaetic ux tubes (Arregui et al.
2012). In general the main body of the prominence has a tragespiucture (the spine,
the barbs, the legs). The spine is the main axis of the pram&ehe legs are placed at
the two ends of the spine and the barbs (see Fig. 1.10b) arstriaions which extend
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1.5 The magnetic eld in the solar corona

from the main axis sideways down to the chromosphere (Maekai; 2010).

Figure 1.10: a) Cut from an image recorded in Emission by the BBSO (Big Bear Solar Ob-
servatory) showing dark lamentsrominences and b) a dark lament with barbs
recorded in H emission by the BBSO.

The plasma which forms the prominences is kept in equilthriny the magnetic eld
against gravity. Observers often distinguish between prente and lament. The term
prominence is used when it is observed above the solar lintirigbt structure in the
emission of hydrogen (see Fig. 1.10a) and helium. When wbdeawn the solar disk a
prominence appears dark and is also called a lament (see Ei0a). The dark ap-
pearance of prominences in tbn the solar disk is due to the absorption of the incident
radiation from the photosphere by the cool lament matef@&blanki et al. 2006). Be-
cause prominences and laments appear se@cént, it was not realized in the beginning
of their observations that they are one and the same phemamaéanthe thesis | will use
both terms synonymously.

Filaments are formed above photospheric inversion lingg g&tween opposite mag-
netic polarities along a so-called lament channel, whigedé ned as the volume in which
the lament will form and live. A necessary condition for tHaments to form is that the
horizontal lament magnetic eld has a component along the @Martin 2000). Chro-
mospheric brils (horizontal ne threads of plasma disuiled over the solar surface) are
often aligned with the surface horizontal eld. Conseqienhe brils cannot be normal
to the PIL (lament channel) in sections where laments mayrh. It is possible that a
lament channel exists without being lled with chromospiematerial (Martin 2000).
Another condition for the formation of prominences is théstence of closed magnetic
eld arcades across the lament channel which connect theospie polarities (Martin
1990). The sense of rotation of the obligde brils relative to the PIL or to the lament
axis de nes the chirality of the lament (see Fig. 1.11). Tgally, this sense of rotation is
also shown by the barbs. The two senses of chirality areccdkatral and sinistral (see
Fig. 1.11). Fig. 1.10b shows an example of a lament with assral chirality. Chirality
is correlated with the sign of the magnetic helicity of therpinence ux tube. In gen-
eral, negative magnetic helicity dominates in the nortinemisphere of the corona, while
positive helicity dominates in the southern hemisphergtde® et al. 2003). In a similar
way, the sense of the chirality d@rs in the two hemispheres. Studying the chirality of
2310 laments, Pevtsov et al. (2003) found that almost 80%hef laments follow the
hemispheric helicity rule.
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Sinistral chirality Dextral chirality

Figure 1.11: Sketch illustrating the chirality rule of lants. The con guration from the left
hand side is dominant in the southern hemisphere while therom the right hand
site is dominant in the northern hemisphere. The arrow sgmits the spine of the
prominence while the lateral lines stands for the barbs.

Prominence foot points are rooted in the chromosphereewndst of the prominence
mass resides in coronal heights. The mechanism by which #gnetic prominence
structure is lled with cool plasma is still unclear.

The magnetic eld plays a key role not only in the formationtieé lament but also
in its evolution and disappearareription. Instabilities in the magnetic eld can trigger
eruptions of prominences which may evolve as coronal massiens (CMES).

1.5.2.2 Observations

Prominences were observed long before the spacecraft ista,during solar eclipses.
The reddish color of prominences in these observationsdédathe H ( = 65628 A)
emission of the prominence plasma (see Fig. 1.12).

21992 Roger Ressmeyer - Starlight

Figure 1.12: Crop of an image taken during an eclipse fromL19&ich shows a prominence
(http//www.company?.cofmeadégallery11b.html).

Many of the prominence observations are made in this wagéigsee Fig. 1.10) and

26
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in the EUV (extreme ultra violet) wavelength of He Il £ 304 A). At304 A, laments
appear dark because of He Il self-absorption.

In contrast, the brightness of the prominence with respettte background when ob-
served o-limb is due to the emission of the prominence plasma or tetlagtering of the
radiation emitted from the solar surface (see Fig. 1.13 fHgion which surrounds the
prominence and where the temperature gradient is very figi (prominence tempera-
tures to coronal temperatures) is called prominence toneot@nsition region (PCTR).

Figure 1.13: Composition of images of the same prominenserobd in di erent EUV (extreme
ultra-violet) wavelengths. From left to right at waveldmgt = 131A, 304 A, 171A,
193A. The images were recorded by AIA onboard SDO (www.th&siay.org).

In some cases, the prominences can be observed in EUV emlsss of ionized
iron at = 171, 193, 131 A. These lines corresponds to equilibrium tratpres of
T =06; 1:2;10 1P K, respectively (Parenti et al. 2012). In these wavelengihsmi-
nences appear dark also when observed above the limb. Tgie background is in these
observations provided by coronal emission. An explanatioime prominence emission
for the low line intensity at these wavelengths has beemgiyeAnzer and Heinzel (2005)
who propose two responsible mechanisms. One mechanismadb#orption of a fraction
of the coronal radiation from behind the prominence (wheseobed along LOS). The
second explanation is the low emission from the promineretenal (Parenti et al. 2012)
in these hot coronal EUV lines.

Labrosse et al. (2010) proposed two models of the promingtingeture which can ex-
plain observations in UV-EUV wavelengths. In one model gr@minence has a cool core
surrounded by a thin transition layer which is hot enoughnit & the EUV spectrum.
The second model assumes that the prominence is structursothermal threads with
di erent temperatures some of which are hot enough to emit &EUV-wavelengths.

The prominences have been classi ed from their rst obsgoves. Secchi (1875) di-
vided them into quiescent and active prominences. PetRX)l8eparates prominences
into ve types: eruptive, tornado, quiescent, sunspoate or active. Tandberg-Hanssen
(1963) introduced a classi cation based on relative intigsof spectral lines from promi-
nences observed in emission above the solar limb (Tandbengsen 1977).

Another classi cation of the prominences is based on tlogiation and on the strength
of the magnetic eld. This classi cation distinguishes i@etregion (AR) laments (see
Fig. 1.14, upper right image) and polar crown prominencegymetic eld con guration
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(dextral or sinistral), structures (as observed at limb)H{dike or horizontal threads (see
Fig. 1.14, bottom images) (Chifu et al. 2012).

Figure 1.14: Di erent types of prominences. Images on the left side images igeorded SOT
onboard Hinode, top right image by BBSO, bottom right imageEhT (Extreme
ultraviolet Imaging Telescope) on board the SOHO (Solar laliospheric Obser-
vatory) spacecraft.

The strength and the dynamics of the magnetic eld has siamt impact on the
morphology and lifetime of the prominences. The magnetid ie the active region is
stronger and more dynamic than in quiet Sun regions. As aecu@ce, it is observed
that the lifetime of the prominences above active regiosfi@ster than those which form
in a weak magnetic eld. This is the background for the clasgion in active and qui-
escent prominences. AR prominendesnents can last from a few hours to days, while
quiescent prominences can last for weeks (Gosain and Sdanf610).

The dimensions of prominences can vary signi cantly. Qoésg prominences can
reach 18 km in length, 16 km in thickness and £tkm in height (Labrosse et al. 2010).
while the AR prominences are smaller and barely reachki®in height (Filippov and
Den 2000).

The typical temperature of prominences is substantiallyelothan typical coronal
temperatures in which the prominence is suspended. Tyjgicgleratures of prominence
plasma spans between 6000 K and 80000 K (Anzer and Heinz8) 200

Itis considered that the temperature varies between thybatlalso along each thread,
which makes the determination of the temperatureadilt. According to Park et al.
(2013) the most common way to calculate the temperatureeirctine of a prominence
is by measuring the absorption width of a spectral line. Z2ation and excitation pro-
cesses of the atoms in the prominence plasma depend on tpertdnre. Besides the
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thermal contribution to the line width one has to take intocamt the non-thermal broad-
ening which might be due to unresolved LOS (line-of-sighttions induced by waves
or turbulence (Labrosse et al. 2010). In this case, the Bopplth is given by:

r—
_ KT .
D= + 2; (1.16)
where p is the observed line width, is the diagnostic wavelength at restjs the ion
temperaturem is the mass of the ion andis a non-thermal turbulent velocity. Using
observations of emissions from idatoms of di erent mass, e.g., Hand Ca Il, and
applying formula (1.16), Park et al. (2013) found tempeaedibetween 410° and 2 10
K and non-thermal velocities (NTV) between 4 and 11 ki $Jsing even more spectral
lines, Parenti and Vial (2007) derived NTV inside a promiceeat di erent temperatures.
The temperature was considered to be the LTE emission tetuperof the observed
line. They covered the range betweerf 80d 25 10° K. The analysis was performed
for a quiet-Sun region (considered as reference regionfwadli erent locations of a
guiescent prominence. From their analysis, Parenti ant (2@07) found that in the
quiet region the turbulent motions are increasing with terajure and reach a peak in
the transition region al = 6 10° K. They decrease at larger altitudes and coronal
temperatures. The prominence velocities were found to Werldhan those found in
quiet-Sun regions folf = 6 10° K. There was also a derence in between the two
locations of the prominence studied. While at one locatio&plasma showed an increase
of turbulence motion between A0* K < T < 2 10° K, the velocity remained almost
unchanged in the other region.

Using the observations from Parenti and Vial (2007), Anzet Heinzel (2008) de-
rived the PCTR temperature of the prominence along a 1D pithifough the prominence.
Assumptions of their model are a constant electron pressube entire system and the
minimum temperature of:2 10* K in the center of the prominence. A t of the theoret-
ically calculated DEM with the observed one yields a widtloofy 1:9 10* km for the
prominence along LOS.

The electron densities vary along the prominence and betweerent types of
prominences. Most of the prominence densities obsenatievealed values between
10° and 10* cm 3 (Labrosse et al. 2010).

Using the line-ratio technique, Parenti and Vial (2007 )j\d&t densities at two dier-
ent locations on a quiescent prominence of the order d6%- 3.6 10° cm 3.

Observations show that the plasma which forms a promineneery dynamic. It
Is continuously entering and exiting the lament on a timalscshorter than the la-
ment life time (Martin 1998). Flow velocities normal to th©B in a prominence have
been derived by tracking plasma irregularities. The lifvsight (LOS) velocity can be
obtained through Doppler shift measurements, which hasligasvantage that the bulk
spectral shift is proportional to some average of all véiesialong the LOS. Labrosse
et al. (2010) reports of observations by the tracking metbfocbunter-streaming ows
of about 5 - 20 km s'. From the Doppler shift method, values of5 km s* have been
obtained. Analyzing H time-sequence images, Chae et al. (2008) observed halzont
ows in a prominence at a speed of 10 knt svhich after a few minutes became vertical
ows with a velocity of 35 km s?.
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1.5.2.3 Models

There are many models which are trying to explain the foromaéind evolution of the
prominences. Some models assume that laments are suddoyta nearly force-free
ux rope which stretches horizontally above the PIL. Onelué early models has been
described by Kuperus and Raadu (1974). Their model is eagrtvo-dimensional
with a magnetic eld arcade bridging the PIL. At elevatedtalies, the arcade eld ends
in an x-point which suspends a plasmoid above. The plasnscadjain surrounded by
a magnetic arcade which prevents the plasmoid to lift (dcagis eld). The lament
plasma is thought to reside in the upwardly bent pockets®ptasmoid magnetic eld
such that it cannot sink down to the surface. The system sbatthree magnetically
well separated regions: a low density zone of the bootstrepda eld in the corona,
a high density plasmoid above the x-point and a low densitgde below the x-point.
In the plasmoid region the magnetic eld is closed and in tBer@odel of Kuperus and
Raadu unconnected to the photosphere while above and detovament, the magnetic
eld is closed and connected at the photosphere. The eldasidally force-free except
for the vicinity x-point.
van Ballegooijen and Martens (1989) have demonstrated heWuperus-Raadu con-

guration can be obtained through surface motion combinét steady reconnection at
the x-point above the neutral line. The surface motion isralmoation of shear along the
neutral line and convergence towards the neutral line teegelthe required reconnection
rate. The consequence is the formation of a helical ux tulhéctvis able to support the
prominence. This process is illustrated in Fig. 1.15.

(e)

Figure 1.15: Schematic of ux cancellation in a sheared netigneld taken from (van Balle-
gooijen and Martens 1989). The rectangle represents péregfhotospheric plane.
The dash line represents the PIL. (a) Initial potential ;€l) sheared magnetic eld
produced by ows along the neutral line; (c) the magneticashe increased further
due to ows toward the neutral line; (d) reconnection progkitong loop AD and a
shorter loop CB which subsequently submerges; (e) overliops EF and GH are
pushed to the neutral line; (f) reconnection produces thiediéoop EH and a shorter
loop GF which again submerges (van Ballegooijen and Mart689).

The initial magnetic eld has a simple unsheared arcade garation and is located
normal to the PIL (see Fig. 1.15 a). By applying a foot poirgahacross the PIL the
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1.5 The magnetic eld in the solar corona

necessary eld component along PIL is generated. An addificonverging motion to-
ward the PIL then leads to reconnection and the formation@dbsed helical ux tube
detached from the surface (see Fig. 1.15 b). The shear nsatiear quiescent promi-
nences are considered to be due to theed@ntial rotation. The newly created small loop
below the ux tube may eventually submerge because its gtooimvature and converging
foot points which will give rise to a downward magnetic temsi van Ballegooijen and
Martens (1989) proposed that by siphon ow cool plasma issported along the helical
elds and forms the prominence. Increasing shear will erlegthe magnetic pressure due
to an increased eld component along the PIL, which causesttiire arcade system to
are. Sudden eruptions can only be modeled by a three-dirneaksystem (Mike and
Lee 2006).

1.5.3 Coronal Mass Ejections (CMES)
1.5.3.1 Introduction

Probably the rst observation of a coronal mass ejection vex®rded in 1860 by G.
Tempel during a total solar eclipse. Even if the method adréing was a simple drawing,
Eddy (1974) concluded that the pictures show a major cotomasient. In 1975, Hildner
et al. (1975) were the rst who used the term “coronal massteje”. A CME is a
sudden release of plasma which caries a frozen-in magneti@and which propagates
and expands from the Sun into the interplanetary space (#esatien 2004).

A typical CMEs has a three-parts structure which compriskemding edge (LE), a
dark cavity and a bright core (llling and Hundhausen 1986h eXample of a typical
coronagraph observation is shown in Fig. 1.16.

2000/02/27 08:18

Figure 1.16: A typical three-parts structure of a CME. Fegadapted from
http//sohowww.nascom.nasa.gov.
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The bright core

The core is usually associated with plasma material exgpp&itan the active region
ares or prominence eruptions. The cool prominence plassrithen often swept away
with the CME and forms an amorphous high-density core molessrat the center of the
CME cloud.

The dark cavity

This part has a circular or semi-circular shape surrounttiadpright core. The cavity
is often interpreted as an expanding helical ux tube, whels its extremities connected
to the solar surface.

The leading edge

There are alternative explanations given in the literaforethe leading edge of a
CME. One of them considers the leading edge being shapedehyaitkground coronal
magnetic eld lines lled with plasmas which piled up by a skoor compression wave
at the forefront of the CME. Another interpretation is thia¢ bverlying arcades of the
erupting ux rope are stretched resulting in a compressibthe coronal plasma on the
outer side of the eld line, thus producing a local densithancement (Chen 2011).
The source site of CMEs are regions with closed magnetic véheére free magnetic en-
ergy has been accumulated and is released during an erupimtinerefore not surprising
that the occurrence of CMEs is strongly correlated with theber of sunspots (Gopal-
swamy 2010) and with the solar magnetic activity. Oftenythee also associated with
the sources of ares in active regions. The CME- are relatis however not a one-to-one
relation and several studies have shown that sometimes are produced well before
or after a CME. Also, some CMEs are not associated with a aralla The statistical
correlation between sunspot numbers, ares and CMEs idalisd in Fig. 1.17.
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Figure 1.17: Daily CME and soft X -ray are rates comparedhnitaily sunspot number taken
from Gopalswamy (2010).

During the minimum activity of the Sun, CME sources are distied over all lati-

tudes. As the activity of the Sun increases, one can obsemeference of CME occur-
rence at equatorial latitudes (Webb and Howard 2012).
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1.5 The magnetic eld in the solar corona

CMEs are visible in optical wavelengths by Thomson scatteoif the sunlight at the free
electrons of the plasma cloud. Since the scattering crag®sas small, the intensity

of the scattered light is several orders of magnitude belandirect sunlight. Carefully
designed instruments are required to limit the internattecaf the direct sunlight of the
instrument so that CME clouds becomes visible.

Since the Thomson scattering cross section per volume mopronal to the electron den-
sity, the intensity of the scattered light allows to estiendte CME mass. Vourlidas et al.
(2010) calculated the density, mass and kinetic energyvaraethousand CMEs during
Solar cycle 23 (from 1996 to 2009) using data from the SAASCO instrument. The
values for the CME mass spans betweed(’ kg and 102 kg, the average electron
column density varies between10**cm 2 and 10'® cm 2 and for the energy between
10 J and 16°J.

The speed of CMEs just after launch varies from about somem® k to very rapid
CMEs with 3000 km s (Gopalswamy 2010, Webb and Howard 2012). The speed listed
in CME catalogs and calculated by some authors is often thedspf the CME projected

on the plane of sky (POS)which underestimates the real 3D speed. It was observed that
during minimum solar activity, slow CMEs tend to be accdiedan the interplanetary
medium to 400 km <, the speed of the ambient solar wind. In contrast, at maxisoim

lar activity, CMEs often start at high initial velocitieséthen tend to be decelerated. This
is probably a consequence of an interaction with the solady&W). It is well known
that SW velocities vary with the solar cycle. At minimum sdativity, we have a distinct
slow SW of around 400 km $in the solar equatorial plane embedded in a dilute fast SW
of about 700 km & at higher latitudes. The slow solar wind plane coincides lie
interplanetary current sheet. At higher solar activitg turrent sheet warps so that slow
and fast SW is found at almost all latitudes. When a CME isas#d into interplanetary
space it encounters a drag force from the ambient solar whidhadepends on velocity

di erence so that the CME velocity approaches the SW speedi{Q&@s).

1.5.3.2 Observations

A strong development in CME observations started with tlieadha of dedicated space-
craft missions. The rst undebated evidence of a CME wasiobthin 1971 by coro-
nagraph observations on board OSO-7 (Orbiting Solar Obsamny) (Webb and Howard
2012). Many other missions like Skylab, P78-1, SMM (SolaxMaum Mission) fol-
lowed with a continuous improvement of the space and timeluéen of observations,
(see Webb and Howard 2012, and references therein). In 198§ enission was launched,
SOHO (Solar and Heliospheric Observatory) with the contehASCO (Large Angle
and Spectrometric Coronagraphs) C1, C2 and C3 instrumBnie¢kner et al. 1995).
Since 1998 only the C2 and C3 coronagraphs have been opgsaatthhave covered the
solar corona from 2.2 to 32 RAnother set of coronagraphs presently recording the solar
corona in white-light are on board the STEREO (Solar TergddRelations Observatory)
spacecraft. The STEREO instrument suite comprises thesotme coronagraphs COR1
and COR2 and the caxes heliospheric imagers HI1 and HI2 (Howard et al. 2008a)
These four instruments cover a eld of view from 1.4 to 330, [Rig. 1.18 displays a se-

5The plane of sky (POS) is the plane perpendicular to the aids of a telescope as seen in a recorded
image.
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STEREO COR1

Figure 1.18: A series of historical CMEs observations rdedrwith di erent coronagraphs dur-
ing recent decades illustrating the progress in coron&giagtrument taken from
Schwenn et al. (2006).
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1.5 The magnetic eld in the solar corona

ries of historical and recently observed images of solasmairmass ejections. The series
clearly demonstrates the progress made over the yearsalviresthe ne structure of
CME clouds.

Data from ground-based coronagraphs can be used complmyenthe space-based ob-
servations. For example, the coronagraph MK4 of Mauna Ldar &bservatory (MLSO)
takes polarized brightness images of the solar corona &/erynutes but it can observe
only during day time and with clear sky. The MLSO coronagrapba eld of view from
1:12 to 29 R . It is the only coronagraph which can observe the coronaaedb the
solar surface as:12 R .

Chen (2011) classi es the CMEs in two categories, “narromd &normal” and identi es
for each of them a certain source mechanism. He de ne narlkE€as those with an
angular width (AW) of 10 degrees and less and with an elongtelike shape. They
are mostly observed to be launched in coronal holes whemadgmetic eld is open. He
proposed that the CMEs are caused by reconnection of colmoasé which migrate or
emerge into the coronal holes. In contrast, normal CMEs ansidered to be produced
by ux-rope eruptions which produce the common three paticitre (see Fig. 1.16).
The CMEs which propagate along the Sun-observer line, reftiveard or away the ob-
server are called halo CMEs. A halo CMEs may produce a geoetiagstorm if two
conditions are ful lled: the CME reaches Earth and its magneld has a southward
component (Gopalswamy et al. 2007) facilitating in this wlag reconnectiofi with the
dawn side of the Earth's magnetic eld.

Another important parameter is the dawn to dusk electrid which depends on the solar
wind velocity and the southward component of the CME magnetd (Gonzalez et al.
1994). As a result of the reconnection, the CME particlegreimto the magnetosphere
and increase the total particle energy of the ring curfefithe perturbations in the ring
current which surrounds the Earth will lead to the geomagis&rm perturbations on the
Earth's surface (Bothmer and Daglis 2007).

Besides coronagraphs, the recording of the solar radiosemniss also used to detect
CMEs. According to Gary and Keller (2004), the radio emissdoCMEs is due to ther-
mal free-free emission, plasma emission and gyro-emis3iba observations of thermal
free-free emission (bremsstrahlung induced by scattesfnglectrons at ions) in radio
wavelengths gives information about the temperature améléttron density in the CME
cloud. The imaging of CME radio emission at drent wavelengths reveals the three
part structure of a CME (leading edge, cavity and core) atsm $n white light (Bastian
and Gary 1997). The observations of CMEs in radio frequenc#é be obtained from
space-based and ground-based observatories. Radio afises\have the advantage that
a CME can be monitored right from the time it is launched orstiiar disk while it is still
hidden behind the occulter in white light observations (Basand Gary 1997). Other ad-
vantages according to Bastian and Gary (1997) are that cddiervations are sensitive to
a broad range of temperatures and are sensitive to emigsimmbn-thermal electrons.

8Magnetic reconnection can be de ned as change in the togabthe magnetic eld lines (Schrijver
and Siscoe 2009).

"The ring current is an electric current ow of a torus shapeuaid Earth in the equatorial plane (Daglis
1999).
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1.5.3.3 CME models

The huge plasma cloud of a CME, at some distance from the Symeaah a size which

even exceeds the Sun. The processes relevant for strucau@ME on much less vis-

ible scales of a few 1000 km are still the object of specutetioThe number of source
models has grown with the number and resolution of CME olagrms but also because
a physical idea for the source process was required for theigg number of attempts

to numerically simulate CME eruptions. The goals of thesausations was to identify a

source mechanism from the acceleration or the shape of 8tespaption CME cloud.
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~ Flux cancellation model

The concept of ux cancellation was initially introduced @aplain the formation
of a ux rope and of the prominences (Amari et al. 2010). Bageanagnetograms
and H observations, Martin et al. (1985) de ned ux cancellatias the mutual
disappearance of derent polarity ux at the inversion line.

As mentioned in Section 1.5.2.2, in numerical studies ofes®f force-free equi-
libria, van Ballegooijen and Martens (1989) found that wcellation at the neu-
tral line together with a strong shear of the coronal magnetd above will give
rise to the formation of a ux rope (FR). These FRs can supposminence ma-
terial as a result of the helical con guration of their magoeeld. If magnetic
ux is continuously convected to the neutral line and disaqs (see Fig. 1.15) the
prominences will rise when this con guration eventuallgés equilibrium.

Linker et al. (2003) have simulated an MHD model of the ernpirecess from the
initiation of a CME to its propagation through interplangtapace. They start
with a spherically symmetric solar pre-eruption con guoat consisting of a hel-
met streamer surrounded by a solar wind on open eld lines Esg. 1.19a).

=L

Figure 1.19: MHD simulation of a helmet streamer eruptidggered by ux
cancellation taken from Linker et al. (2003). The stripesveh
projected eld lines at subsequent stages of the eruptiomnlsi-
tion.

In order to trigger a CME, they apply a shear ow at the surfatmng the inver-
sion line which enhances the magnetic energy of the streatust like in the van
Ballegooijen and Martens (1989) model, Linker et al. (208®)lied a surface ow
component toward the inversion line to mimic the ux canagbn. A ux rope
builds up as a consequence of the continuous ux cancefiatioich enhance the
magnetic pressure in its interior.

During the erupting phase a current sheet was observedrtodbcoronal heights
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below the ux rope (see Fig. 1.19c) and a certain percent&fjgeeanagnetic energy
is transformed in kinetic energy allowing the plasma in the-rope to move out-
ward into the SW as a CME. From the analysis of the time evahudif the system,
Linker et al. (2003) could see how fast the streamer becomstble in depen-
dence of the strength of the surface motion.

Linker et al. (2003) extended the calculations in order W@gtigate the subsequent
propagation of the CME to 1 A.U.. They could reproduce thetation of a shock
wave in front of the CME.

Breakout model

This model by Antiochos et al. (1999) assumes a preexiskisyametric quadrupo-
lar potential eld with three neutral lines in the photosphieThe con guration is
shown in Fig. 1.20a.

DD
)

Figure 1.20: Field lines at derent stages of the breakout model taken from
Antiochos et al. (1999). The eld is symmetric about the axis
of rotation and the equator, so only one quadrant is showe. Th
photospheric boundary surface is indicated by the lighy grad.
Magnetic eld lines are colored (red, green, or blue) acouyd
to their ux topology. The two types of blue eld lines indita
unsheared eld (light blue) and low-lying (dark blue) eldhat
is sheared later in the simulation. (@) Initial potentialgmetic
eld. (b) Force-free eld after a shear of/8. The eld lines
shown correspond to those in (a) and are traced from the same
footpoint position on the photosphere as in (a). (c) As abbue
for a shear of 3=8. (d) As above, but for a shear ef2. Figures
adapted from Antiochos et al. (1999).

It has a central arcade (blue) at the equator and two morelescat higher lati-
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tudes symmetrical to the equator (green eld lines). Theralso a bootstrapping
polar ux overlying the entire three arcade structures (tbe lines in Fig. 1.20)
(Antiochos et al. 1999). In order to determine the energyhefdystem required
to drive a CME, Antiochos et al. (1999) simulated the exmtajprocess by two
di erent methods. One is by calculating a sequence of foreeefyailibria adapted
to an increasing shear of the photosphere near the equat®setond method uses
an ideal 2.5D MHD code with identical initial and boundarnddions as the rst
method.

The force-free eld code calculates iteratively the minimenergy state for each
given value of the surface shear. As the shear increasesyitinaum energy eld
con gurations shows an increasing amount of ux from theenmrcade to recon-
nect with the outer bootstrapping ux until the latter is iealty used up and allows
the equatorial arcade ux to break through into the intemplary space. In the

(a) @
§ () i (d)

Figure 1.21: MHD solution after a shear of (&)8, (b) =4, (c) 3=8, and (d)
=2 . The eld lines shown are the same as those in Fig. 1.20.
Figures adapted from Antiochos et al. (1999).

ideal MHD calculations the plasma is kept in hydrostaticiégrium with a given

temperature and density. The values of plasma beta in tbeipatational box are
below unity near the bottom boundary, but much higher thaty urear the null

point at the top of the equatorial arcade. As photosphenmbary condition a
slow continuous shear motion was applied with latitudirrallp as in the previous
experiment. The MHD solution for each shear phase are showigi 1.21 a,b,c,d.
Since in ideal MHD reconnection cannot occur, the shearfnfeinnermost ar-
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cades just enhances their magnetic pressure and makes tbenngsize pushing
the bootstrapping eld upwards. The interface between thgosing ux system
evolves from a null point to a single extended current sheet.

According to observations, CMEs are more common at the sttemwltiple ux
systems which supports the breakout model. Some CMEs tedd®/ prominence
eruptions could be well explained by this model (see Forbat 006, and refer-
ences therein). Lynch et al. (2005) performed a 3D MHD sitnatieof the breakout
process. As initial magnetic eld they consider an elondgdteolar active region
embedded in a background dipole eld (see Fig. 1.22 - upgdéx le

Figure 1.22: Time evolution of the breakout model with eldds
from a meridional plane. Figure taken from Lynch et al.
(2005).

39



1 Physics of the solar corona

40

Using resistive MHD, they allow the sheared inner ux anddherlying restraining
ux to reconnect. The plasma parameters are consideredrisplg symmetric.
The initial plasma beta is less than one in the entire contipmi@ domain. The
shear motion applied has no horizontal divergence so teatdihmal component of
the magnetic eld at the surface remains constant duringikition (Lynch et al.
2005). As a result of the imposed shear, the magnetic preessareases above
the neutral line and pushes up the arcade eld lines. Coresgtyy the null point
is distorted into a thin current sheet (see Fig. 1.22 - midijbt). The model
allows magnetic reconnection at the moment when the nuiitpmirrent sheet is
compressed to the scale of the numerical grid. As a resule@mection, the
expansion of the ux rope increases rapidly until the ux eomally erupts.

Emerging ux model

From active region observations it was found that the enmegyef new magnetic
ux was well correlated with the occurrence of ares and CM@4iki¢ and Lee
2006).

The emerging ux as a trigger mechanism for CMEs was propdse@€hen and
Shibata (2000). The basic idea of this model is that the rgcoation of the mag-
netic eld topology as a consequence of the emerging ux mayse the initiation
of a CME. The authors tested their model with a 2D resistivelVdtmulation. The
initial setup consist of a ux rope which supports the prosmioe material. The
ux rope is embedded in a 2D arcade. The emerging ux has opp@®larity to
the overlying arcade eld and breaks through the photospkéher at the neutral
line or asymmetrically in one of the two polarity regions.tihe model, the contri-
bution of gravity force is neglected, the temperature issadbgred uniform and the
resistivity depends on the local current density. The camagions of the two cases
are sketched in Fig. 1.23. If the ux emergence occurs symuoadly inside the

@) (R @) @

Figure 1.23: Diagram of two con gurations of CME triggerifny emerging ux
adapted from Chen (2011). (a,b) Emerging ux inside the kzmh
channel cancels the pre-existing loops, which resultsénntsitu de-
crease of the magnetic pressure. Lateral magnetized pdeasmalriven
convergent to form a current sheet; (c,d) Emerging ux algdhe I-
ament channel reconnects with the large coronal loop, wigshlts in
the expansion of the loop. The underlying ux rope then riaed a
current sheet forms near the magnetic null point Chen (2011)
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lament channel (see Fig. 1.23a) it reconnects with the @decald below the ux
rope as shown in Fig. 1.23a. The consequence of this smél iezannection will
be a di usion zone of magnetic pressure below the ux rope along Wighforma-
tion of a current sheet and inward motion of the plasma (asriovFig. 1.23b) into
the di usion zone. The ux rope eventually moves upward and nallgguces the
CME ejection. In a second setup, Chen (2011) consider theemerging asym-
metrically on one side of the neutral line. It reconnectwite overlying eld as
shown in Fig. 1.23c. The reconnection now occurs at one dnk® arcade. The
simulations show that this process stiently destabilizes the system so that again
the ux rope is rapidly ejected.

Leake et al. (2014) developed an alternative 3D MHD model eixsemergence
event. In their model, a twisted ux rope rises from below theface and encoun-
ters a dipole-arcade eld above. In order to catch detaihefemergence process
properly, the model includes the convection zone, the gpiteréchromosphere
and the corona as separately simulated layers. In thresretit simulations with
the same initial eld geometry they vary the strength of tleeamal preexisting
arcade eld. Fig. 1.24 shows the evolution of the emerging rope towards erup-
tion.

Figure 1.24: Simulation of an eruption of a coronal ux ropden from Leake et al.
(2014). The horizontal slice shows the vertical magnetild at the
surface. The gray lines originate on the bottom boundaryrepasent
the eld of the initial dipole con guration. The blue linesa& part of
the emerging ux rope (Leake et al. 2014).

The ux tube rises from the convection zone to the surface audly reconnects
with the overlying arcades. Initially, the reconnectioredmot in uence the emer-
gence of the ux tube. As the ux tube continues to emergeHartinto the corona,
the ux of the overlying arcade is partially canceled by trentinuous reconnec-
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tion with the emerging eld. As the reconnection between blo®tstrap ux and

the rising ux tube continues, the acceleration of the upmincreases. The ux
rope however in the simulation rises only until it reachesupper boundary of the
computational box (see Fig. 1.24) due to inadequate boyratarditions. Leake
et al. (2014) assumes that in a more realistic scenario tkeope will erupt and

evolve into a CME.



2 3D reconstruction in the solar
corona

In this Chapter, we will present and apply two main methocesider the 3D reconstruc-
tion of solar phenomena. One method is called Multi-viewpBre Stereoscopic Re-
construction (MBSR) which for the 3D reconstruction usesghinciple of stereoscopy.
This method was developed initially for two views by Berntidéster. We have extended
and applied the method for three view reconstructions. esmopy is a method based
on geometry which uses images taken fromedent view directions. It is widely used
for the reconstruction of coronal loops, prominences anémint parts of coronal mass
ejections. An application of the MBSR is presented in ChapteThe second method
which can be used for the 3D reconstruction of coronal losfike non-linear force-free
eld (NLFFF) extrapolation method. We have extended antehis method in order to
be able to nd a good agreement between the modeled and @sseragnetic eld. The
extended eld extrapolation method is called S-NLFFF angrissented in Section 2.5.
The tests of the new method are presented in Chapter 5.

2.1 Introduction

The measurement of magnetic eld in the corona is not an easly. tWe discuss here
only two methods to indirectly determine the coronal maignetd.

A method which yields a quantitative estimate of the coroeldlis the extrapolation
from solar surface eld observations. Itis based on the aggion of a force-free coronal
eld and requires a nonlinear boundary value problem to beesb

The second method to constrain the coronal eld is the sta@oic reconstruction of
EUV loops which are assumed to be aligned with the coronal. &he 3D reconstruc-
tion of these loops mainly constrains the geometry of themalr eld. The method is
somewhat restricted to the vicinity of active regions wheeEUV loops are mostly ob-
served. Yet, this is valuable information because actigeres supply most of the coronal
magnetic ux through the solar surface.

Each of the two approaches have their limitations. EUV lo@pepscopy does not
yield the magnetic eld strength but only the shape of sonfegrofew, individual eld
lines. However, it provides observational constraintstf@ magnetic eld at altitudes
well above the photospheric surface and therefore coultl seele to stabilize the ex-
trapolation at these altitudes. The three-dimensionatsgeopic reconstruction is prone
to some typical errors, basically of geometrical origin whiee view angle between the
two stereo projections is small and where the loop tangeuistéo become orthogonal to
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the epipolar plane normal. The epipolar planes de ne thallogconstruction geometry
(Inhester 2006, Aschwanden 2011).

One of the shortcomings of the NLFFF method is the fact thabthundary conditions
for the extrapolation are often incomplete and contamuhaii¢h errors (see Section 2.4).
As aresult, there is an obvious misalignment between thegottated and observed eld
lines. In a study which compared the results from extrapmiavith observations, a typi-
cal discrepancy between the orientation of reconstructedubes and extrapolated eld
lines was found to be about 20 degrees (De Rosa et al. 20083.uBe of these discrepan-
cies between models and observations, we propose and tsirat eld reconstruction
method which combines the conventional NLFFF extrapatatwith 3D data from indi-
vidual loops as they can be obtained from stereoscopic séaartion. In Section 2.5.1 of
this chapter we describe our approach and in Chapter 5, themethod is tested using
boundary values and simulated loops from a known force-&leke

2.2 Stereoscopy

2.2.1 Introduction

Stereoscopic reconstruction is used in many elds like pagring, medicine, cinematog-
raphy, etc., and the level of diculty can di er according to the object which has to be
reconstructed. A stereoscopic reconstruction needs \adigans from at least two view
directions. The reconstruction can be performed for pliket-curve-like and surface-like
objects. The reconstruction of polygonal surfaces is sipiaeduced to the reconstruc-
tion of the edges and corners. This is not possible for cusegthces. An example of
di cult surfaces to be reconstructed are human faces whereemas more information
from the images like texture, colors and the direction dftigources.

In solar physics if two simultaneous viewpoints are not iadde, one can make use
of the solar rotation to perform stereoscopic reconstouctiThe reconstruction can be
achieved from a pair of images from the same view point bui agrént timest; t,).
The separation in time has to be short enough so that intrimgie variations of the
reconstructed object can be neglected. This method isioatation stereoscopy. Promi-
nences being a rather stable structure which can sometasie®t months (Kuperus and
Tandberg-Hanssen 1967) are a suitable phenomenon faorabstereoscopy. This does
not apply to its small scale structures. Coronal loops, endtimer hand, have a much
shorter life time, from hours to days (Lenz 1999), which nietg severely the time be-
tween the two images used for the reconstruction.

With the launch of the STEREO spacecraft, stereoscopicsnaction started to be
highly used for solar phenomena. Usually it was performedhfthe two view direc-
tions provided by the telescopes onboard STEREO. As theedegiveen the spacecraft
increased, stereoscopic reconstructions could be pegfbfnom three view directions,
where the third view was supplied by other spacecraft, BQHO or SDO.

In the ideal case, from a projected pair of curve-like olgdam the Sun (e.g. coronal
loops or the outer edge of prominences) we can obtain a uBiQueirve as a result of the
intersection of their backward projection on the Sun (Inée2006). Two-view directions
are su cient for a 3D reconstruction from an ideal data set. The @iseare than two
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views brings more accuracy to the reconstruction if the deganoisy.

The leading edge projection of a CME in the images is usechireconstruction of
the CME surface. Their reconstruction, however, yieldsr@ewhich is not necessarily
located on the true 3D surface because in the images thecpooj®f di erent locations
of the 3D surface (Inhester 2006) is recorded (see detakpthmations in Chapter 4,
Section 4.2.5). Here, if more views are available, the retraction lies closer to the real
3D object.

The three main steps for stereoscopic reconstruction argiidation, matching and

reconstruction. The basis for all stereoscopic reconstme is the epipolar geometry
(Inhester 2006).

2.2.2 The epipolar geometry

The epipolar geometry de nes the geometry of stereoscagionstruction. It is inde-
pendent of the object to be reconstructed, but depends adnttivesic parameters of the
recording instruments (Hartley and Zisserman 2003). Usnegepipolar geometry, the
reconstruction can be reduced from a 3D problem to a set ofr@blgms. The elements
which de ne the epipolar geometry are (see Fig. 2.1) (Inée2006):

Figure 2.1: Orientation of epipolar planes in space anddkpactive epipolar lines in the images

for two observers (e.g., space craft) looking at the Sunureigaken from Inhester
(2006).

" The stereo base linas the line between the two observers
" The stereo base anglés the angle subtended by the two view directions

" The stereo base planas the plane de ned by the two observers and the Sun's
center.
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3D reconstruction in the solar corona

The epipolar planeis the plane uniquely de ned by a 3D object point to be re-
constructed and the positions of the two observers.e@ant 3D object points to

be reconstructed may lie on dirent epipolar planes but share the same stereo base
line.

The epipolar lines are the projections of the epipolar planes onto each of the ob
server images. For e.g., the ray,f M] throughM, in image 1 lies on the epipolar

plane described by = (O;;0;; M). Since ray D,; M] lies on the plane , the
projection pointM, in image 2 is found on theepi-line' from Im2 of Fig. 2.2)
intersection line between the epipolar planand the plane of image 2 (Fig. 2.2).

epi-line
epi-line

Figure 2.2: Sketch of the point correspondence on an epifiok A point M; from Imy; back-
projects to a ray in 3D space de ned by the observera@d M;. This ray together
with the line connecting observer,@ith observer @ de ne the epipolar plane. The
projection of this epipolar plane on the imagelmill be imaged as a linegpi-line).
The 3D point M which projects to Mmust lie on this ray, so the image of M in the
second view must lie oapi-line of Im,.

The epipolar lines constrain the search of correspondimgtp a stereo image
pair to a search along a line and not on the entire image pldaeléy and Zisser-
man 2003).

" The epipoleofimage 1, for e.g., is the intersection between the stease bne and
the prolongation of the epipolar lines from image 1.

The epipolar coordinate system is de ned in the epipolangety in which all the trans-
formations are performed in order to obtain the 3D locatibthe reconstructed object.
Identi cation and matching
After the object to be reconstructed was chosen, one hasrtectly identify the
projection of the 3D object in both images. For solar phenmmgoops, prominences,

lepi-lineis the short-hand for epipolar line.
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2.2 Stereoscopy

coronal mass ejections) which might be the object of a 3Dnsiraction, one often has to
process the images in order to nd the correct corresporegleRor example, a common
image processing step is the background subtraction. Sweceften observe optically
thin lines in EUV andor coronograph images, the image brightness measures ike em
sivity integrated along the line of sight. With the backgrdusubtraction, we remove
some of the contributions from other sources than the one av¢ te reconstruct.

Two corresponding points from two images may not have exdb# same bright-
ness. After the images were “cleaned” from background dmutions andor noise, an
automatic way to nd a match point in image 2 of a point from gedl, is to parse along
the epipolar line in image 2 and to calculate the intensityedence between the point of
image 1 and each point from the epipolar line of image 2. Theesponding point will be
found when the intensity derence is a minimum. Another way to nd a corresponding
point is by visual inspection using the epipolar constralifite process, in both cases, has
to be reversible, i.e. it should be independent on weathademify a point in image 1
rst and search for it in image 2 or vice versa. The choice @& tiorresponding points
from the images used for reconstruction is called tie-pognt

2.2.3 Reconstruction

A 3D reconstruction requires a camera model which descthm®esamera optics. A sim-
ple camera model is swient for the long focal-lengths optics used in solar physia

/BD object

Optical axis

X

Figure 2.3: Sketch of a simple camera model.

Fig. 2.3 we present a simple camera model which relates thgernoordinates«( y) of
an object relative to the optical axis to angleand of the ray from the observerto the
object,

_ X+ y

[
_Yy.

tan =% (2.2)

tan = (2.1)

wheref is the focal length of the instrument. Here,y are expressed in the same units
as the focal length. Hence a single image only gives us tleetitin angles ( ), not the
distance of the object. The distancehex coordinate and thgcoordinate are dependent
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2 3D reconstruction in the solar corona

on the two orientation angles:

= ftan ; (2.3)
X= COS ; (2.4)
y= sin : (2.5)

We assume that the optical axis is directed to the Sun’s cethe origin of our 3D
coordinate system. The Sun's rotation axiprojects to they axis of the image 2.4. This

Image plane ~

7

(Xi; Vi

Figure 2.4: Sketch of the projection of the solar disk on thade plane, its rotation axis and
the epipolar plane. The distancgis the distance of the object along the epipolar line

(disparity).

orientation is chosen in most solar observations. We censi@D object point r which
projects to the image coordinates (X, y). The unit vectoheodbserver is de ned by

P= (2.6)

i’
The x axis on the image must be perpendicular tand tor

&= 2.7)

They axis on the image must be perpendiculagtandr
=1 &: (2.8)
The angle between the optical axis and the ray to the object is
. . P
+ 2
an =)@ O @ rr+E
irj r jrji foor

-
| =

(2.9)

and the angle, A
g r
tan = - : (2.10)

& r
Here, all unit vectors; &; & are known from the telescope position. In order to sim-
plify the problem, we can replace the projective geometryHagya ne one. The ane
geometry considers all the rays to be parallel and it can bd uden the distances are
very large compared to the focal length (like for the diseabetween the Sun and the
STEREO telescopes). In Eq. (2.9) the denominator is theaceg byjrj 7 r!j rj.
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2.2 Stereoscopy

2.2.3.1 Stereo case

In general, for performing stereoscopic reconstructioosftwo vantage points the sepa-
ration angle between the two view directions should desateciently from O or 180

so that the images contain independent information. Closkdse limiting angles, it is
often easy to identify corresponding features in both insagée more the viewing angle
deviates from 0 or 180 , the identi cation of the same feature in both images starts
become more dicult. However, the geometrical errors of the reconstructiecrease
and reaches a minimum when the stereo base angle approd@chg@stgester 2006).

Our task is to nd r from the image coordinate pairg;(y;) and ,;y,) of two
images. The rst step is to nd the epipolar plane of the obje@Ve label the planes
by the distance, which is the distance from the Sun's center to the interseqtoint
between the epipolar plane and the solar rotational axisee Fig. 2.5).

A~

Sun's center

)
Figure 2.5: Sketch of the intersection between the epigpéare and the solar rotation axis

The epipolar planez] is de ned by
@=fxix=2z + 1(r1 z )+ o2 Zz ) 1, 22Rg: (2.11)
The normal vector to the epipolar plane is
N=@0, z) (2 z): (2.12)

Given the image coordinates(y;) of an object in two imageis=1, 2, we can nd the
labelz of the respective epipolar plane by de ning

di/ x& +vye, ff; (2.13)

as the ray of unknown length from the observéo the object which has to lie in the
epipolar plane.
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2 3D reconstruction in the solar corona

0=d; n(2 (2.14)
=di (r1 ZA) (r2 ZA)
=d [ry ro zZri+ry)  Jor
=G 2 (2.15)
di (ro+r)

Note that the length ad; does not matter. If this formula does not give the sarfoe
d; andd, then the image coordinates, (y;) and (,; y») do not correspond.

After we have determined the epipolar plane of the object athe 3D reconstruction
reduces to a 2D problem. The origin of our 2D coordinate systethe epipolar plane
is at the intersection between the epipolar plane and thés Sotation axis, i.e.z .
Rewriting Eq. (2.12) we get forr the following expression:

r= 1F1+ 2F2+Z ; (216)
fi=ri z ; (2.17)

wheref; is the observer's position in the epipolar plane.
From the decomposition ofr (see Appendix for details) we obtain two equations for
rand .
" #

ijf_CiJ = &+ f_é?i(l 8) (af1+ ofy); i=1land2 (2.18)

i
which can be solved for; and . For positions close to the heliographic equaft(,
0 and the second and third term in the square brackets onghehand side can be

neglected if a ne geometry is assumed. Then approximately

[
e

(2.19)

2.2.3.2 Reconstruction errors

The instruments have nite resolution and therefore thegeneoordinatesq y) are also
uncertain. This at rst has an impact on the calculation &f &pipolar plane parameter
in Eq. (2.15). For a typical arrangement of the STEREO spatfiedoth in the ecliptic
plane at approximately the same distangdérom the Sun, we have:

ry rp, 2risin’; (2.20)

(ri+r2) — 2re.cos(=2)8,; (2.21)

whereg, is normal to {; + r;) andz is the ecliptic normal direction. The spacecnaftis
positioned at approximately 1 A.U. from the Sun ard the angle between the spacecraft

at the Sun center. Sin@& zk(r, ry), we can simply derive the error mfrom Eq.
(2.15) assuming = ff; tolowestorder,d  xe + ys, is the error ind:

Viz (rv ro)
ff, (ro+ry) 2z °

17" (2.22)
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2.2 Stereoscopy

The error for the reconstruction of in the epipolar plane is best shown from the sketch
2.6.

pointing error

\\/

T depth error

W,

Figure 2.6: Sketch of the reconstruction errors in the daipglane.

If we consider an errorx, expressed in the image coordinates,

depth error’ il .ric ;
f sin(=2)
X Tsc

cos(=2) f cos(=2) !

W
sin(=2) (2.23)

pointing error’

(2.24)

since w=r¢. = x=f corresponds to the angular error. Note that the depth ereonati-
cally increases if becomes small while the pointing error decreased if 180 .

2.2.3.3 Reconstruction of loops

The reconstruction of loops ders from that of a single point because a loop typically
intersects a range of epipolar planes (Fig. 2.7). Hence gheeanent in the epipolar
plane parametez cannot be used to check the correspondence of the object itwth
images. Rather we can use the range of the epipolar pararwieered by a loop. This
range should be identical from both images if a loop is idedtcorrectly in the images.
However, in practical measurements, the foot points ofsemot be determined exactly
because one of the foot points either lies behind the hoffrzon one view direction or is
immersed in bright EUV moss structures on the solar surfatk, the epipolar parameter
Zmax Of the loop top can be used.
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2 3D reconstruction in the solar corona

7Z

~N 7/,
\W

Figure 2.7: Sketch of epipolar planes intersected by a loop.

Another problem with loops which intersect some epipolaedi twice (typically E-W
oriented loops) is that even if the loop itself is identi edreectly in both images, its two
legs may be mixed up. The back projection of a loop from its itwages often gives two
possible solutions from the intersection of the two prog@csurfaces (Fig. 2.8). One of
the solutions is the correct one and the other solution iallyscalled a “ghost” loop.

\ 7.
\ \/ .’
\/ Ve 7
s s D
s ,7\ - \
7 - \  projection
- -, N
P -, \ surface
-, \ \
\ \
\ \
\ \
\ \

Figure 2.8: Sketch of the projection surfaces.

Error estimate of the reconstructed loop curve follow ireese the error estimates of
a single point reconstruction, except that the error volhiaseto be projected tangentially
to the loop. It turns out that the error often is largest atitiogp top where the correct and
the “ghost” solution come close, i.e. in the epipolar plapg (for downward bent loops)
or Zmin (for upward bent loops), respectively. Here, the loop ptgss are parallel to the
epipolar line in the respective image and the disparity, (it position along the epipolar
line) is less well determined.

2.3 Multi-view B-spline Stereoscopic Reconstruction (MBR)

Due to localization errors of the curve projection in the ges, the stereoscopically re-
constructed 3D curve often needs to be smoothed by tting gp8nomial or spline
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2.3 Multi-view B-spline Stereoscopic Reconstruction (MBS

curve. We have developed a method in which the B-spline (setgd® 2.26) tis embed-
ded in the reconstruction. Instead of calculating pairwesmnstructions from multiple
views which have to be somehow averaged nally, our methadble to reconstruct a loop
curve from its tie-pointed image projections on two or maems directly. It is designed
to yield a 3D B-spline as approximation to the reconstrutdeg curve, the projections
of which optimally matches all tie-points in the images. fhis no need to arrange the
tie-points from di erent images pairwise on identical epipolar lines alonddbp which
would be necessary for a point-by-point reconstruction ofilave. No association of tie
points in di erent images is necessary. After the tie-pointing stepreéhenstruction is
performed using all tie-points from all images in one go. Tdeal error depends only on
how well the tie points are positioned and the 3D reconstnatesult is approximated
by the 3D spline curve which projects closest to the tie-fmimthe images.

2.3.1 B-spline curve

A B-spline (base-spline) curv&s) is a piecewise polynomial curve constructed of base
splinesBi«(s) (de Boor 1985). The nal shape of the curve is determined leyghts

gi to eachB;x. These weights can geometrically be interpreted as coptioktsq;; i =
Nmin; Nmax. FOr a given polynomial ordek, a B-spline curvee(s) is de ned as a linear
combination of control pointg; and B-spline (basis-spline) functions:

Nenax
c(s) = Bix(9)d; (2.25)
i=Nmin
Each base splinB;, is made up of piecewise polynomial segments of degrard
has a limited support off|; s:x+1]. They are constructed recursively as follows:

~ For the cas& = 0 we have

8

31 ifs2[s; Sl
Bio(S) = ’
oS -BO otherwise

N

Fork > O we recurse
Bix(S) = Mx(9)Bix 1(9) + (1 Mi1x(8))Bivik 1(S) ; (2.26)

mi(s) = S‘S_; S < Suk: (2.27)

S+k

For an extended curve, the range of curve parameisrdivided into N intervals
s 2 [s;s+1] wherei = 0; N. Each interval §; s+1] is in uenced byk + 1 base functions
Bik; Bi 1k 5B kk and is therefore in uenced blg+ 1 control pointsyi; Qi+1; 33350 k-

In our model we use cubic B-splines with= 3. The intervals have unit length. From
the recursive formula (2.26) we can build the resulting polyials inside each interval.
For the xed interval ;s + 1], the curve can explicitly be written as polynomial of

=S S

c(s):% i, 2 3 (2.28)
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2 3D reconstruction in the solar corona

Cubic B-splines are continuous functions and have two naotis derivatives. The
B-spline curve which ts the tie-points should also be siently smooth. This require-
ment is also justi ed by the physics of loops. They represeagnetic eld lines and the
magnetic stresses will straighten eld lines as much asiptessThe spline curve has to
satisfy therefore two constraints: a minimum distance &data points and a swient
smoothness. Our multi-view reconstruction is thereforgeldeon a least-squares evalu-
ation of the distances between tie-poirts in image | and the projectioR; c(s;;; q)
of the reconstructed 3D cunaés) onto imagej on the one hand and the integrated sec-
ond derivative of the curve representing its lack of smoes#isnon the other hand. The
least-squares code minimizes

X X L L
iPj c(s;j;a)  xii®+ [P

imagesj tie point i Smin

c(s; q)j°ds (2.29)

with respect to the node pointg. The second term ensures a smooth regularized curve
c(s) depending on the weight The curve parametess; in Eq. (2.29) are de ned as the
values ofs for which the functiorjP; c(s.j;q) X;;j reaches its minimum value

§; = argminjP; c(s;q)  Xij: (2.30)

Through this side-constraint, the problem to minimize Ej29) is nonlinear. The prac-
tical solution of Eq. (2.29) and Eq. (2.30) proceeds itggdyi In each iteration step we
solve the linear least-squares problem Eq. (2.29pfassumings;; given. Next, given
the new spline curve de ned by control poirgswe have to readjust the curve parameters
s.; of all tie-points in all images using Eq. (2.30).

Instead of calculating pairwise reconstructions from iplétviews which have to
somehow be averaged nally, our code is capable to recoctstie+pointed curves using
two or more views directly. Itis designed to yield the optimmatch to all tie-points which
an average of pairwise 3D reconstructions usually doescaioeze. There is no need to
arrange the tie-points from derent images at pairwise equal position along the loop. No
association of tie points in derentimages is necessary. The program has a widget which
displays the images and helps to identify, match and tiefibe structures. After the tie-
pointing step, the reconstruction is performed using alpints from all images in one
go. This way we obtain a more direct, eient and robust reconstruction which combines
the calculations of a smoothing spline directly with theomrestruction.

2.4 3D modeling of the magnetic eld through extrapola-
tion

The modeling of the magnetic eld in the solar corona is pbkesunder certain assump-
tions. As mentioned in introductory chapter, plasma betagjinformation about which
force dominates in a certain part of the solar atmosphere¢hdrcorona, 1 which
means that the magnetic pressure dominates over the plasssipe and also over grav-
ity and the kinematic plasma ow pressure (Wiegelmann anku&a 2012). Under
these assumptions, stationarity of the plasma requireswest order the vanishing of
the Lorenz-force:
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i B=0; (2.31)

which implies that the current densitys parallel to the magnetic eld.
Inserting Ampere's law (Eqg. 1.1) in the expression of thedrar force (Eq 2.31) we
obtain

(r B) B=0: (2.32)

The magnetic eld which satis es Eq. (2.32) together witletiolenoidal conditionr(
B = 0) is termed the force-free eld approximation. Eq. (2.32)ginon-linear equation
(Wheatland et al. 2000). We can rewrite it by introducingt¢herent-to- eld ratio as

r B= B; (2.33)
Br =0: (2.34)

The divergence applied to Eq. (2.33) gives Eqg. (2.34) whatls us that is constant
along any eld line but can vary across the magnetic eld.
The force-free parameter,can be set in three derent ways:

1. Potential eld model The simplest approach is= 0. In this caseB is the potential
eld (Wiegelmann and Sakurai 2012). We can write the magnetd as a function
of the scalar potential,

B=r (2.35)

A potential magnetic eld model for the coronal magnetic detan be derived
from Gauss theorem, e.g., using the LOS photospheric miage&t component
as boundary condition (Wiegelmann and Sakurai 2012).

Shortcoming of the model

Potential eld is the magnetic eld with the lowest magneéinergy for given nor-
mal boundary conditions. It excludes any current. In an®@rajprocess, the corona
requires free magnetic energy which a pre-eruptive pakrdid cannot supply
(Wiegelmann and Neukirch 2003). The eld lines of a potelntiagnetic eld dif-
fer from the observed coronal loops especially near actig®mns (Wiegelmann and
Sakurai 2012).

2. Linear force-free eld (LFFF) model

The second approach is to de ne the force-free parameter Eqs. (2.33) and
(2.34) as a constant derent from zero in the entire corona. The calculation of a
LFFF magnetic eld model requires the solution of a Helmhaguation instead
of a Laplace equation for the potential eld. Again a scalaubdary condition,
e.g measurements of the LOS photospheric magnetic eldwareigent. The force-
free parameter is a priori unknown but it can be tuned to t best with observas
(Wiegelmann and Sakurai 2012).

Shortcoming of the model
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The assumption of constantin the computational volume is not consistent with
observations. Approximate values otan be calculated from surface vector mag-
netograms by r Bhoriz=Bvert: Changes of were seen for example, in active
regions. Wiegelmann and Neukirch (2003) tried to t the omi force-free pa-
rameter by comparing individual LFFF model eld lines with coronalagma
structures. They found that the optimal value ofaries from positive to negative
values in the same active region.

3. Nonlinear force-free eld (NLFFF) model

The nonlinear force-free eld (NLFF) model is de ned by Eg&.33) and (2.34)
with = (r).

To model the coronal magnetic eld using nonlinear forcesfreld extrapolations,
one needs as input data surface observations of all threpawants of the mag-
netic eld. Since a couple of years, observations from vasiobservatories and
spacecraft provide photospheric magnetograms of the fatimatic eld vector.
These data can be extrapolated into the corona by solvinghnear boundary
value problem based on the assumption of a force-free cbrelda(NLFFF ex-
trapolation). Di erent and competing numerical procedures are in use tcettukl
boundary value problem (Schrijver et al. 2006, Inhester\&i@helmann 2006).
The most commonly used methods to produce NLFFF eld mod®ishie corona
are the Grad-Rubin method, the magnetofrictional methatithe optimization
method (Schrijver et al. 2006).

Shortcoming of the model

Even though the comparison between potential eld, LFFF AhdFFF models
shows that the NLFFF model best ts with observations, saméations still exist
for this model. For the nonlinear force-free eld (NLFFF)tespolation to be ap-
plicable, we require a more or less stationary coronal magredd which needs
some degree of local force balance. The low beta value indhene distinguishes
the Lorentz force as the dominant force and stationarityireg its absence. The
vanishingofB (r B)is a strong constraint for the coronal eld but the extrap-
olation problem is still ill-posed and the resulting eRlis more a ected by errors
in the boundary data, the higher the altitude above the seirf@hese errors have
multiple causes ranging from mere measurement errors gbtib&ospheric eld
to the ambiguous orientation of the observed transversgé ceimponent (180
ambiguity, Metcalf et al. 2006) and the absence of the asddone plasma in the
small height range between the photosphere and the base odiihna.

2.4.1 NLFFF optimization method

The optimization method has originally been proposed by &tlaed et al. (2000) and
extended by Wiegelmann (2004), Wiegelmann and Inhestd0)20adesse et al. (2011).
The essential approach is to minimize a scalar cost funéipmhich consists of a num-
ber of termd., quantifying constraints the nal solution should satisfy.
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The rst two terms from the functiondl,, are:

Z
1 ir B) Bj?
L= = ij(r% dr ; (2.36)
Voy, B
1
L,== wjr B dr: (2.37)
Vv

The force-free and divergence-free conditions are salisfehe termsL; and L, are
minimized to zerows is a weighting function introduced in order to handle thenmkn
lateral and top boundary. The computational box has an iphgsical domain and a
boundary layer with a certain thickness. The weighting pet@rw; varies smoothly
and monotonically from unity on the boundary of the innersbgl domain to zero at the
outer boundary of the domain (Wiegelmann 2004).
The next term from the functionaly is
Z
Li=g (B Bwd dag( ) (B Bud cr (2:38)
S
whereB,ys is the observed eld on the photospheric boundary surfhead (r) are es-
timated measurement errors for the three eld compongrtsy;zonS. The estimated
error ,(r) of the line-of-sight (LOS) component of the photospheragmetic eld B, os
is set to unity since in our test calculatioBsps is measured with high accuracy. For
the the transverse el@,ns the estimated error is typically much higher and the ratio
=z x= y = Brane=MaxBuyang. It €vEN may be set to in nity if at the position
the transverse eld has not been measured at all (Wiegelraadrinhester 2010, Tadesse
etal. 2011).
To this end, the functional to be minimized is

33
Lot = nln : (2.39)

n=1

The regularization parametersg are free parameters and control the relative in uence
of the termd.,. These parameters could vary between zero and in nity. Tégrangean
multiplier 3 allows to tune how closely the model eld matches the boundaeasure-
ments. Since the measurements are often noisy and theneforesistent, a close agree-
ment betweerB and Byys at the photospheric boundary by a large value pis likely
to prevent term&.; andL, to be iterated to small values. A study using observed vector
magnetograms showed that the Lagrangean multipjiatso in uences the speed of the
magnetic eld relaxation during the iteration.

In our code the Eq. (2.39) is minimized by means of a Landwébgation by taking
the functional derivative of Eq. (2.39). Introducing thentauous iteration court, we
obtain an iteration equation for the magnetic eld (Wiegalm and Sakurai 2012):

Z Z Z
@tot @ 3 @ 3 @ 2
= = F dr+ — Fd+ — FsdT; 2.40
@ 1 V@ 1 2 S@ 2 3 S@ 3 ( )
Where|:n=%1
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is the variational derivative df(B)
The Landweber iteration then reads

B B = (2.41)

n=1

This iteration reducesgy at each iteration step when the step sizes chosen small
enough. The code automatically reduces the step sizthis condition is not met. The
iteration is stopped if reaches a lower threshold value, here set td.10

2.5 3D reconstruction of coronal loops

Two major approaches have been employed to derive the 3@ stfapronal loops. The
stereoscopic approach is geometric as described in SeétRond makes use of at least
two di erent views of the same coronal loop. Since the launch of THeREO space-
craft a number of authors developed methods to perform thedanstruction of coronal
loops. The rst reconstruction of the 3D shape of coronalpdom an active region
using stereoscopy was achieved by Feng et al. (2007). As wedleeady said in a pre-
vious section, one of the steps in stereoscopic recongtrustthe visual identi cation of
the same loops in both images. In EUV images often we see tissiem from a bundle
of loops which makes this step quite diult and from a visual inspection often multi-
ple correspondences of the same loop seem possible. Thesnpagvided by existing
instruments do not have swient accuracy to identify a single loop uniquely. This was
the reason why Feng et al. (2007) used linear force-free eglapolations to help with
the identi cation in this reconstruction step. CalculagtibFFF magnetic eld models for
di erent values of for the active region studied, they used the proximity to ahthe
model loops to determine a correspondence. The loop pairsifto be closest to a pro-
jected model eld line were chosen for the stereoscopicmstmiction. In another study
by Aschwanden et al. (2008) the 3D geometry of 30 loop strestwere derived. The
authors could identify and select seven complete loops &&kgments of loops. They
derived the maximum and minimum height of the loops, themation angle of the loop
plane of each complete loop and circularity and coplanafitgops. The results from the
3D stereoscopic reconstruction together with DEM estisétam the loop brightness at
di erent EUV wavelengths were used by Aschwanden et al. (2008rive the electron
temperatures and densities for these coronal loops.

Another method which was used to derive the 3D shape of cbloops makes use
of Doppler shift measurements. Syntelis et al. (2012) udd¥ Enages in di erent Fe
wavelengths from the Hinode spacecraft to trace the loopg@test. Using a geometrical
model, they calculate the 3D structure of the coronal loopmfobservations from a
single view direction by including Dopplershifts obsenaddng the loop. In their model
they assume that the loops are stationary, each of themnlias xed plane and they
carry a divergence-free, eld-aligned plasma ow alongriineWith these assumptions,
the 2D loop trace from EUV images and the Doppler shifts althregloop, they could
derive the inclination angle between the loop plane and dballsolar vertical. They
also made a comparison between their result and a eld liov fa linear force-free eld
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extrapolation. The mean inclination déirence between the direction of the reconstructed
loops and the linear force-free model eld lines was aroudbl 4.5 .

Another way to get the 3D shape of coronal loops is based oextnapolation of the
magnetic eld. As we have already mentioned in Section 2hd gotential and LFF eld
extrapolations often disagree with the observations,ifikbe study of Wiegelmann et al.
(2005) or Syntelis et al. (2012). A better though not perfebetween the model eld
and the observations is achieved for nonlinear force-fedd (NLFFF) extrapolation. In
a study by De Rosa et al. (2009) eld line solutions of variblid~FF extrapolation meth-
ods (see Section 2.4) have been compared with 3D loops reaotesl by stereoscopy.
In Fig. 2.9 we show a comparison of the 3D loops reconstruttted STEREO with
selected eld lines from an NLFFF extrapolation.

Figure 2.9: Comparison between coronal loops and NLFFRpsgtation; Figure reproduced from
De Rosa et al. (2009). The surface colour shows the eld nbromponent from
MDI/SOHO.

The box represents the computational domain for NLFFF nusthdnside the box,
the colored lines from yellow to red correspond to eld limesonstructed with the best
NLFFF extrapolation solution identi ed by the analysis ahé loop color code depends
on the local misalignment angle between the NLFFF extrajpolaolution and the ob-
servations. Yellow stands for a misalignment angle of leésst5 degrees and red for
more than 45 degrees. All eld models obtained complied whiga boundary data within
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2 3D reconstruction in the solar corona

reasonable error but only few model eld lines reproduceal ltiops reconstructed from
stereoscopy. Even though the study eted from the fact that the loops from stereoscopy
were not well located above the magnetogram area which ieaitpe boundary condition
for the extrapolation, the study shed some light on theaigr nature of the extrapolation
problem: measurement errors as they are probably unaueidabtate-of-the-art mag-
netograms can easily degrade the quality of the extrapolaésult, especially at higher
altitudes above the solar surface.

2.5.1 S-NLFFF: A method which combines MBSR and NLFFF

In this section, we present the extension of the NLFFF vianat method such that be-
sides the boundary data, additional loop data, e.g. olidmoen a three-dimensional
stereoscopic reconstruction, is also taken care of. Wetlgigllnew method S-NLFFF
where the S stands for stereoscopy. We add a new term to thERaptimization terms

which constrains the magnetic eld to be aligned to thesg@$oobtained. The loops are
represented by 3D functiorgs) where the loop parameteiis scaled to the geometrical
length along the loop and indéxdenti es di erent loops. The new term has the form

Z . )
X 1 7B tf

L, = R~ 5 ds; (2.42)
i G dS Ci G
where t; = % :
ds

Here,t;(9) is the tangent vector along thé loop and has unit length due to the scaling of
the loop parametes. The magnetic eldB in Eq. (2.42) is the eld at the loop poirs)
and by means of the cross product wi¢k) the termL, vanishes if the eld is tangential
to the loop along its entire length.

Just as the boundary data above, the loop reconstructionatsayinclude errors.
These depend on the stereoscopic view geometry and may avglalong the loop. In
order to take account of these errors, we include a functig(s) which is a relative
measure of the estimated error of the tangent direc¢t{spalong the loop.

With the new ternl, added, the functiondl,,; becomes:

Z

1 ' B) Bj? 1 . :
Ltot: 1= me’% d3l’+ 2— Wi I sz d3l’
. V oy B VARV
+ 35 S(B Bobs) diag( ) (B Bopg dT + 4 I >—ds:  (2.43)
i Gi Gi

Gi

For practical calculations, the magnetic eld, its bounddata and the loop data
are given on discrete grids. The respective discretizetlfaostion contributions will
be named ;. For the magnetic eld and photospheric boundary data weausgaight
forward regular, equidistant Cartesian grid with nodes= (k«dh; k,dh; k,dh) and grid
sizedh. Here k = (ky; ky; k;) is short-hand for a 3D multi-index of the grid indices along
the three axes (see Fig. 2.10). A complication with the nem te, arises because it does
not share the common Cartesian grid of the eld and boundatg.df we discretized the
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2.5 3D reconstruction of coronal loops

Figure 2.10: Sketch of a box de ned by 8 neighboring grid pem (black dots). A segment of
the curvec (dash dotted curve) cross this bdr) is the interpolated eld and(s)
is the tangent in the point A.

loop parametes equidistantly bys! s; = j sthe new variational term becomes
_ p B(ci(sy)) ti(si

4 — 1
C0S a(s)

(2.44)

whereB(r) is the eld interpolated from neighboring grid points onto a positiorr and
2(s;) is the variance of the tangent vectgs;) (we temporarily drop the loop counting
indexi).

We use the straight forward trilinear interpolation whistaiweighted average of the
valuesB(r) at the cell nodes of the cell which includes). The weight for each node
is a product ofx; y; zweights each of which is proportional to one minus the distan
c(s) rg along the respective axis.

In order to perform the minimization of Eq. (2.43), we need fanctional deriva-
tives of the discretized; with respect to the eld componen®(ry). For the conven-
tional terms, ,,, n = 1; 2; 3 these derivatives have been calculated in Wiegelmanmj200
Wiegelmann and Inhester (2010). For the new term we nd

Faq(re) = @C?(:k)
=x 2 X dr.(s) @(a(s)) (2.45)

s 2(s) @)

i i j
where dF.(s) = B(ci(s) B(ci(9) ti(s) ti(9):
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2 3D reconstruction in the solar corona

for all three spatial componengisand all grid pointk. Note thatdF,, is the projection of
the localB normal to the loop tangent. For a linear interpolation inrégular Cartesian
grid which we use her@:@q(rk) is just the interpolation weight of eld component
Bq(ry) in §(ci(sj)). This weight is nonzero only if the loop poia(s;) is located in a grid
box for whichr is one of its corners.

The minimization of  is then again performed by a Landweber iteration

X4
B B = (2.46)

We will call %,and ! the residual values of the cost function and its decompuusiti
at the end of the iteration.

With ! > 0, the weights; in i play an important role because they determine how
the residual value of ., is distributed among the individual terms$ . In general, the
residual value of a single! can be reduced to very smaller values;ifs enhanced with
respect the other;; j , i. However, the other termsjl will then increase depending on
how much the constraints represented by the discretizeusterand ; are in conict.

This way, each of the! obtained at the end of the minimization can be considered a

weights such that all! are reduced to their lowest possible value.

Typically, a term ! which depends on observed data likgand 4 cannot be de-
creased to zero but is bounded below by a “discretizatiasenib or “data-noise” level.
Inalog ! vslog 11 representation, the solutions for érent ; and ; are then located
on a L-shaped curve with the two legs de ning the two noiseslgv The optimum so-
lution is then located in the corner of the L-curve (Hanseh@Q@vhere log ! +log

is minimizegd. Generalized to several regularization tertms best choice ofy;:::; 41s

There are, however, additional considerations. For exanfpland . introduced in
Egs. (2.38) and (2.42) represent realistic error estimatesnight want to tune the resid-
ual value of these terms to about unity. At these values, xtragolated eld complies
with the observations to the order of the observationalrsrrd/ith any further reduction
of s and 4 we would try to adjust the eldB(ry) to the data noise at the expense of
minimizing its divergence and Lorentz force.
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3 Instrumentation

In this chapter the used missions and their instruments eseritbed. For the eruptive
prominences described and analyzed in Chapter 4, we usaéraait the STEREO (Solar
Terrestrial Relation Observatory) and SDO (Solar Dynanbs&vatory) missions. From
the two STEREO spacecraft, we used images from the extrenagiolet imager (EUVI)

at the wavelength of = 304 A. From the SDO mission, EUV images were provided
by the Atmospheric Imager Assembly (AIA) in several wavels. We used only the
images in the wavelength of= 304 A. The white-light coronagraph data was taken by
the SECCHI (Sun-Earth-Connection Coronal and Heliosphexiestigation) telescopes
package onboard STEREO.

3.1 Solar Terrestrial Relation Observatory (STEREO)
mission

The STEREO mission is composed of two spacecraft, named EUER (Ahead) and
STEREO B (Behind) (Kaiser et al. 2007). Their orbits aredwdntric with a period close
to an Earth year. Each year, the angle between them incrbgsgsproximately 44 to

45 . The spacecraft began to observe at the end of 2006. Figh8vissthe position of
the spacecraft A and B at three @rent times from their launch till present. The red and
blue dots represent the spacecraft STEREO A and B respigctidee yellow and green
dots are the position of the Sun and Earth, respectivelyXdrel y axes are drawn in the
heliocentric Earth ecliptic (HEE) coordinate system (Tlpson 2006).

0.0 [had

.:"A
a Fiy b ettercury C ;
0.2 ( ) F o.o( ) ________ ] o.o( )
0.4 m B - o/ @
< 05 I05 o Mereury
X 0.6 x x
eVenus eVenus
0.8 1.0 1.0
é8 W
1.0 i 3 i
-0.6 -04 -0.2 0.0 0.2 04 0.6 -1.0 -0.5 0.0 0.5 1.0 -1.0 05 00 05 1.0
Y(HEE) Y(HEE)

Y(HEE)

Figure 3.1: STEREO A and B position in a) 2008, b) 2010 and 420
(adapted from httgfstereo-ssc.nascom.nasaJyavwere.shtml).
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The Sun-Earth-Connection Coronal and Heliospheric Imgason (SECCHI) pack-
age of optical telescopes is mounted onboard each of the TEREO spacecraft. The
SECCHI package incorporates ve drent instruments, which cover a eld of view
from the solar surface to almost 1 A.U. in the plane of the §kye ve instruments are
divided in three categories. The rst category consist @& #éxtreme ultraviolet imager
(EUVI) which observes the chromosphere and the low coram¢éhd second category of
instruments are the concentric, Sun-centered coronag(&dR1, COR2) which record
images from the inner and outer corona. Their eld of viewgasfrom 1.4to 15R The
third category consist of two heliospheric imagers (HI12HWvhich are o -axis white-
light coronagraphs. They take images of the interplanetpace from 15 to 215 Ron
the respective Earthward side of Sun (Howard et al. 2008boposite image from
data of all instruments is presented in Fig. 3.2.

Figure 3.2: A composite image (upper part) of all SECCHIrimstents recording a CME on 1
August 2010. In the lower part of the images we can see a megtidn of the central
part of the upper half of the image. The images from the insémits are color coded:
the Sun in EUVI 304 A waveband is displayed in orange in thedheiaf the upper
and lower part of the image; the next outer layer colored @egrshows the imaging
with CORL1 followed by the blue layer, which shows the outerooa recorded with
CORZ2. The image colored in red in the upper part of the imagasthe recording
from heliospheric imager (HI) | instrument and the outerebéthows the heliospheric
imager (HI) 11 (httpi/secchi.nrl.navy.mil).

The objectives of the STEREO mission are to understand ikiatian mechanism
of the CMEs, their geometry, magnetic topology and propaganto the interplanetary
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space (Kaiser et al. 2007).

Previous coronagraph instruments were limited for the gtigation of Earth-directed
CMEs, because in the rst phases of the eruption these CMEs Wwelden by the oc-
culting coronagraph disk. This fact made it diult to measure their true velocity and
size (Thompson et al. 2010). The two view directions proditdg the two STEREO
spacecraft opened the possibility for a 3D reconstructiarbgects and for tracking them
in the inner heliosphere till Earth.

3.1.1 Extreme Ultraviolet Imaging (EUVI) telescope

The EUVI telescope onboard STEREO A and B spacecraft imdgestin out to 1.7
R . It observes the chromosphere in the emission of ionizeidmedt a wavelength =
304 A and the low corona in the emission of ionized iron atetde erent wavelengths
= 171;195284 A (Howard et al. 2008b).
The EUVI instrument is a normal-incident Ritchey-Chrétielescope (see Fig. 3.3).

Figure 3.3: The cross-section of the EUVI Ritchey-Chrétielescope with the light path (red
arrows), adapted from Howard et al. (2008b).

The mirrors are divided in four quadrants and each quadsaoptimized for one of
the four EUV emissions wavelengths. The telescope pupib&tipned right in front
of the primary mirror and is de ned by an aperture mask whiels h circular cut hole
like the one from the entrance Iter (Howard et al. 2008b).eT™patial sampling of the
instrument is 1.6 arcshuxel (Wuelser et al. 2004).

The radiation enters the telescope through an Aluminiumr Which blocks most of
the UV, visible and IR and which keeps the solar heat out ofdlescope. The transmitted
radiation continues through an aperture selector to oneedfiour quadrants of the optics,
encounters the primary and secondary mirrors which aregdediwith a narrow-band
coating for one of four EUV lines. The radiation will passdabhgh another Aluminium
Iter which will remove the remaining visible and IR radiati (Wuelser et al. 2004). The
exposure time is determined by a rotating blade and the irmagsor is a CCD (charge-
coupled device) in the focal plane (Howard et al. 2008b).

3.1.2 Inner and outer coronagraph

The second type of instruments of the SECCHI package arecttomagraphs. In order
to better suppress the scattered light, there are two cgraphs. The inner coronagraph
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(COR1) observes the inner corona between 1.4 and @Rompson et al. 2010) and the
outer coronagraph (COR2) observes the corona between @.2R (Howard et al.
2008b). The inner coronagraph (COR1) is a Lyot internallguiting refractive corona-

Figure 3.4: Optomechanical drawing of the inner coronag@@R1 onboard the STEREO space-
craft. Image taken from Howard et al. (2008b).

graph (Thompson et al. 2010). Fig. 3.4 shows the design sfitistrument. After the
photospheric light enters through the front aperture (Hdved al. 2008b), the objective
lens focuses the solar image onto the occulter (Thompsdn2@£0). In order to elimi-
nate the largest source of stray light in the system, the tighracted by the front aperture
is focused onto a Lyot stop and removed. The light which maseLyot stop encounters
a linear polarizer which extracts the polarized brightreégeal at three polarization an-
gles 0, 120 and 240 degrees. Another purpose of the polasizesuppress the remnant
scattered light (Thompson et al. 2010). A series of lendesus the coronal light, which
is ltered in the white light spectrum with a 22.5 nm wide bavidth centered at the H
wavelength of 656 nm (Howard et al. 2008b).

The COR1 instrument takes images with a pixel size of 2048820ith 3.75 arcsec
pixel ! resolution. For this practical purpose the data is mostipéd to either 1024x1024
or 512x512 with a corresponding spatial scale of 7.5 or 18earpixel* (Thompson et al.
2010).

The outer coronagraph (COR2) is an externally occulted tgpobnagraph. Just like
the inner coronagraph, COR2 provides polarized brightmeages at the three polariza-
tion angles, 0, 120 and 240 degrees, with a spectral ltectitiansmits from 650 nm to
750 nm (Howard et al. 2008b). At full resolution, the outeraragraph provides images
of 1024x1024 pixels with a resolution of 14.7 arsec pikel
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3.2 Solar Dynamic Observatory (SDO)

The SDO (Solar Dynamic Observatory) spacecraft was lauhah&ebruary 2010 and
takes high cadence and high resolution images of the entimdr8m an inclined geosyn-
chronous orbit (Lemen et al. 2012). The main objective ofrthgsion is to determine
the solar variability, how the Sun drives global change aod It in uence the Earth
(Lemen et al. 2012). The SDO spacecraft carries onboare tiypes of instruments:
the Atmospheric Image Assembly (AlA) which observes thasatmosphere in various
wavelengths representative of temperatures in the rang©®0® and 10K (Pesnell et al.
2012); the Heliospheric Magnetic Imager (HMI), which is ideed to measure solar 0s-
cillations and the three components of the photosphericetag eld vector (Couvidat
et al. 2012); Extreme Ultraviolet Variability Experime\(E) instrument is designed to
measure the solar extreme ultraviolet (EUV) irradiance qu¢oet al. 2012).

3.2.1 Atmospheric Imaging Assembly (AlA)

In this thesis we will employ data from AIA and therefore wesdebe this instrument in
more detalil.

The Atmospheric Imaging Assembly (AlA) is an array of fouleszopes which ob-
serves the solar atmosphere in tenatent wavelengths (seven in EUV, two in UV and
one in visible light) (Pesnell et al. 2012). The lower coramanaged in ve ionized iron
wavelengths and one emitted by He II. Each of the four telessbas a spatial resolution
of 0.6 arcsec pixel, a eld of view 1.5 R and a CCD record camera of 4096x4096 pixels
(Lemen et al. 2012).

Figure 3.5: A cross sectional view of one of the AIA telesetaken from Lemen et al. (2012).

The four AIA instruments are Casegrain telescopes adaptetigerve narrow band
passes in the EUV. A cross sectional view of one of the four Adi&scopes is presented
in Fig. 3.5. The four telescopes are not all identical. TiokEthe telescopes mirrors have
two di erent EUV band passes while the fourth one has a 171 A bandpasse half
and a broad-band UV coating on the other half. Also, eachunstnt has its own guide
telescope, which helps to stabilize the image on the CCD €reet al. 2012).
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4  Application of the Multi-view
B-spline Stereoscopic
Reconstruction method for the
analysis of two erupting
prominences

In this Chapter we present the application of one of the nusthescribed in Chapter 2,
namely MBSR (Multi-view B-spline Stereoscopic Reconstiat). We have applied this
method to two di erent events. The analysis and the results were publishedipapers:
“Low polarized emission from the core of coronal mass epedi where | am a second
author and “4D reconstruction of an eruptive prominencagiiiree simultaneous view
directions” where | am the rst author.

For the rst event which we will describe in Section 4.3, myntabution was to re-
construct the 3D coordinates of a region from the core of a Cl¥ially, the polarization
ratio method (see Section 4.2.4) was applied for the 3D tcoction of the CME event.
This method failed to reconstruct the CME core. TherefoeeNHEBSR method was ap-
plied. The reconstruction was performed from two view digets. For the second event
we have applied the MBSR method and we reconstruct for a giiventhe entire top edge
of a prominence as a 3D curve. Moreover, we try to analyze irerdetail the evolution
of the prominence and the associated CME. In this case, wedsed simultaneous data
from three satellites (STEREO A, B, SDO) to perform the restarction.

Before presenting the applications of MBSR method, we makevarview with the
previous work on 3D reconstruction of prominences and CMEs.

4.1 Previous work on 3D reconstruction of prominences

As we have already mentioned in a previous Chapter, befomaked “STEREO era” ,
scientists developed methods like rotation stereoscopynfidrad et al. 2011) from im-
ages of the same spacecraft but taken 10-20 hours apartctmsteucting the 3D shape
of loops and prominences.

After STEREO was launched it become possible to use cldsteraoscopy to derive
the 3D structure of some parts of the entire prominence asgigwata from two view
directions. A method to visualize the stereo informatiors\daveloped by Artzner et al.
(2010). They used data from STEREO A and B in EUVI 304 A andteo T EREO-B
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images so as it would be seen from the STEREO A view directidrey then subtract
one image from the other. While the surface background ¢supceminences and loops
will remain visible as elevated structures.

The technique developed by Gosain and Schmieder (2010)smeseeof the approx-
imation that a lament is a 2D planar plasma sheet anchorégtlédSun. From the two
STEREO views, they determine the prominence width andnatibbn with respect to the
solar surface. They compared the inclination angle witlviptes results obtained by tie-
pointing applied to the same prominence by Gosain et al.qR00he angle dierence
between the two methods amounted to around 10 degrees.

4.2 Previous work on the 3D reconstruction of CMES

It is important to understand the 3D morphology of a CME bseaon one hand this
can be the starting point for the development of physical Qktitlels and on the other
hand knowing the morphology allows to derive the propagativection, velocity and
expansion. One reason for which it is important to deterraerg precisely the 3D CME
shape is because CMEs can have a strong damagiect en the spacecrafts or on the
astronauts or it can produces a geomagnetic storm (seeétHabection 1.5.3) at the
Earth and it can aect radio transmissions or it can damages the pipe lines.

The rst attempt of a 3D reconstruction is due to Crifo et 4983) using the polar-
ization ratio approach (will be presented below 4.2.4). iBturned out to be impossible
to derive the precise 3D shape and propagation direction single coronagraph images.
A rough guess of the propagation direction could be obtaired the projected shape of
the CME cloud (e.g halo and limb events) and from the locatibthe eruption site on
the solar surface if this could be detected. To improve theeplational constraints was
one of the goals of the STEREO mission launched in 2006.

The 3D reconstruction techniques still have limitations tluthe nal signal to noise
ratio, the limited spatial and temporal resolution and tiveted number of simultaneous
views (Thernisien 2011). Therefore a number of alternatiethods have been devel-
oped for the three-dimensional reconstruction of coronassrnejections based on geo-
metric properties like forward modeling (Thernisien 2Qdgometric localization (Pizzo
and Biesecker 2004), mask tting (Feng et al. 2012) or baseghysical properties like
polarization ratio method (Moran and Davila 2004). Stecepy techniques can be used
to reconstruct dierent parts of the CME like its core or the leading edge. Soyfeidh
models were developed and combine twoeatent reconstruction techniques: center of
mass determination combined with tie pointing or invers®nstruction in combination
with forward modeling.

In the following, | will present some of the most common 3Damwstruction tech-
niques for CMEs.

4.2.1 Forward Modeling

Some studies show (see e.g. Chen and Shibata (2000)) thatissant” - type of mag-
netic ux rope describes very well some observations of tiree: part structure of CME.
Motivated by Cremades and Bothmer (2004), Thernisien €28D6) developed a for-
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Table 4.1: Parameters of the GCS forward modelling

Name of the parameter Description
Angular width 2 The opening angle between the two “legs” of the model
h Height of the “legs ”
Aspect ration k The ratio between the minor torus radius @. (#i1)

and the distance from the center of the Sun to the center
of the minor torus
Ne Electron density
; Longitude and latitude of the SR
Tilt angle of the SR neutral line

ward modeling technique for such ux-rope like CMEs. Witlethparameterized model,
called the Graduated Cylindrical Shell (GCS) model, thesdtto reproduce the general
morphology and the electron density distribution of thelleg edge of these ux-rope
like CMEs. The GCS model consists of a tube-shaped body wittcones attached cor-
responding to the “legs” which connect the CME to the solafase (Fig. 4.1). The

CME Model
Skeleton\/,f’

(b)

Figure 4.1: The graduated cylindrical shell model-from ffiigen (2011); The heavy line on the
solar surface represents the orientation of the magnetitraidine at the site of the
CME eruption. Figure adapted from Thernisien (2011).

model has a set of parameters which can be tted to the obde€@ME shape (see Table
4.1) as seen in one or more coronagraph images and to the&iaal and orientation of
the CME source region identi ed in EUV images and surface neiggrams.

In order to use the parameters (see Table 4.1) which desitrédb&CS model the
following assumptions are made: the expansion of the CMbisiclered to be radially
along the symmetry axis of the model, the orientation of tikéSG@nodel is de ned by the
source tilt angle (see Table 4.1) and does not change during the expansioa GiNHE,
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the angular width () (see the Table 4.1) is assumed to depend on the length obtinees
region neutral line (the relation betweerand neutral line is taken from a statistical study
by Cremades and Bothmer (2004)).

The GCS model also predicts the electron density distobudind generates the syn-
thetic images from a line-of-sight (LOS) integration of theomson scatter at the as-
sumed density distribution. This model density distribaotanalytically depends on the
distance from the surface of the GCS model. By comparisondsti real and synthetic
images the model parameters can be manually adjusted in torded the best match.
Thernisien et al. (2009) extended the technique in orddidwdor an automated param-
eter tting if images from two view directions were used. TBES model was applied
by many authors to determine either the kinematics and expauspeed of CMEs, their
ux-rope orientation and rotation either to study the 3D lenmn and expansion of the
CME cavity (Thernisien 2011). However, not all CMEs exhibi¢é symmetric ux rope
shape assumed by the GCS model.

4.2.2 Geometric localization

This method was proposed by Pizzo and Biesecker (2004). HeoCME reconstruc-
tion method they use two or more coronagraph images and gppliyetric triangulation.
Along each epipolar line in an image pair intersecting theEtkey tie-point the leading
and trailing edge of the CME cloud. If these four points arejgoted into the epipolar
plane, they de ne a 3D quadrilateral which bounds the CMHEctrre in the given epipo-
lar plane. This process can be repeated for a set of epiplalaep and dierent image
pairs. The resulting stacked 3D slices compose the boundihgne of the entire 3D
CME structure (see Fig. 4.2).

Figure 4.2: The 3D reconstructed CME with geometric lo@dlon method; Fig. reproduced from
Pizzo and Biesecker (2004).

4.2.3 Mask tting

The mask tting method developed by Feng et al. (2012) islginto the geometric local-
ization technique but without the need to use epipolar @a&xelicitly. The 3D bounding
volume of multiple slices is constructed in a reverse wayaAst step, the boundaries of
the CME are de ned in each image used for the reconstructimasks). In the next step,
a dense, rectangular grid is de ned in the corona around time §ach 3D grid point of
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this mesh is projected onto the images. If the projectionthie¢ mask in all of the images
the grid point may lie inside the CME and is marked. If it faiésshit only one image
mask, it is de nitively outside of the CME cloud. This way thearked grid points create
a 3D convex polygonal volume which contains the CME (see #i8). In a nal step, the
edges and corners of the 3D polygon are smoothed. The me#tmobleceasily extended
to multiple view directions.

Figure 4.3: The 3D reconstructed CME with mask tting methédg. reproduced from Feng
et al. (2012).

4.2.4 Polarization ratio

This method is based on the polarization properties of Tlhonssattering (Crifo et al.
1983, Moran and Davila 2004). It makes use of the fact thatptiarization of light
scattered at a free electron depends on the scattering anglsketch with the geometry
of the scattering process is presented in Fig. 4.4.

For coronal observations the polarized intensity is ugisdparated into the tangential
(I, i.e., parallel to the limb) and the radid} (from Sun center) components. According
to the Billings (1966) formula these two components can h#ewin terms of the local
electron densit\N, and the incident light intensityy from the Sun as:

|t=|0N‘*2 [(1 uC+uD]; (4.1)
I, |r=|0N‘*2 si [(1 u)A+uB; (4.2)

72



4.2 Previous work on the 3D reconstruction of CMEs

Figure 4.4: A sketch with the Thomson scattering geometry.

where is the Thomson scattering cross sectioims the limb darkening coecient and
A; B; C; D are functions of the local geometry depending on the andleee Fig. 4.4):

} A=cos st ; } (4.3)
1 _ g _ 1+ si
B= - 1 3sif 2 (1+3sif )in—a . (4.4)
8 sin cos
= 4 cos cos ; (4.5)
3 3 "
e
p=lsisit 9 5 g ynitsn . (4.6)
8 sin cos

From the two scattered intensity compondptndl|,, we de ne the polarized bright-
nessl, = Iy I, total brightnesdr = I; + |, and unpolarized brightneds = I+ I,.
Since the radial and tangential directions depend on theigo#n the coronagraph im-
age, a coronagraph typically measures three polarizedesiagthree dierent angles,
respectively 60 , 0 and 60. From this set of 2D images, after appropriate background
subtraction, one can compute total brightness, polarineduapolarized brightness im-
ages from:

4P
l, = 3 [(lo+ leo+ 1 60)> 3(loleo+ lol 60+ leol 60)] ;
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2
I+ = §(|o+ leo+ | 60) :

Through their dependence onandl,, the polarized and total brightness and their
ratior = |,=lt depend on the scattering angle. If the observed radiaticnseattered
from a single volume element, the ratio of polarized to uapeéd brightness, = 1,9,
would uniquely yield the magnitude of the angleand therefore the depitthfrom the
plane of sky (POS) of the scattering element. But becausgeipendence df, with sin
is quadratic, the method cannot decide whether the scajtetement is in the front or
behind the POS. In real observatiohsandl, result from scattering along LOS instead
from a single volume element. We therefore have to replage,iae Eq. (4.1)

Z
Nesir? [(1 u)A+uB]! Ne()sirt (D[(1  wA()+uBD]dl  (4.7)
7 LOS
Ne(DdIsif< > [(1 u<A>+u<B>];

WhereRNe(I)dI is the column density and >; < A >; < B > suitable averages over
the LOS. Since for a given distance of the LOS from the Suand B depend through

also on , the factor of the column density could be expressed entagh function of
< >

For each pixel from the 2D images, we can calculate the medsatior,,. This

measured ratio is independent of the column density but depends monotonically on
< j j >. The original method by Moran and Davila (2004) requiresyame image,
however, we are left with the ambiguity of the sign<ofj j >, i.e., ofd. This can be
constrained if two images are used. Still, since the metletarms only a single depth
estimate per pixel, it does not really return the 3D CME clduat rather yields a CME
plane more or less close to the central longitude of the C\MHdtI

4.2.5 Stereoscopy

The most common parts of the coronal mass ejections usedei@oscopic reconstruc-
tion are the leading edge (Liewer et al. 2011) or just its pofargest distance from the
solar center, bright parts of the core (see e.g. Joshi ands$ava (2011a)) or the cloud's
center of mass. Howard and Tappin (2008) used this methobtéanothe 3D position of

a central, north and south ank of the leading edge. The rsttanted leading edge of
the CME outer surface strongly depends on the view geometthynaost often does not
even lie on the CME surface. The visible leading edge is tbgption of the outer sur-
face forming the CME hull. For two viewpoints, the curve réisg from a stereoscopic
reconstruction of the two visible leading edges approxamn#te intersection of the CME
hull with a plane normal to the mission plane of the two obsgyspace craft (see Fig.
4.5). Liewer et al. (2011) analyzed the position of the t@preconstruction relative to
the CME surface. Because the two spacecraft involved indbenstruction see derent
parts as the leading edge the tie-point reconstructionlyialcurve somewhere above the
CME surface. Dgpending on the curvature of the CME surféeeréconstructed leading
edge lies abouR 1=cos —- of the real surface where R is the local curvature radius of
the CME surface in the mission plane of the observing spaafe cr
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4.2 Previous work on the 3D reconstruction of CMEs

Figure 4.5: A sketch with the geometry of the intersectiompbetween the two visible leading
edges of the two view points.

Moreover, if the CME surface changes its shape and curvatiihetime, each edge
curve of atime sequence of such leading edge reconstrgatiag well represent derent
parts of the CME surface (Chifu et al. 2012).

4.2.6 Local correlation tracking plus tie-pointing

For an automatic determination of correspondences betiveeimages, Mierla et al.
(2009) used a correlation-based approach. The normalizedlation between the in-
tensity variation from two subimages, one from each imagesaiculated for various
positions of the sub-images along the same epipolar lineen\the correlation coe-
cient assumes a maximum at a certain pair of positions abpvede ned threshold, the
two image positions are used to determine an equivalent @esmg center. Processing
the entire CME region of both images this way, a cloud of scatt) centers results which
are assumed to outline the CME interior area. The methoddas feported to work well
if the angle between the view directions is small and locatedations can be expected
to be large. In this case, local 3D density variations in thdEXloud may lead to large
normalized correlation coecients for subimages centered on the correct positions. The
performance was found to be reduced as the angle betweerethéivections increased.
The normalized correlation coeient is de ned as

R
wla(X+ Sy + )¢+ y+ )d d

ae(X X% Y) = € ; (4.8)

| )
<
W

120+ ;y+ )dd 1200+ ;y+ )d d

where ag(X; X% y) varies between the limits [-1,11a(X;y), 1g(X%y) are the total bright-
ness intensities of the two images; at image positizng,andx® y°, respectively, in the
epipolar coordinate frame, i.e., y is the common epipolardimate and; X°are positions
along the epipolar ling. The integral , is executed only over a small subimage
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4.2.7 Hybrid methods
Constraint on the mass calculation and tie-pointing

To nd a fast estimate of the 3D CME propagation direction aetbcity, one can de-
termine the center of mass of the CME cloud. Since in coramgwhite-light images,
the brightness is more or less proportional to the colummsitiealong the LOS (the dif-
ferential Thomson scattering cross section varies ontlle With scattering angle), the
projection of the center of mass is just the barycenter oirttagye brightness. From these
projections, the approximate 3D center is easily deterchinie stereoscopy. Mierla et al.
(2009) and Mierla et al. (2010) have calculated the centerass of seven CMEs and de-
rived their latitude, longitude and distance from Sun. Urtlese assumptions, the total
mass of the CME as calculated from Billing's equations (sgg.E4.1) - (4.6)) should be
the same except for contributions close to the occulter vbauld not be equally visible
from both view directions. Colaninno and Vourlidas (200Bjaoned di erent values for
the mass of the same CME from the two views of the STEREO spaitecThey ex-
plained the discrepancy by the small but not negligibletscaiy angle dependence of the
Thomson scattering.

Inverse reconstruction plus forward modelling

Using a hybrid model, Antunes et al. (2009) reconstruct th& bf the CME excluding
the leading edge and shock analyzing runningedgence images. For their hybrid model
data from at least two view directions of the CME are requirddthin this method the
authors tried to obtain the geometric shape and also thatgderishe CME. As a rst
step in their reconstruction, they use the forward modeia@aipnique to roughly t the
CME shape. The tted shape is used as an envelope of the CMiadaecond part of the
reconstruction in which they try to t the density variatibmmatch the image brightness
only inside the CME envelope. It should be noted that for tmages, the 3D density
distribution obtained is not unique.

4.3 3D reconstruction of a CME core

4.3.1 Introduction

As mentioned in Chapter 1, the coronal mass ejections age ofiserved to have a three
parts structure: a leading outer edge followed by a darktgarid a bright core. Even
though a one to one correlation does not exist, the obsenskiave shown that in many
cases prominence eruptions are the source of coronal nexg®eg. In these cases, the
cold (T 10*K)anddenseN.' 10% cm °) material of the erupted prominence is asso-
ciated with the core of the CME. Poland and Munro (1976) olestH emission in the
core of a CME cloud which had a prominence eruption as itsc&ufrhey have shown
that the H emission is much less polarized than the emission from thesoding ma-
terial which is due to Thomson scattering at the free coreledtrons. They used ground
based observations in Hand He Il for the prominence analysis and coronagraph data on
board the Skylab spacecraft for the white light observatioithe outer corona. Because
the polarization in the core of the CME had a value two timeallnthan expected they
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4.3 3D reconstruction of a CME core

concluded that the emission was not entirely produced byriBom scattering and that
H scattering made some contribution to the scattered light.

We have studied a CME event on 31 August 2007 which shows atlppagch of low
polarized radiation in its core which was presumably calsealH resonant scattering.

H emission occurs when the hydrogen electron relaxes frorthttee(n = 3) to the
second (n= 2) energy level. The wavelength of the Hadiation is 656.28 nm. The
probability of the electron to decay from the energy leveBrio r=2 and to excite H
emission is higher after ionization of the hydrogen folloley a recombination rather
than by a direct excitation to leveF3. The ionization energy from the ground level
is 13.6 eV and the energy which an electron needs to be extdedthe ground level
to the third atomic level is 12.1 eV. The ionization state gfl@asma in thermodynamic
equilibrium is dependent on the density and temperaturetarah be obtained from the
Saha equation

|
* 32
Nj ner h? '

4.9

whereNj.1; N; are the number density of the iong,is the atomic numbenm is the
electron masdj is the Planck constanKg is Boltzmann's constanT, is the temperature
of the plasma, ; is the ionization energy.

If we considerx = Ny, =Ny the ratio of the number of ionized hydroge¥, ) to total
number density of hydrogen atom§{ = Ny, + Ny,) and we know that for hydrogen
ne = Ny, , the Saha equation becomes

|
*3=2
1 x Ny h? '

(4.10)

For a temperature of = 10000 K almost the entire hydrogen is ionized. At equilib-
rium, the radiative recombination rate of hydrogen per uaitime is given by (Hasted
1964):

=ne Ny A(TM)' na AT); (4.11)

wherene, n, are the number density of electrons, respectively protods a = 4:2 10 3
cm?® s 1is the radiative recombination coeient for a temperaturé = 10000 K. For a
number density of the order of 48m 3, the recombination rate is = 4.2 10°cm 3s 1.
After recombination, the captured electron may occupy angygy level and by means of
a further relaxation process, Hadiation can be produced.

4.3.2 Observations

On 31 August 2007, the STEREO telescopes observed theamgdi® prominence which
triggered a CME with an interior void and a bright concerdatore. The separation
angle at 31 August 2007 between the two spacecraft, STEREQ@IBawas 28 degrees
(see Fig. 4.6).
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Figure 4.6: The position of the two STEREO spacecraft A anchBbAugust 2007
(adapted from httgfstereo-ssc.nascom.nasafgavwere.shtml).

For the analysis of the polarization degree from the CMEmiaswe used obser-
vations from the CORL1 telescope. The coronagraph COR1 wixsdéne solar corona
in white light in a 22.5 nm wide wavelength band centered atkh line at 656 nm
(Thompson et al. 2010). It also has a linear polarizer whedords images at three dif-
ferent polarization angles: 0, 120, 240 degrees (see Qhaptés explained in Section
4.2.4, from these 2D data one can obtain the polarized lrégist (pB), total brightness
(tB) and unpolarized brightness (uB) for each pixel. Foeéhparts structured CMEs, as
observed on 31 August 2007, the core material can sometimésited back to a pre-
eruption prominence CME. For the CME from 31 August 2007, ae cearly identify
the source prominence in the EUV images. Therefore, we eae the prominence erup-
tion with the help of EUVI instrument on board STEREO fromatgliest stages on. The
He Il line at 304 A provides a good visualization of the proerine and we have used
the according image data for the identi cation of the proemne source. At later stages
of the eruption, the dense prominence material evolvedth@dCME core material. The
observations in EUVI 304 A show the prominence from 31 Au@Q@17 starting to rise
at around 19:00 UT, the associated CME enters the COR1 eldest at 21:00 UT. The
simultaneous observations from the EUVI and the CORL1 instnt (see Fig. 4.7) show
that the prominence is co-spatial with the CME core.

Figure 4.7: Composite images on 31 August 2007, 21:05 UT &I 304 A and COR1 on-
board STEREO A (right image) and STERO B (left image) takemfiMierla et al.
(2011)
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This indicates that the prominence material is the sourdbefCME core (see Fig.
4.7).

4.3.3 Data analysis

The separation angle between the two STEREO spacecraftsalls to perform a 3D
stereoscopic reconstruction with the MBSR method. For ti@yais of the low polar-
ization patch observed on 31 August 2007 in the core of the @\EIsed data from
COR1 at 21:30 UT. In a rst step the data was processed withrseprep.pro, an IDL
(Interactive Data Language) program provided by the sofapsickage, which calibrates
the raw images (divides by exposure duration, subtract€@i@ bias, converts the image
intensities from the recorded digital units to fractionsttoed mean solar brightness and
applies a at- eld correction). In order to remove the coedrstreamers from the image,
we subtract a background image from each of the total andipethbrightness images.
The background images were obtained by extracting for exeththe minimum intensity
from all images over a 12 hours interval, centered at the @fhtle eruption. In addition,
amedian Iter was applied to the resulting background imiageder to reduce the noise.
Fig. 4.8 shows on a logarithmic scale the total brightnesRC@nages from STEREO A
and B after the background was subtracted. This procedwsapjaied to all three polar-

Figure 4.8: The total brightness images expressed in mekm bdghtness from COR1 of
STEREO spacecraft A (left panel) and B (right panel) at 21230 The upper left
inserts are zooms of the CME core region from the same peigpec

ization orientations so that polarized and unpolarizeghiriess could be computed. Fig.
4.9 shows the ratio of the polarized to unpolarized brigssrabtained from the STEREO
A and B images. The ratio images are color coded and we carnedew polarization
patches (red) at about 1.5 Rlistance from the Sun center inside the highly polarized
CME emission (gray) bulb. In the upper left corner we show gmnaation of the region
with the low polarization patch.

One method proposed to derive the 3D CME shape is the pdianzatio method (see
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Figure 4.9: The ratio pBIB of polarized to unpolarized light from COR1 of STEREO sgaaft
A (left panel) and B (right panel). The upper left inserts zmems of this region from
the same perspective. The green line represents the poojexdtthe 3D curve tto
the patches location obtained from stereoscopic triatigula

Chapter 4.2.4 for the description of the method). To redail,Thomson scattering, the
ratio pB=uB is a function of the scattering angle between the incidgfttland the di-
rection towards the observer (see Fig. 4.4). With this mf@tion, we can estimate the
distance of the scatterer from the plane of the sky. Fromglesiatio observation alone,
we can however not decide whether the scatterer is in frobebind the POS. This am-
biguity can be resolved with observations from two view dii@ns as they are provided
by STEREO A and B. For each pixel in an image from STEREO A anceBpectively,
we obtain an estimate for the distance of the scatterer frenrdspective plane-of-sky
(POS). From the two positions on other side of the POS we @thesone which yields
a scattering center close to the scatterers derived frorthes view direction.

The resulting 3D distribution of scattering centers is @igpd in Fig. 4.10. In the
image, the view direction is from above the Sun's north paieodhe STEREO mission
plane. The green dots represent the 3D position estimatasgeddrom the pixels of
the CORISTEREO A image, the blue dots are the equivalent from CSREREO B.
The best agreement between the point-clouds from STEREOdABawas achieved if
the CME scattering center was assumed in front of the POST&REO A and behind
the POS for STEREO B. Since the derived scattering centrgiqus represent some
weighted mean along the respective line-of-sight, the attial extent of the cloud of
scattering centres in Fig. 4.10 probably represents a l@end of the true azimuthal
extent of the CME cloud. ldeally, the scattering centersadirelose to the meridional
barycentre plane of the CME cloud.

The features which do not match in this picture are the eltmtatructures which we
will term the “horns ”. They have their origin in the low polzed patches observed in
the COR1 A and B images (see Fig. 4.9). For a Thomson scagtedlume element,
a low polarized scattering polarization implies a locatianaway from the POS of the
observer. Since the horns can obviously not be matched byewdrachoice for the po-
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Figure 4.10: PR reconstruction of the barycenter plane ®GME on 31 August 2007, 21:30
UT. The greefblue points are the reconstructed Thomson scatteringigasifrom
CORISTEREO A and B, respectively. The short red curve inside khedcrepre-
sents the reconstruction by triangulation of the regionmalth@v polarization patches
are observed. The view is from above the STEREO mission fl@m&LN). The
axes in the STPLN are the directions to the spacecraft gab8TEREO A and B)
and their respective plane of the sky (POS A and B). The blaeki$ the projected
direction to Earth. Image taken from Mierla et al. (2011).

larization ratio method ambiguity, we conclude that thgpessive image signals were not
produced by Thomson scattering.

Since the polarization ratio method obviously fails to deli@e the position of the bright
core patch, we used the stereoscopic reconstruction m@B8R) to nd its position.

A detailed description of the method is presented in Chapt&ection 2.3. The sepa-
ration angle between the spacecraft A and B of 28 degreessatio easily identify and
tie-point corresponding features in both images. Howeliergeometrical errors are con-
siderable for such a small separation angle. The CORL1 tatditness images allow us
to identify and reconstruct a 3D curve on an approximatdlygipal axis along which the
core material is distributed. The reconstructed 3D curvkthae respective reconstruction
errors are displayed in the Fig. 4.11. The projection of this/e on the spacecraft view
direction curve is overplotted in green on the polarizatatio images of COR1 A and B
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Figure 4.11: Stereoscopically reconstructed curve wighviirtical errors.

in Fig. 4.9. The blue dots represent the tie-points usedi®BD reconstruction. In Fig.
4.10 the curve is overplotted in red onto the scatteringresritom the polarization ratio
method. From the Fig. 4.10 we can observe that the 3D patobsisigned close to the
barycenter plane of the CME. In Fig. 4.11 we show the recanstd 3D curve enlarged.
The material of the bright core patch should be distributedenor less along this curve
with the error range indicated by the blue bars attachede@tinve.

4.3.4 Discussion

Low polarization of the sun light scattered in the coronalmadue to a number of reasons.
For example, by scattering at coronal dust particles wreshlts in the so-called F-corona
(Morgan and Habbal 2007). With the exception of the duss tithe Sun-gazing comets,
this F-corona scattering changes only very slowly in tingpidally by months. In our
analysis, therefore the contribution from the F-coronalbegely been removed by the
background subtraction of the primary image data. Anoteason for a low polarization
signal can be a position of a Thomson scatterer far away fhen?OS. This assumption,
however, is in disagreement with the 3D stereoscopic renaetgon of the low polarized
patch. The most probable explanation is that the emissam the core of the CME is
due to H resonant scattering (Poland and Munro 1976). In the caséd<produced
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4.3 3D reconstruction of a CME core

by prominence eruptions, the core material of the CME is Iis@ssociated with the
prominence material which is cooler and denser than thenebplasma.

In presence of a core patch each pixel of a 2D coronagrapheimegprds the LOS
integration of the totally scattered emission; the contidtns from Thomson scattering
and H resonance scattering are superposed. Fig. 4.12 sketchvedi herent scattering
sources may integrate up in dirent areas of a coronagraph image. Along a view direction

Figure 4.12: Sketch with the contribution of the radiatienarded by a coronagraph on the image
plane

which does not intersect the patch, we only have Thomsonesaaintributions which
integrate to a brightne®3c e of the CME cloud. In contrast, the observed brightness
Bpatch IN projection of the patch is a superposition of three ctations from along the
LOS: the resonance scatteriBg plus the Thomson scatt®&;p from inside the patch
and the Thomson scatter froBy, outside the patch. Note that scatter contributam
may di er from By because the plasma density inside the patch is stronglyneatia
compared to the average CME cloud density. On the other haedgontribution of
Brh to Bpaich IS approximately the same asBgyve. We therefore observe the following
brightness in the coronagraph inside the projection of tre patch:

thatch =tBy + tBro+ tBr; (412)
PBoatch= PBy + PBrro+ pBry : (4.13)
From the total brightness data, we have found that the vdltleedotal brightness of
the H patch is about 10 times higher than that of the surroundingmi@on scattering
cloud,tBpaicn’ 10tBecme = 10tBry (in the Fig. 4.8, inside the black circleg(tBparcr) =

6:93 and inside the blue circleg(tBcywe) = 7:90). From the observations tBcye
and using Billings (Billings 1966) formulas we are able ttireste the electron density
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in the CME. For an assumed depth along the LOS of 1wR derive a density, of
2:6 10° cm 3. From the computed polarization ratio we nd a ratio of thdgpized to
the total brightness:

pB 8
pB_ & , 205
B 1+2 201

It for a typical LOS through the CME
I'oatch fOr @ LOS through the bright core patch

r =

The two values approximately re ect the contrast in the pa&tion ratio in Fig. 4.9.

For Thomson scatteringy, = pBrn=uBry, should depend only on the distance from
the solar surface, hence we can assufge rrpo = pBrp=UBrip, i.€. the same polariza-
tion ratio inside and outside the patch. ObviousBy must be signi cant in Eq. (4.12)
over the Thompson scatter contribution simgg.»di ers considerably fromy,. Insert-
ing the observed total brightness and polarization ratits Eqs. (4.12) and (4.13) and
eliminatingtBry,, we obtain the following relation:

B, _ 8
tBrro 1 18rH

Hence from the brightness and polarization ratigs cannot be larger than18. This low
value of the intrinsic H polarization ratio agrees with low values obtained for choe
spheric measurement®W/iehr and Bianda 2003). Moreover, the ratigy; =tBrp cannot
be smaller than 8. Hence a large fraction of the radiatiomftiee core patch should be
H emission (Mierla et al. 2011).

Jeric and Heinzel (2009) used 1D isothermal-isobaric modelstove an electron
density diagnostic for quiescent prominences. They hawsidered dierent tempera-
tures, pressures and geometrical thicknesses for each.nhodee white light emission,
they assumed a waveband of 10 nm and a geometrical dilutborfaf W = 0:416 which
corresponds to an altitude of 10000 km. The geometricatidiidactor has a dependence
of heightz above the solar surface as :

S

R?

For the time when we have applied the polarization ratio wetthe core of the CME
was at an altitude of:68 R . At this hight we obtain a dilution factai(z) = 0:35 .

Jeric and Heinzel (2009) derived an equilibrium relation betwen electron density
ne and the ratio between Hresonant scattering and Thomson scattering. For typical
prominence temperatures in the interval from 4300 K to 15QQ6is ratio has a weak
dependence with the temperature:

E_H = 164b3W10 4T 3=2€l7534K=T£ . (4 15)
EWL . cm 3 ’ )
HereT is the temperature ana is the LTE departure coecient of then = 3 level of a
hydrogen atom which is de ned as the ratio of the actual paponh in the| level to the
theoretically expected population in LTB;(= (n;j=n, )<(n;=m ).1e) (Gouttebroze et al.
1993).
From our observationsBy =By, 9:33. If we consider a temperature of 10000 K for
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the patch material, a geometrical dilution of 0.35 and theadtire factob; = 2:97, we
obtain an electron density in the Hpatchn, = 8 10% cm 3. This is nearly three orders
of magnitude of what we have estimated for the CME cloud detsi the patch (Mierla
etal. 2011).

4.4 4D reconstruction of a prominence-CME from two
and three views

4.4.1 Introduction

On 1 August 2010 three solar eruptions (prominences ang)avere observed at closely
located source regions and expelled within hours. A detdilt of events from that

day is discussed in Schrijver and Title (2011). The chainveinés was called “sympa-
thetic” eruptions by Torok et al. (2011) because in obsé@mat one can see how the
eruption of one prominence destabilized the magnetic coragon of its neighboring

prominence and caused it to erupt. The prominences covieeedntire northern hemi-
sphere of the Sun (Fig. 4.13) which made them a global phenomaccording to the

de nition of Zhukov and Veselovsky (2007).

Figure 4.13: Image showing the regions where erupting eveantur during 1 August 2010.
AR1+FR1 represent the region where rst eruption are and larhenuption oc-
cur; FR2 stands for second prominence eruption; AR2 stamdscfive region where
the second are occurs; FR3 stands for the third ux rope &orp The image was
recorded in Hell 304 A by the AIA instrument onboard SDO (Wielioviewer.org).

Fig. 4.13 was recorded in He Il wavelength and shows the nsgithere the events
occurred. Around 2:59 UT a are followed by an active regidament eruption occurred
in the area marked with ARFR1 in Fig. 4.13. At 5:26 UT the prominence in region FR2
erupted accompanied by a are in region AR2 (Fig. 4.13). Tds# Erupting prominence

85



4 Application of the Multi-view B-spline Stereoscopic Restruction method for the
analysis of two erupting prominences

of this sequence started at 22:06 UT in region FR3. From tiagncof three prominence
eruptions we have focused on the second eruption from rdgfR#y which was a high
latitude prominence spanning over about % longitude (see Fig. 4.14). The aim was
to reconstruct its kinematic evolution as closely as pdssifhe reconstruction errors
depend on the image resolution and on the angle betweendbe spatft.

The CME was observed as a three-part structure in white-ingages. The bright core
corresponds to the prominence material observed prioteithption in extreme ultravi-
olet (EUV) images.

Figure 4.14: Images of the eruptive prominence taken frometdi erent views at 8:16 UT in 304
A wavelength; left image - STEREO B; middle image - SDO; righage - STEREO
A.

This sequence of eruptions formed a spectacular event wiashpreviously studied
by Joshi and Srivastava (2011b,a), Li et al. (2011), Térdk.e2011). Using STEREO
EUVI data, Joshi and Srivastava (2011b) analyzed the positieight and acceleration of
the reconstructed parts of the eruptive prominence fromondgR2. From the evolution of
the prominence kinematics they concluded that there wesgtvases of the prominence
eruption. From the variations in latitude and longitudehs teconstructed features they
concluded that the prominence rotates during the risingg@bkhlghtly around its propaga-
tion direction. Joshi and Srivastava (2011a) analyzed &hecity of the top point of the
CME core patch and of the leading edge of the CME. They foursdmmam velocities of
around 200 km ¢ for the top part of the CME core and 567 knt $or the leading edge
of the CME. Li et al. (2011) reconstructed the top point of pneminence from region
FR2. For the reconstruction they used data from one of theREEsatellites and SDO
satellite. The authors used the 3D reconstructions to m@terthe position of dierent
parts of the prominence and derived the height, velocityaueleration for highest part
of the prominence and the projected speed of the CME front.

In terms of reconstruction, what is new in our approach isube of data from three
satellites (STEREO A, B, SDO) simultaneously. With our MBBRthod explained in

Chapter 2 we reconstruct for a given time the entire top eflfeegorominence as a curve
which can give more information about the kinematics of ttehpnence. Moreover, we
try to analyze in more detail the evolution of the promineand the associated CME.

86



4.4 4D reconstruction of a prominence-CME from two and tiviea/s

4.4.2 Observational data and the 3D reconstruction

In general, 3D stereoscopy requires images of the objea tedpnstructed from at least
two di erent view directions. In this study we use three view dioext employing EUV
observations from STEREO and SDO and coronagraph obsemgdtom STEREO.

For the prominence studied, the reconstruction was peddrfrom the moment of the
eruption at 5:26 UT until the subsequent CME escaped theoéldew of the STEREO
CORL1 coronagraph at 10:35 UT. We could not perform the raoectson after 10:39 UT
because the CME left the COR2 eld of view of STEREO B so thadlyomages from
STEREO A remained available.

For the 3D reconstruction of the rising prominence we used3®% A images obtained
by EUV telescopes of STEREO A, B and SDO. The EUVI eld of viesdimited to 1.7
R (Wuelser et al. 2004) for STEREO and to 1.5 fer SDOAIA (Lemen et al. 2012).
The STEREO observations are well synchronized taking iotoant also the travel time
of light from Sun to the respective spacecraft. The SDO dateesponding to a give
STEREO image pair was chosen as close in time as possibleawitiximum time dis-
crepancy of 1 minute and 12 seconds. The data sequence weatedekith a 10 minutes
cadence for all three spacecrafts until the prominencéiefteld of view of the STEREO
A EUVI telescope at 9:26 UT.

After 9:26 UT, the prominence could only be traced in CORIé€mcoronagraph) and
COR2 (outer coronagraph) of STEREO. We used images from C@Radd B with a

Figure 4.15: Images of the eruptive prominence taken frolBRHO B (left side) and STEREO
A (right side) at 9:35 UT.

5 minutes cadence to determine the 3D position of the cordfateading edge of the
CME produced by the prominence. A composite image of thagiprominence and of
the CME is presented in Fig. 4.15. On the 1 August 2010, tharaéipn angle between
the two STEREO spacecrafts was 1B ; between STEREO A and SDO, the separation
angle was 789 and between STEREO B and SDO; 18 . This means that SDO was
located approximately in the center between the STERECespait and limb events on
STEREO were seen close to the disk center in SDO. At theseatepaangles we per-
form the reconstruction from two views and also from thremwa simultaneously.

The 3D reconstructions for the prominence and the assodiZME were performed us-
ing MBSR (Multi-view B-spline Stereoscopic Reconstrundi@escribed in Chapter 2.
For all structures investigated, we always tie-point tivésible upper edge. We choose
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not to follow very small scale structures of the lament oétsize of a few pixels because
they are highly variable and dicult to trace in time. Both the prominence and the CME
core material are suciently concentrated along a 1D axis so that the positioheif top
rim is well discernible in the images for most of the time ahis well approximated by
the reconstructed curve. Note that the time series of theses can only re ect the mo-
tion normal to the curves. The physical motion of the plasnag mclude an additional
component along the reconstructed curve which we cannolves

In Fig. 4.16 we overplotted examples of the projection of3Bereconstructed curve and
the tie-points onto the images from STEREO A, B and SDO. A measf the recon-
struction error is the distance between the tie points aadegbonstructed curve.

Figure 4.16: Overplot of the projection of the 3D curve (gel) and the tie-points (green) onto
the EUVI images from a) STEREO B, b) SDO, c) STEREO A and ontnGOR1
images for the CME core in d) STEREO B and e) STEREO A and forGN&E
leading edge in f) STEREO B, g) STEREO A.
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Using EUV 304 A image data from STEREO B and SDO we rst recortthe
prominence from 5:26 UT till 7:36 UT. For this period we usedyatwo views because
in the images from STEREO A the prominence is seen edge orasththfront leg of the
prominence covers exactly the rear leg. For this reasonpwiel mot clearly discriminate
the legs in the images from STEREO A. For the period 7:46 UT:5%6 & T we used
simultaneous data from all three spacecrafts. After 9:06 tbd prominence could no
more be properly identi ed in the AISDO data because the projection of its upper
edge in the image was very close to the solar limb. Therefeecysed again only two
views, STEREO A and B, from 9:06 UT to 9:26 UT. After 9:26 UTettop part of the
prominence had left the eld of view of EUVI. The reconstrigcts are drawn in red in
Figure 4.17 until 09:26 UT.

Figure 4.17: The 3D reconstruction of the prominence fronvVEithages (red), the reconstruction
of CME core using COR1 images (blue) and the CME leading edgsef). The
reconstructed curves of the prominence and the CME coregtinterval: 9:30 UT -
9:45 UT) (top left panel); the reconstructed curves of trmmpnence and core of the
CME for all times (top right panel) and of the prominence atdf the CME from
two di erent view directions (bottom panel).

For the determination of the spatial position of the core @nedleading edge of the
CME, we used data from CORITEREO. Since there were no coronagraph data available
from LASCO CZ2SOHO, we could only use images from two space craft for thesion-
struction. For the rst frames from 9:30 to 9:45 UT we usedadiabm COR1, the entire
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visible core structure (blue curves in Fig. 4.17 top leftgdaoould be reconstructed.

After 9:45 UT, we had to split the reconstruction of the CMEemto three parts,
namely the west and east extremities and the top becausgtiaé of the core material
became rather faint and the connection between these thresqould not be reliably
determined any more. In the top right panel of Fig. 4.17, thee lourves represent the
3D reconstructions of the core of the CME at all availablessmThe last time when we
could discern the core signal was at 10:35 UT.

Since the distribution of the core material spread out vifitiet we found it worthwhile
to present our reconstructions at drent scales for dierent times in order to display
more details. Thus the left panel shows the reconstructidy until 9:45 UT while the
right panel shows it on a derent scale until 10:35 UT.

For the visible leading edge of the CME cloud the relatiopdietween the recon-
structed curve and the object to be reconstructed is leas cl&e visible edge is proba-
bly the projection of an extended 2D surface forming the CME Hiror two viewpoints,
the curve resulting from a stereoscopic reconstructionapmates the intersection of
the CME hull approximately in a plane normal to the missicamgl of the two observing
space craft. Liewer et al. (2011) analyzed the position eftiépoint reconstruction rel-
ative to the CME surface. Because the two spacecraft inddlvéhe reconstruction see
di erent parts as the leading edge the tie-point reconstrugiedds a curve somewhere
above the CME surface (see Fig. 4.18). Another limitatiothef LE reconstruction is
that we may reconstruct a derent part of the CME surface at dirent times. Therefore
the apparent motion of the reconstructed curve only intlyee ects the physical motion
of the surface. Being ahead of the core material, the leaglilug left the eld of view

\ /7

Figure 4.18: Sketch representingext of di erent apparent leading edges. The black croissant
shape is representing the CME hull. STEREMApacecraft position is represented
in redblue, the dashed rays show lines of sight from the spaceseaing the ex-
tremes of the CME's hull and the réadue curves are the actual leading edge observed
in the images from STEREO/B. The green curve which lies at the intersection be-
tween the two view directions is the reconstructed leaddggeecurve.

earlier than the core and we could reconstruct the LE only @25 UT. Two di erent
perspectives of the 3D reconstruction of the prominence fEdJV images (red curves)
and of the LE (green curves) of the CME are shown in the bottamepof Fig. 4.17.
The image on the left shows how the top and the trace (seeo8etd.3.1 for a detailed
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description of the term trace) of the structures evolve &edirthage on the right shows
more clearly how the structures are positioned with resfgeetich other. The green LE
curves shown in Fig. 4.17 are just an approximation to theenegtended CME surface.
As mentioned above, the reconstructed LE curve lies apprabely in a meridional plane
somewhat above the intersection of the CME surface with aepteormal to the mission
plane of the two observing space craft. The CME surfaceladthto it may well have a
substantial elongation in east-west direction.

4.4.3 Data analysis and results

In general, prominences are dynamic structures and thegaatain considerable hori-
zontal motion along the prominence axis with speeds of s¢tens of km st (Martin
1998) even before their eruptive phase. It is dult therefore to track individual fea-
tures of the prominence with time. From our reconstructise,reduce the distributed
prominence to a single 3D curve which represents the top fitheoprominence. The
kinematics we are going to determine is based on the evalofithis curve which does
not resolve the plasma motion along the prominence.

4.4.3.1 Height-time evolution

To characterize the kinematics of the prominence, the CME aad the CME leading
edge, we determined the poiBY,, of the respective reconstructed curve at the largest
altitude above the surface for each timeThese points are represented as blue dots in
the 3D reconstructions in Fig. 4.17, bottom-left panel. Tihee evolution of the radial
distance ofCy,, of the prominence (black points) and core of CME (red poifitah the
Sun center is plotted in Fig. 4.19.
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Figure 4.19: Height-time evolution & of the prominence (black points) observed in EUVI
and CME core (red points) observed in CORL1.
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The continuity of the respective curves in Fig. 4.17 andGhg-heights in Fig. 4.19
suggests that the prominence and the CME core material vediccated. The promi-
nence rises slowly at the beginning of its evolution andngrgjly accelerated only after
approximately 09:00 UT (see the Fig. 4.23). By this time,ttheof the prominence had
already reached an altitude of 1.5.Rloshi and Srivastava (2011a) analyzed the evolution
of the same prominence. They also observed the two disthedgs of the prominence
eruption, but missed to mention that the transition to tiensi ed acceleration phase oc-
curred rather late, only when the prominence had alreadyheshan appreciable altitude
of 1:5R . The prominence mass is therefore not accelerated by adgpéisive-like
event close to the surface but receives its main accelarhigh above the surface of the
Sun. The continuous acceleration at altitudes beyond 1.8 Bvidence of the magnetic
nature of the accelerating force. The height-time curvedgg of the leading edge is
displayed in Fig. 4.20.
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Figure 4.20: Height-time evolution @, of the CME leading edge.

We could see the leading edge only in the coronagraph imabesewt appeared at
09:10 UT for the rst time at a heliocentric distance of 2.4.RIntil about 10 UT it rises
with an almost constant velocity of 1.5-1.8 Rr L.

It is desirable to extend the kinematic description of thevedo more points than just
its top point. However, since we cannot easily identify pei@long the prominence, the
CME core or the leading edge at successive times, we can etdyrdine the component
of the expansion velocity normal to the curve tangent froerttonstructed curves.

For this purpose, we determine local distances betweerutive at successive times
to describe the kinematics of the prominence and the CME. cYe calculate these
distances as follows: Given a poig{s;) on the curvec; at timet; at a curve parameter
sj, we determine two parametessands, on the curve;,; at timet;,; such thati.1(s,)
is the closest point om;,;1 to ¢i(s;) andci(s;) is the closest point on; to ci;1(S,) (see
the sketch from Fig. 4.21). The nal curve parame$gon curvec;.; which we associate
with ¢i(s;) is iterated betweemin(s; s,) andmax(s;; s,) such that the Iineq+1(s?); ci(sy)]
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C.
|

Figure 4.21: Sketch showing a phase from the calculatioheflistances between two consecu-
tive curves g andci+1. The points; from the curveg; is the point which we want to
trace on the curvej.; the segmens;s, is perpendicular on the tangerdt the curve
Ci; the segmens;s, is perpendicular on the tangerat the curvegi. ;.

makes the same angle with the tanggﬁtﬂsj) and discm(s‘j’) along the respective curve.
Note that, our construction could be reversed, i.e. usiag#éme algorithm, we re-obtain
ci(s;) starting fromci.1(s;).

This way, we traced three poinjsalong the reconstructed curves of the prominence and
the CME core. One of these points initially agreed with, and two are initially located
equidistantly towards either side Gf,, along the curve. The traces are represented in
Fig. 4.17 as black dots and termed in the followi®g, prom, Cwest prom, Ceast prom and
Ctop_core, Cwest_corea Ceast_corea reSpeCtiveW-

The height-time diagrams of the trace points are displayédg. 4.22.

Figure 4.22: Height-time evolution of trace of the partstaf prominence (dark colors) and CME
core (light colors).
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We can see that there is no signi cant drence in the ris€,, (Fig. 4.19) and
Ciop_prom (Fig. 4.22, black symbols). This can be also observed in tsitipning of the
pointsCiy, andCigp prom IN Fig. 4.17. As expected, the trace poiflgs:andC,es; 0N the
anks of the prominence and CME core curves rise more sloéntthe central section
of the respective curves, because their traces bend awaitfi@radial propagation direc-
tion. However, their speeds dér considerably, with the western branch (green symbols
in Fig. 4.22) being signi cantly faster than the easternnota(blue symbols).

The discontinuity of the eastern and western trace poini&dn 4.22 between the
prominence and CME core traces is arti cial and due to thé tfaat the trace points had
to be repositioned for the CME core traces.

4.4.3.2 Velocities of the prominence and the CME

The evolution of the velocities dEy,, and of the trace point€ip prom: Cwest prom and
Ceast prom are plotted in Fig. 4.23, respectively Fig. 4.24. The vejoof C,y, is obtained
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Figure 4.23: Velocity ofCy, of the prominence (black points) and the CME core (red ppints

by numerical di erentiation from the height-time plot (Fig. 4.19) withoatsothing. The
enhanced noise for the coronagraph data (red dots) is & oéthue coronagraph's reduced
spatial resolution. The velocities Gop prom; Cwest prom aNACeast prom Were derived from
the trace point distances and therefore re ect an absoklteity including an azimuthal
component and not just the radial component as foCihe

From both diagrams it is apparent that the transition frawsb an accelerated rise of
the prominencieore material occurs close to 8:30 UT. After this time, thdiabvelocity
of Ciop displayed in Fig. 4.23 increases almost linearly with agpnately 150 kms !
per hour until the end of our observations. The velocity eftitace point<,,om in Fig.
4.24 shows more scatter. Within the scatter, the measuiledities of the prominence
trace points are almost as high as the velocitCgf,. However, as Fig. 4.17 reveals,
the trace points bend away from the radial direction and #iecity of the eastern and
western trace points obtain a considerable azimuthal caemgo Hence the prominence
material appears to spread out from a virtual center at abdigtance of 5 R from the
Sun's center.
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Figure 4.24: Velocity of the trace points of the prominence.

4.4.3.3 Propagation direction

We have de ned earlie€,,, as the highest point of the structure. Its instantaneoesdir
tion from the Sun's center changes in time.
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Figure 4.25: left panel: variation of latitude (blue andagralots) and longitude (black and red
dots) of the prominenc€,, derived from EUVI images (black and blue points)
and from coronagraph images (red and green dots); right:paar@ation of latitude
(green points) and longitude (red points) with time for @, of the CME leading
edge derived from coronagraph images.

The heliographic angles of this direction©f,,(t) are presented in Fig. 4.25. For the
rst three hours, till 8:56 UT, the prominend,, maintains its initial direction except for
a slight de ection towards the equator by about 5 degreeterA£56 UT, the direction of
Ciop Starts to be continuously bend away from the equator by alibdegree$iour and is
also changing its latitudinal direction. Recall that pti@©:30 UT,C;,, was derived from
the prominence material detected in EUV Helium Il line. Af8e30, we traceCiyy(t)
from the CME core material observed in the white light cogmaghs (red symbols for
longitude, green symbols for latitude in Fig. 4.25, left pinstead. In this respect prop-
agation of the CME core material appears as a seamless gatiin of the propagation
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direction of the prominence material.

For theCy,, of the CME leading edge we see the same de ection away from the
equator and towards larger longitudes in the evolutio@gf(t) as for the core material
after about 9:15 UT (see Fig. 4.25).

4.4.3.4 Angular width

In order to characterize the angular span of the structuwresle ne an opening angle of
the prominence and the leading edge curves at given hetrocdistances to the distance
of Ciop. These distances are chosen to; = 19=20 jCyopj; 18=20 jCiopj; 17=20 jCiop) and
16=20 jCy,(j for the prominence and the CME core curve. The angular widisare
de ned by the heliocentric angle between the two intersgrstix of the reconstructed
curve with the plan€,,, x = r; (points A and B in Fig. 4.26).

top

Figure 4.26: Sketch showing the selection of the angulathw(i@W). The orange circle represent
the solar disk and the black curvg)(is the reconstructed curve at a certain time.
Ciop from the curveg; is the highest point above the solar surface from the cefiter o
the Sun.rj; j = 1::4 is the selected point at derent distances from th€,,. The
perpendicular line at the segme@;{,0] passing through; intersect the curve; in
the points A and B. The angle AOB represent the angular witltheoreconstructed
curve.

Even though we had to split the CME core reconstruction fanesanstances into
three parts, the opening angles could be calculated foe tstesctures because we could
always nd a unique pair of intersections for the seleated
The evolution of these opening angles are plotted in Fig7 #o2 the prominence (ob-
served in He Il until 09:35 UT) and the CME core (observed intevhght after 09:35
UT). During the rise of the prominence, the opening angleewgby 8 . This tendency
of the opening angles can be also noticed in the 3D recorgtnuaf the curves (Fig. 4.17
- red curves).
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Figure 4.27: Variation of the opening angles of the recaieséd prominence and CME core struc-
ture at di erent distances from the solar center as given in the legend.

In contrast, the CME core material visible after 9:35 UT se¢orbe much more con-
centrated in angular extent with opening angles only abaliids large as those observed
for the prominence. It might be that the bright CME core is madible in the coro-
nagraph mainly by resonance scattering at neutral hydr@desrla et al. 2011). This
discrepancy in angular width could then be explained by gingrconcentration of the
neutral hydrogen along the rising prominence, such thattmeentration drops below
visibility towards the ends of the structure. For a simik&son, the coronagraph signal
might have faded away on some sections along the prominesaféer 9:45 UT. Since
the Thomson scattering signal is proportional to the lotasma density, the Thomson
scattering signal should be much more persistent in time.

4.4.35 Rotation

Bemporad et al. (2011) analyzed the rotation of an eruptmgmence arc observed in
STEREO EUVI and COR about its direction of propagation. Thegla of rotation was
de ned as the angle between the meridian plane through titeicef the lament between
the two lament foot points and the plane spanning the twd famnts of the lament and
the Sun center (see Fig. 4.28). The initial angle of rotatlmrefore characterizes the
orientation of the prominence in Hmages before the eruption.

Let ; and ; denote the latitude and longitude of the prominence foattsoi= 1; 2.
The segmens de nes the length between the prominence foot points andégenent
de nes the projection of this length onto the meridian plafeey are given by:
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s= R [(cos ,sin , €OS 1SN 1)®+ (COS ,COS » C€OS 1€COS 1)°+ (sin » sin 1)?]*¥?;
(4.16)

| = R [(cos ,sin ; €OS 1Sin 1)?+ (COS ,COS 1 COS 1€OS 1)+ (sin » sin )3 ¥

(4.17)

The rotation angle is obtained from= arccogl=s).

Figure 4.28: Cartoon presenting the Solar disk as blackegiftNS] de ne the meridian plane
and [AB] the plane de ned by the foot points of the reconstedccurvec; which
intersects the meridional plane in Q. The angle betweenvibeptanes de ne the
rotation angle () of the reconstructed curve.

After the lament eruption, the orientation angles of therhent for various solar radii
ri can be calculated in the same manner if the lament foot goane replaced by two
intersection points of the reconstructed lament curvehwifie heliospheric of radius.
We have adopted the method of Bemporad et al. (2011) for theadien of the rotation
angles of our promineng®re reconstruction. The calculated rotation angles ateul
in Fig. 4.29. For various heightswe chose the same radii as for the determination of the
opening angles.

In the rst part of the eruption until around 9:20 UT, the primence undergoes a slow
counterclockwise rotation. The angles at all four heighshe similarly, so that the
prominence rotates almost rigidly. Around 9:25 UT, the pireence leaves the eld of
view of EUVI but the CME core structure becomes visible in CIOR\t this time, the
prominence and the core material have the same angulataii@nabout 70 degrees with
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respect to the central meridian plane. However, the couetstire seems to reverse the
sense of its rotation compared to prominence and incretssegation speed dramatically
until the core material is almost located in the meridiorlahp. From the COR images
one can clearly see the rotation of the core structure (geetFi6). The reconstruction of
the twisted core material is shown in Fig. 4.17 (blue curvemfbottom left part). Joshi
and Srivastava (2011b) and Li et al. (2011) only observe atewalockwise twist. They
seem to miss the backwards rotation during the late stagée @fvolution.
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Figure 4.29: Orientation angle of the prominence (befo8® QT) and CME core (after 9:30 UT)
with respect to a meridional plane centered on the respmestiucture.

4.4.3.6 Cavity

If the cavity of a CME is present then it is interpreted as titerior cross section of the
erupting ux rope (Patsourakos et al. 2010) (see Sectiorl}.2

As described in Section 4.2.1, the prominence materiatiessin the bottom eld-line
pockets of the ux rope. In this sense, the ux rope diametesidd approximately equal
the visible cavity size de ned as the distance betw€gy of the prominence and core
material andC;,, of the CME leading edge. The variation of this distance istptbin Fig.
4.30 (upper panel). In Fig. 4.30 (lower panel) we show thati@h between the radial
cavity size and the opening angle of the prominence as deatede. While the cavity
size is a measure of the radial thickness of the ux rope thenopm angle of the CME
represents the azimuthal size of the ux rope. We observettigse two parameters are
not well correlated in time. From the evolution of the opgnangle of the prominence-
core material we can see that the lateral size narrows vmité (see Fig. 4.27).

The distance between the top of the prominence and the kpadige is observed to in-
crease until about 10:25 UT. A comparison of Fig. 4.19, 412s that the top part of
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the leading edge propagates with an almost constant sp@ed &mn s while the promi-
nencéCME core gradually accelerates and reaches a comparalidé vabbcity only at
about 10:25 UT. By this time, the cavity has reached a sizeR1. The increasing size
of the cavity represents a signature of the expanding werop
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Figure 4.30: upper panel: Variation of the CME cavity sizéfmtime; lower panel: relation be-
tween cavity size and opening angle of the prominence-coh &rent distances
from the Sun's center.
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4.4.4 Discussion and summary

The eruption of the prominence can be described as a losedfdlance between the
magnetic pressure and magnetic tension in the corona (kulahal. 2010). The mag-
netic pressure forces tend to expand the magnetic con gurat the upward direction
while the magnetic tension tends to restrain it downwardskgr et al. 2003). For the
prominence eruption studied, there could have been a campudgnetic reorganization
which made the prominence system lose its equilibrium.

One contribution to this reorganization could have beealloancellation of ux at the
photospheric inversion line below the main axis of the preence. As the ux cancels,
low-lying magnetic eld lines lose their connection to thbgiosphere and form a ux
rope. This ux rope supports the prominence material anchasux cancellation con-
tinues, it slowly starts to rise. We can observe this behaaithe rst part of the height
time pro le of the prominence (Fig. 4.19, 4.22).

Another contribution to the reorganization may have beewlpced by the change of the
global coronal magnetic topology. As we have already mestioabove, the eruption
of this prominence is the second in a series of eruptions. efaption before may have
weakened the coronal magnetic tension at the promineneevkith subsequently trig-
gered the fast eruption phase of the event analyzed here &P, 4.20). A similar
evolution was numerically simulated by Torok et al. (201ijhvthe aim to model the
chain of prominence eruptions from 1 August 2010. They camegl the initial condi-
tions of the simulation in agreement to the observed magnato prior to the eruption
sequence. The initial con guration of the simulation isatman Fig. 4.31a. The coronal
eld contains four ux ropes surrounded by magnetic arcadébe ux ropes (FR) are
numbered according to the eruption order. Flux ropes FR2F&®2lare embedded in a
pseudo streamer (green arcades) enveloped by a streamielifes), while FR1 is over-
laid by a streamer arcade. Flux rope FR2 is equivalent wighptominence studied in
our analysis. By imposing a ow at the bottom boundary towtrel inversion line below
FR1 an expansion of this ux rope could be triggered. FR1gslewly to a critical hight
followed by a rapid acceleration. As the FR1 expands, it aesges the streamers of
FR2 and 3 (see Fig. 4.31b). This in turn triggers a reconoedietween the streamer
eld lines of FR2 and FR3 and the eld lines of the pseudo stnea above FR2. As a
consequence of the removal of stabilizing ux above FR2,rttegnetic tension on FR2
decreases and the ux rope is allowed to rise. From simulatiof T6rok et al. (2011)
shown in Fig. 4.31b, a counterclockwise rotation of FR2 wigithe initial phase of the
rise encounter can be observed which we have found in oumaigms. One of the
conclusions of the Torok et al. (2011) paper is that the charuptive events is related
to the structural properties of large-scale coronal elabpto the eruptions.

The eruption of the prominence analyzed here was also reccted and analyzed by
Joshi and Srivastava (2011b) and Li et al. (2011). In botthe§é papers, the authors
reconstruct dierent features of the prominence and they use only two viezetions for
their reconstruction, even though Li et al. (2011) analymedvent using data from three
satellites.

In this work, we make use of simultaneous data from thredligaseand reconstruct
curves which represent the 3D location of the highest ridgaeprominence, the CME
core material and the leading edge. As explained in Chaptee&ion 2.3, with our new
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Figure 4.31: Figure taken from Torok et al. (2011), showiregmetic eld lines with xed foot-
points and the normal component of the magnetic eld at theobo plane, where red
(blue) depicts positive (negative) elds. Orange linesoogl to the ux ropes, green
ones to the initial pseudo-streamer lobes, and pink onestially closed or (semi-)
open overlying ux. Panel (a) shows the con guration aftaitial relaxation and
panels (b) - (d) show the successive ux rope eruptions anbli@m eld evolution
(Torok et al. 2011).

method, we do not need to match individual tie-points inedent images but we directly
solve for the optimal spline representation of a 3D curveciwhnatches the tie-points
in all images. We are convinced that our procedure yields eemaiable and precise
reconstruction compared to those of the previous authors.

Joshi and Srivastava (2011b) analyzed the evolution of ds&tipn, height and ac-
celeration of the prominence features and Li et al. (201¢stigates the prominence
velocity, using EUVI data. Joshi and Srivastava (2011a) enado an analysis of the
CME triggered by the prominence eruption. They derived thg8sition, velocity and
acceleration of the top point of the leading edge and of thhe obthe CME. With our
analysis of the CME core and the leading edge of the CME wendxtesir analyze. While
Li et al. (2011) found a maximum acceleration of around 40 frfar the top part of the
prominence, Joshi and Srivastava (2011b) only obtain amnaxi acceleration of around
11 m s2. We have obtained a maximum acceleration of 33 ffsr the prominence
Ciop as observed in EUVI data. Both authors noted the countdsalise rotation of the
prominence during the easy rise phase. From our analysi®welftwo phases of the
rotation: an initial slow counterclockwise rotation of theominence and a subsequent
fast clockwise rotation of the core material.

Due to the lack of a quantitative analysis, the evolutionhef tising prominence, its
core material and CME surface is often assumed to be seifasinit can be described
by a single scaling parameter which grows in time while thgnsic shape remains un-
changed. From our analysis we nd that the evolution is muadtexcomplex. In future
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4.4 4D reconstruction of a prominence-CME from two and tiviea/s

it would be desirable to relate details of the kinematic etioh to features of the coronal
eld. Since we presume that the major driving force is of mefmorigin, we expect that
such relations exist.

In our analysis we try to follow the evolution of the eruptibom the time of the
initial rise of the prominence until the CME core leaves tledd of view of the COR1
coronagraph. The prominence and CME core material do ndvewo a self-similar
way. We calculate various parameters which charactere@bhcurves representing the
prominence and CME core location.

The prominence and the CME core were observed wittedint instruments, the
EUVI telescope and the coronagraph, respectively, whiek Baghtly overlapping elds
of view. From our analysis we nd a good continuity of the raldnotion of the respective
top sections of the structures, and a continuous angle afiootabout the propagation
direction as the prominence leaves the EUVI eld of view ahd €ME core comes into
sight of COR1. However the two structures are discontinuotizeir lateral extent. From
monitoring the opening angles we nd that while the promicerspans over about 40
degrees, the CME core appears only about 10 degrees wide.

Using the method of Bemporad et al. (2011), we calculate otation at di erent
heights for the prominence and the CME core. We could seedihatent parts of the
structures rotate rst rigidly but when the core materiadekes about 2 R its top part
rapidly rotates in reverse direction.

In the overall dynamic evolution we could distinguish twaaphs, a slow and an ac-
celerated rise of the prominerdlGME core, the latter starting at about 8:30 UT. After
this time, this structure is accelerating gradually to sisegbove 200 km $ in roughly
2 hours while the leading edge seems to have been launched aame time, as the
prominencécore. It propagates from the beginning with a constant spé2@0 km s?.
During this second phase, we see an involved motion of theimencéCME core mate-
rial which is far from a rigid or a self-similar evolution. #&r 8:30 UT, when the major
acceleration sets in, the top part of the prominence stéststa be de ected in longi-
tude and after an intermediate bending towards the helpbgraquator, its propagation
direction turns steadily towards higher latitudes. The esamanges can be seen in the
propagation direction of the top section of the leading edgeugh somewhat less vig-
orous. It should be recalled that the LE curve cannot be &gsocwith a clear localized
ridge of plasma material, but is the result of the projectbmn extended surface onto
two observing view directions. Hence changes in the LE cuonag also re ect intrin-
sic deformations of the surface. The evolution of the vesisiructures of an erupting
prominence is therefore very complex. It is very probabé the accelerating forces are
largely to magnetic. The complex rotation of the prominemes be due to the presence
of helically twisted elds.
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5 Coronal magnetic eld modeling
using stereoscopy constraints

In this chapter we will present the tests which we have peréal for the S-NLFFF
(Stereoscopic-NLFFF) method described in Chapter 2. Rartsthe text of this chapter
have been extracted from the paper “Coronal magnetic eld@tiog using stereoscopic
constraints”published in Astronomy& Astrophysics journa

5.1 Introduction

The S-NLFFF method has already been explained in Chaptee@jo 2.5. It is an
extension of the Nonlinear Force Free Field (NLFFF) vaoiai method used for the
extrapolation of the magnetic eld from the photother itite corona.

S-NLFFF minimizes a scalar cost functibg, = ﬁzl L, (see Eqg. 2.39) which con-
sists of four terms , quantifying constraints which the nal solution shouldisit. The
rstterm ; (EQ. 2.36) corresponds to the Lorenz-force equation, tberskterm , (Eq.
2.37) corresponds to the solenoidal condition and the tema, ; (Eq. 2.38) measures
the match with the observed photospheric vector magnetugrdhe last term which is
a new feature of our method, (Eq. 2.42) constrains the magnetic eld to be aligned
to some selected loops generally obtained from a three diimieal stereoscopic recon-
struction. The minimization of the functional, is achieved by a Landweber iteration as
described in Chapter 2. At the end of the iteration procemsesresidual values of the
cost function will be obtained. We denote these values'as=1...4. These indicate the
convergence of the iteration and are used in the next sg&idhto evaluate the S-NLFFF
performance.

5.2 Testing the S-NLFFF (Stereoscopic-NonLinear Force
Free Field) method

We test the optimization method S-NLFFF described in Chrdbtsing a semi-analytical
force-free eld solution proposed by Low and Lou (1990). Frthis eld solution we cal-
culated various simulated input data for the tests. Thefssilations of Low & Lou has
been used by a large number of authors to perform tests of NldeEes, like (Wiegel-
mann and Inhester 2010, Valori et al. 2007, Thalmann et dl1The solution was de-
rived by Low and Lou (1990) by solving the Grad-Shafranovagun for an axisymmet-
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ric nonlinear force-free eld in spherical geometry for whithe magnetic eld can be
expressed in common spherical coordinates as

1 @\A @\ -
= — —r — + : 51
rsin @ @ Q (5.1)
Here A is the ux function which is independent of the azimaithngle . Q takes care of
component oB which becomes force-free if Q depends only on A W|tI:F (Low
and Lou 1990). The ux function then satis es the Grad-Shafrv equation

2
@A N 1 @A .
@2 r2 @2
where = cos . Low & Lou restrict to the special case= gg A™. The solutions are
of the form:

Q— ; (5.2)

Q(A) = aAl*# ; (5.3)
A ) = F’( )

(5.4)

wherea andn are constants and the scalar function P satis es a nonlmedr cation of
the Legendre dierential equation (Low and Lou 1990)

’p 1+
(1 2)% +n(n+ 1P+ azTnPl"Z‘” =0; (5.5)

which has discrete eigenvalues since the boundaries atk Meena, are the eigenvalues
for parameten 2 N.

A value ofn= 1 anda = 0 corresponds to a linear dipole eld.

In our and similar tests, the center of the spherical coatdisystem is placed below
the bottom surface of the computational box and, in ordere¢albthe symmetry, its axis
is tilted obliquely with respect to the edges of the compaiet! box.

For our investigation we used two of the Low & Lou semi-anaBftforce free eld
solutions:

Case |: the depth for the center of the solution was chosdn=a0:3 times the edge
length of the computational box, a tilt angle af 0:6 =4 degrees and a multipole order
n= 1. The computational box has 64 x 64 x 32 grid points.

Case lI: the depth for the center of the solution was chosdn=a0:3 times the edge
length of the computational box, a tilt angle af 4 =5 degrees and a multipole order
n = 3. The computational box has 64 x 64 x 32 grid points.

For both Cases (I and Il) we generate by numerical mininozredif 1::: 3 a discrete
reference eld as the solution of the conventional NLFFFgemn with the boundary data
from the analytical Low and Lou eld solution. This eld is ake but not identical to the
analytic Low and Lou eld. From this discrete reference elde generate three (for Case
[) and ten (for Case Il) loops with a fourth order Runge-Kuttathod. During the loop
selection process, we encountered some problems whicmeell to be investigated in
the future. The problems is related to the reference eldnitially, we tried to choose
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5 Coronal magnetic eld modeling using stereoscopy coinsisa

loops randomly, in order to have a large coverage in the ctoatipnal box. Unfortunately,
some traced loops show wiggles (see Fig. 5.1 for some exainptach are unlikely to
occur for the Low & Lou model eld.

Figure 5.1: Examples of loops with wiggling.

The reason for these wiggles is probably numerical but cooldyet be explained
exactly.

In consequence, we chose only loops which does not presggtesi These loops,
termedconsistent loopswill be used as the source for the loop data in our new vanati
term, in order to simulate the 3D reconstructed loops froseokations.

We have made sure that we recover the reference solutiontftenew S-NLFFF
code if we use the correct surface boundary data of the refereld and theconsistent
loopsin the L4 term. This test essentially proves that our discretizasaonsistent. The
angle between the loop tangents and the eld solution shioeilzero in this case. Because
of the numerical roundoerrors mainly from the loop tracing, the actual deviatioglas
we recover have an average of less than one degree and a maxetue of 2.8 degrees.
We will consider this maximum angle as atandard angle errowhich yields the upper
bound for the deviation with which we can determine the ahgnt of the eld and the
loops.

When we apply our code to measured data, we cannot hope thatéxy and loop
data are consistent. We therefore perform two further testiemonstrate that our code
can help to improve the results obtained with conventiorfatb@olation calculations:

1) We reconstruct the Low and Lou solution in the case wheibdit®m surface data and
the loop data are not consistent.
2) We reconstruct the Low and Lou solution in the case whenabje data is consistent
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but the bottom surface data is contaminated by noise.

For both tests, we try to determine the optimum regulagzagarameter, of our new
variational term 4. The relative magnitude of the other regularization patanse;; »; 3
has been determined before (Wiegelmann 2004) and is nogelan

5.2.1 Testing the method for Case |

In Fig. 5.2 we show the three componeritg, By, B,, of the Low & Lou magnetic eld

of our choice of parameters.
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Figure 5.2: The three Cartesian components of the Low & Latlstic magnetogram used as
bottom boundary in the 64x64x32 pixels computational boxhe Top row shows
the By(left) and By(right) components, the bottom row thgy(left) component and
an oblique view on thd, magnetogram with the three loops extracted for our tests

(right).

5.2.1.1 Inconsistent surface and loop data

In this test, we modi ed theonsistent loogoordinates by multiplying thecomponents
of ¢i(s) with 1.05, whereg;(s) represents the 3D loop position in terms of the loop param-
eters along its length aricstands for dierent loops (see Chapter 2, Section 2.5.1). Due
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to this manipulation, the angles betweentbasistent loopand themodi ed loopsat the
same loop parametsdeviate by up to 20 degrees. Tim®di ed loopsdo not tany more

to the boundary data and there is very probably no force+fragnetic eld which can
satisfy both input data exactly. Under these conditionsafiderms ! can be iterated
to small values. Note also that if tze&components of a magnetic eld are enhanced in a
similar way, the resulting eld is not divergence-free angpma. It is therefore probable
that a magnetic eld which ts the thremodi ed loopsdi ers considerably from the ref-

erence eld. In Fig. 5.3 we display the anglgés;) between the loop tangeti(s;) of the

20F ' \
[ Loop 1 + ¢, = 0.0001 |
—~ 15 _ + &, = 0.001 {
N - + £, = 0.01
0 - + ¢, = 0.1
o 10 _
QL - + = 0.9
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0O 20 40 60 80 100 120
position along c;

Figure 5.3: The angles(s) between the tangent of theodi ed loops i= 1;2; 3 and the interpo-
lated magnetic eICE(Ci(Sj)) at curve parametegalong the loop. The dierent colors
represent the angles for magnetic eld models obtained ditlkerent regularization
parameters, =0.9 (black), 0.1 (cyan), 0.01 (blue), 0.001 (green) and @Q0@ed).

modi ed loop input data and the magnetic el returned from the S-NLFFF code for

108
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various values of , and for each loop. The angles were determined by interpolatihg
given on the computational grid t)s;), wheres; is the loop parameter along its length.
Note that for 4, = 0, we actually run the conventional NLFFF code and we obtain

the reference eld as a result. In this case, the angles) just represent the amount
of modi cation applied to obtain thenodi ed loops With 4 increasing, we force the
returned eld more and more to become aligned with the madiileops so that;(s;)
decreases. The angles vary signi cantly along the loop andréntly for di erent loops.
With 4 near unity, we can reduce the average angles for all loopsetbh&low one
degree. For the, = 0:90 the maximum angle is 1.24 degrees for loop 1, 0.75 degoees f
loop 2, and 1.34 degrees for loop 3. To have a better view adéipendence of the angles

i on the regularization parameter, we also show the decrda$®e ooot mean square
angle with 4 for each loop in Fig. 5.4. The error bars have the size osthrdard angle
error determined above.
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Figure 5.4: Dependence of the root mean square angith 4 for eachmodi ed loopas shown
in Fig. 5.3.

This behavior is well re ected in the dependence gf on the regularization param-
eter 4 shown in Fig. 5.5 along with the variation of the other ternis Again, , =0
represents the reference eld solution and the values'oih this case can serve as refer-
ence values which can be achieved with the discretizatiohave chosen. As expected
from the improved angles(s;), the term } decreases with increasing

However, the better we t the loop data, the bigger the disarey with the surface
data as re ected in 3 and for large values, > 1 also with the force-free and divergence-
free conditions in } and . Hence with the choice ofs, we can shift the emphasis
between the boundary magnetogram and the loop data if betimemnsistent with each
other. If 4is smaller than unity, we obtain a nearly force-free magnetd as proven by
the only small variations ofi and % with 4 in this range. For values, > 1, the values
of 1 and ] rise indicating that the eld model increasingly devi a force-free
and divergence-free solution. The optimal value oivhich minimiges log ; therefore
lies near unity. In Fig. 5.5, right panel, we show the depecdef log ;fromlog j.
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Figure 5.5: The left panel shows the dependence of logblack), log % (red), log é (green)
and log }1 (blue) with log 4 for carrect bottom data and modi ed loop data. The
right panel shows the dependence glog |1 with log 4 for correct bottom data and
modi ed loop data. The position of the minimum is expectedyteld the optimal
value for 4.

5.2.1.2 Noisy surface data

In this test we use theonsistent loomata as input but we modify the boundary data
by random noise. It should be noted that a force-free eldncdrbe found for every
boundary condition and by adding noise to the boundary datary probably becomes
inconsistent with a force-free eld above, even if we do nomstrain the problem further
by additional loop data. The incentive of the test is to shbat adding the loop data
improves the eld model we compute in the end.

In Fig. 5.6 we show the modi ed boundary data.
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Figure 5.6: The horizontal components of Low & Lou magnedngmodi ed by adding noise.
The vertical component is unchanged as in Fig. 5.2.

The noise added to tHg, andB, components of the magnetic eld amounts to about
3% of the maximum absolute values in the respective comporgris left unchanged
because typically the horizontal (or plane-of-the-skyyponents which are derived from
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Hanle-e ect measurements are much less precise than the vertidalgaf-sight) com-
ponent determined by the Zeemaneet (Foukal 1990).

We apply these input data to the S-NLFFF code as above andagain 4 over a

wide range of values. Again we can force the eld model susfidly to become aligned
with the loop data if we increasg up to unity (see Fig. 5.7, 5.8, 5.9).

angles(6)
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angles(6)
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Figure 5.7: The anglesi(s) between tangent of theonsistent loop i= 1;2;3 and the interpo-
lated magnetic eldB(c(s)) at curve parametes along the loop. The dierent colors
represent the angles for magnetic eld models obtained ditlkerent regularization
parameters, =0.9 (black), 0.1 (cyan), 0.01 (blue), 0.001 (green) and @Q@ed).
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Figure 5.8: Dependence of the root mean square of the angletsveen the loop tangent and the
local eld direction along each of the thramnsistent loopwvith 4.
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Figure 5.9: Plot of the initial loops (black) used as inputadand of output loops fors = 0:9
(green), for 4 = 0:003 (blue) and for 4 = 0:00001 (red).

In Table 5.1 we present gures of merit commonly used in thal@&tion of nonlinear
force free eld models. They are the vector correlation (YCauchy-Schwartz (CS),
the normalized vector erroEf) and the mean vector erroEg) (Schrijver et al. 2006).
Vector correlation (VC) evaluates how well two vector eldse correlated and is given

by

P .
iBi( 4) b

P ~ Pt
Bi( )% i jbij?

VC = (5.6)

> -
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Table 5.1: The dependenceV€C, CS, En, andE, with 4 for the analytical eld 1.

4 VC CS B En
10.0000 0.9614 0.8981 0.3521 0.3598
5.00000 0.9647 0.9039 0.3392 0.3502
2.00000 0.9724 0.9153 0.3035 0.3286
0.90000 0.9844 0.9369 0.2321 0.2654
0.30000 0.9842 0.9351 0.2348 0.2699
0.10000 0.9842 0.9354 0.2348 0.2788
0.03000 0.9838 0.9348 0.2373 0.2713
0.01000 0.9836 0.9352 0.2382 0.2705
0.00300 0.9838 0.9342 0.2382 0.2735
0.00100 0.9834 0.9349 0.2389 0.2698
0.00030 0.9837 0.9345 0.2373 0.2698
0.00010 0.9835 0.9327 0.2400 0.2748
0.00003 0.9835 0.9323 0.2403 0.2761
0.00001 0.9833 0.9322 0.2412 0.2765
0.00000 0.9833 0.9319 0.2416 0.2775

Hereb is the NLFFF eld model when the exact Low and Lou solution gd as mag-
netogram input B( ,) is the S-NLFFF eld model, when the Low and Lou magnetogram
perturbed by noise is used. Here, i sums over the N grid pamintse computational
domain.

Cauchy-Schwartz (CS) metric evaluates only the angle hestlee two vector elds
and is given by

lx Bi( 4) by EX cos - -
. .. . [
N . jBi( ojbij N |

cS (5.7)

whereN is the total number of vector element ands the angle between any two vectors,
Bi( 4) andbj, at pointi. The CS metric is unity when the two vectors are parallel, -1
whenB;( 4) andb; are anti-parallel and CS is zero when the two vectors are erage
perpendicular to each other.

Two other metrics are the average vector noEy) @nd the mean vector erroEy),
de ned by:

P .
£, = g Bilal, (5.8)
y Bi( 4)i
12 joi Bi( 4)j
Em = — —_— 5.9
N JBi( &) 69

E, = E,, = 0 means the two vector elds are identical.

In Fig. 5.8 the root mean square angle is shown between thetiogents and the
local magnetic eldB interpolated at the respective positia(s;). For the optimal value
4 = 0:90 of the regularization parameter, the root mean squarke asgvell below 1
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degree. The maximum absolute deviation of the local eldrfrthe loop tangentis 2.1
degrees which is of the order of teeandard angle erromtroduced above. These norms
also include angles close to the foot points where the e&kifapolated without the loop
data, i.e. for , = 10 ®, is varying heavily due to the in uence of the noisy bounddaya.
Therefore the root mean square angle for 10 °in Fig. 5.8 is strongly enhanced. The
eld extrapolated from the noisy boundary data makes inthise an average angle of up
to 20 degrees with the consistent loop direction.

In Fig. 5.10 we display the dependence of the terthsvith 4.
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Figure 5.10: The left panel shows the dependence of fogblack), log 5 (red), log 3 (green)
and log ; (blue) with log 4 for noisy bottom data and consistent loop data. The
right panel shows the dependence glog |1 with log 4 for noisy bottom data and
consistent loop data. The position of the minimum is assutosdeld the optimal

value for 4.

Probably due to the in uence of the boundary noise in theaeginot accessed by
the three loops, the extrapolated eld there has largerigrasl than the standard eld, so
that the terms } and } measuring the residual forces and divergence which aretabou
factor 7-10 larger than for the noiseless reference eldesenvalues hardly depend on
aslongas, 1 probablybecause the regionin uenced by the loops is stoatipared to
the total computational volume. De nitely, for the dérent 4 values chosen (Fig. 5.10),
di erent eld solutions were produced (see Fig. 5.9). Theirateon however, has little
e ectonthetermsi, J and }. This shows that small changes in the magnetogram
boundary produces derent eld lines at some distance from the surface. Thisiseitg
is only constrained by the new ternj as shown by its variation in Fig. 5.10.

Also the boundary data tern_hardly depends ory in this particular test because the
noise level chosen here is high and even witk 0 a force-free magnetic eld cannot be
tted to the boundary data to make log drop below about 0:2. However, as expressed
already by the root mean square angle, we cagcavely align the eld along the loop
depending on how strongly we shift the emphasis onto the teop 4 by varying 4.
The optimal 4 is again close to unity.

5.2.2 Testing the method for Case Il

For the second Low and Lou semi-analytical force-free adtlgion (see the introduction
of the Section 5.2 for the con guration of the eld) we onlygermed the test for the case
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when a solution is perturbed by noise. We applied randomertoishe boundary data in
the same manner as for the analytical eld 1. The noisy bogndata together with the
consistent loopwere used as input to the S_NLFFF code foratent 4 values. The test
was applied only for the noisy magnetogram because it reptes case more close to the
real situation. We want to show here that, if we use more l@msa more complicated
con guration of the eld, we still obtain good results as stobelow.

In Fig. 5.11 we show the noisy boundary data anddbesistent loopsised as input for
S-NLFFF model for dierent 4 values. For this test case we have choserctarsistent
loops
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Figure 5.11: The three Cartesian components of the Low & lymihetic magnetogram The top
row shows theBy (left) andBy (right) components, the bottom row tBg (left) com-
ponent and an oblique view on tiB3 magnetogram with the ten loops extracted for
our tests.

We try to nd again the best solution for the functional; with 4. For this test case
we varied 4 in the interval 10° to 1. In Fig. 5.12, left panel, we plot the variation of each
term ! with 4 on a logarithmic scale and the right panel shows the samééosum of

log 1.
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Figure 5.12: The left panel shows the dependence of jogblack), log 3 (red), log 3 (green)
and log }1 (blue) with log 4 for naisy bottom data and consistent loop data. The
right panel shows the dependence ¢fog |1 with log 4 for noisy bottom data and
consistent loop data. The position of the minimum is suppdseyield the optimal

value for 4.

Like in the Case I, the values of the force-free terms é&nd } ) and boungdary term
( 3) vary slightly with , and 4 decreases with,. The minimum value of ;log !
from Fig. 5.12 (right side) again occurs at the optimum vddwe , = 0.9.
In Table 5.2 we display the output values of the force-fremte 1), the divergence free
term ( 3 ), the lower boundary term ¢ ) and the loop term (} ).

Table 5.2: The dependence of, }, 3 and } with each 4 for the analytical eld 2.

1 1 1 1
2

4
0.90000 0.§401 0.1441 13.6179 6.0280
0.10000 0.3467 0.1463 1.5077 0.1918
0.01000 0.3582 0.1564 0.5180 1.2977
0.00100 0.3456 0.1538 0.4874 8.3740
0.00010 0.3430 0.1599 1.5189 16.4119
0.00001 0.3581 0.1654 1.4978 19.5104
0.00000 0.3518 0.1637 1.4976 0.00000

The quality of the extrapolated el8 is again measured by the gures of merit (5.6)
- (5.8) where as reference we use again the elthich is obtained from the exact Low
& Lou boundary values. The obtained values of the four terfS, CS, E, E,) as a
function of 4 are presented in table 5.3. For= 0.9 we again obtain the best solutions
for these metrics.

Table 5.3: The dependenceV€C, CS, E,, andE,, with each 4 for the analytical eld 2.

4 VC CS B En
0.90000 0.9907 0.8512 0.2920 0.5224
0.10000 0.9884 0.8297 0.3253 0.5875
0.01000 0.9876 0.8338 0.3324 0.5762
0.00100 0.9872 0.8305 0.3527 0.6132
0.00010 0.9877 0.8386 0.3463 0.5901
0.00001 0.9876 0.8358 0.3505 0.6009
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5.2 Testing the S-NLFFF (Stereoscopic-NonLinear Force Field) method

The optimum 4 = 0.9 can be found also in the evaluation of the angles betwesn t
loop tangents and the interpolated magnetic eld at the lpoints. Fig. 5.13 shows the
root mean square of the angleg (vith log 4 for each of the ten loops used as input.
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Figure 5.13: Dependence of the root mean square of the anpktsveen the loop tangent and the
local eld direction along each of the tezonsistent loopsvith 4.

Finally, we check whether the new term can help to improvertagnetic eld model
beyond what we can achieve with the noisy boundary data alwee&le ne three di erent
sub-volumes inside the computational b&\{; S\s; S\K). SV is the union of the
smallest possible quadrilateral boxes around each lodp edges inx; y; z direction.
S \b3 comprise the same boxes with edge lengths enhanced by a kastioal 1.25 and
1.5, respectively. The edges of the smallest quadrilateraind one loop is de ned as
£ = ming(ci(s) &) and similarly for they andz components.

Then the enhanced box8s/; | = 1;2;3 are:

n #

o - - . 1 _ -
ernin = X&l)n (lzax+ XErlﬂ)n ki + E nglx*_ X%)n : (5-10)

#

1
2
O e, 1w Lo .

Xmax = ax E axt Xonin kj+§ ax T Xmin (5-11)

k; = f1; 1:25; 1:5¢for j = 1, 2; 3; respectively.

They §hacandZ -7 ., edges are found in the same mannexhs %, The
sub-volumeS V is given by

SVE = [Sies Rrad s Fad B Zhad (5.12)
In Fig. 5.14 we show the box&V; and how they are arranged relative to the loops.
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Figure 5.14: The average vector drence between S-NLFFF and NLFFF output magnetic eld
with log 4.

In Fig. 5.15, we display the average error of the extrapd|atkel
< B>=<B(4) b>; (5.13)

calculated inside the three sub-volum&s\{ - black asteriskS\4 - red asteriskS\4 -
green asterisk) for dierent values of ,.
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Figure 5.15: The average vector drence between S-NLFFF and NLFFF output magnetic eld
with log 4.

Even if we have used ten loops, the improvement of the eld ey the new term
is relatively small if the optimal value of, = 1 is used. These ten eld lines impact only
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a small subvolume (@6% ) of the total computational box. The reference eld hisra
gain the extrapolation for ideal boundary data unpertutiyedoise. For this case, can
be set to zero because the loop data is unnecessary for meadéry data. In Eq. (5.13),
B( 4) is the magnetic eld model obtained from the S-NLFFF extiapion code when
the noisy magnetogram and the correct loops are used as input
For each of the boxes the error slightly decreases with@&sing 4. The improvement

with the new term is most pronounced for the smallest box arlg marginal for the
biggest box. We conclude that forcing the eld into the rightection along the loop
improves the eld only in the immediate neighborhood of thep. Moreover the term

4 only in uences the direction, not the magnitude of the magneld at the loop point.
Part of the errok B > is due to magnitude deviation betwe( ) andb.

5.3 Discussions and conclusions

We have proposed a new algorithm to improve the magnetic netalel obtained from
force-free eld extrapolations of photospheric vector matpgram data. The new feature
of the procedure is to incorporate the information of eligaed loops obtained from
EUV image pairs and processed by stereoscopy to 3D curves.

If the magnetogram data is exact and the loop data are centiste nd that the
algorithm produces the unique solution as expected. Intli@sretical case, the correct
solution is also obtained even if the loop data is omittedmlst practical cases it can
however not be expected that the magnetogram data or thedcopstruction are with-
out errors. We have tested these situations in which the ta sets are not entirely
consistent. We found that for realistic error amplitudescae achieve a good align-
ment of the magnetic model eld with the loop curves withoetetiorating the level of
force-freeness. If these errors are present, it turns atethvhole set of force-free elds
is possible as solution with slightly derent elds at the lower boundary which deviate
from the magnetogram data within a typical measurement.eimdhese cases the addi-
tional loop information constrains the solutionextively and from all solutions possible,
we obtain the one which is best aligned with the imposed |o@pss.

The conclusion that noisy data allows multiple solutionsrfall deviations are al-
lowed between the magnetogram data and the lower boundéng afiodel eld can also
be drawn from the results of the paper of De Rosa et al. (208@NLFFF codes pro-
duced model elds which closely matched the observed magmain data, but they were
mutually di erent at larger altitudes and dired from the 3D loop shapes derived from
stereoscopy. We attribute this de ciency to the ill-posesof the boundary value prob-
lem: little noise in the magnetogram data may cause changés isolution especially at
larger distances from the surface. From our tests, thisisodstrated by the fact that we
can modify the solution within some bounds by choosingedent values for the regular-
ization parameter, without much a ecting the force-freeness, divergence-freeness or the
boundary data error. The new variational term we introdua&es use of this freedom in
order to align the model eld with the loop shapes.

Using the regularization parametey, we can allow either the magnetogram or the
loop data to gain more in uence on the nal solution withougsi cantly a ecting the
vanishing of the divergence or the Lorentz force. If bottadatms are properly normal-
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ized by their measurement errog, ' 1 turns out to be the optimal value. In the cases
tested, the angles of the local eld to the eld line directioould then be reduced to less
than a degree on average.
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6 Summary and outlook

The focus of this thesis is to study the reconstruction ofedent objects in the solar
corona using data from derent spacecraft. The objects studied were prominences, co
nal loops and coronal mass ejections. We have used imagée iBWV wavelength

= 304A and in white light (coronographic) from the SDO and tA&EREO A and B
spacecraft.

With our MBSR method we performed a 3D reconstruction usiaig drom two and
three view directions. We have applied MBSR from two viewediions to a CME core
which showed an exceptionally low polarization. With MBS wienti ed the correct
3D location of the low polarized patch well inside the CMEidWway we could exclude
that the bright core signal was produced by Thomson scagfelut it is consistent with
intense resonant scattering of the khe.

Another application of MBSR, this time using data from theg@cecraft, was the
reconstruction of an eruptive prominence, which trigger@ME. Using MBSR we could
see the evolution of these two phenomena. We analyzed theimlatics and morphology
within some limitations. One of the limitations was that enethod is suitable for the
reconstruction of curve-like shapes, whereas the CME islamiaous object bounded
by surfaces. We were therefore only able to extract the feidsgading edge of the CME.
Another limitation relates to the use of data from a varyingiber of viewpoints. As the
MBSR code is written now, a loop has to be reconstructed agggion each curve section
which is seen from dierent numbers of view directions. In principle, this separais
unnecessary and it should be abolished in future versiotiseafode.

Our third project aimed at an improvement of magnetic eltragolations of magne-
tograms from the solar surface using the shape informafioaronal loops reconstructed
by stereoscopy. Conventional extrapolation models ofmalrmagnetic eld often show
a disagreement between the observed magnetic eld and #pesif coronal loops. With
our model S-NLFFF we try to reconcile the coronal magnetid model with observed
coronal loops by closely as possible. We have tested the Imottesynthetic magne-
tograms and loops with special emphasis on whether indensies in the magnetograms
could be compensated by the additional loop data.

Our algorithm still has to be applied to real data. An invgagtiion of this kind is
underway. Applying our algorithm to real data implies thédeing steps:

1. processing the EUVI images from the STEREO/anthe SDO spacecraft. The
low spatial resolution of the STEREO telescopes makes icdit the to identify
coronal loops correctly in the images. On top of that, theérimsent noise adds
to the di culty of loop identi cation. The images have to be cleaneohirthe
noise, contrast must be enhanced to have a balance in luitginbsere are some
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methods which can improve the quality of an image, like watvebnsform. We
are planning to apply a better image processing in ordert@mh better and easier
identi cation of di erent coronal magnetic loops.

2. 3D reconstruction of couple of active region loops using Multi-view B-spline
Stereoscopic Reconstruction method.

3. preprocessing the vector magnetograms provided by tia@ fiacecraft.

4. using S-NLFFF code to model the coronal magnetic eld wiite 3D information
of loop curves and the vector magnetogram as input data.

Provided that all the data are available, we are con dentwleawill be able to produce
a more reliable force-free magnetic eld model for the cadhan with conventional
tools.

In many cases, a vector photospheric magnetogram and twidtaimeous solar EUV
images are not available. We therefore intend to modify @giecto also cope with the
case when the eld extrapolation is constrained just by ttoplprojection from one EUV
image only. This is a more dicult approach since we will not have the full 3D loop
information available.
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A Appendix

In order to determine the position of the 3D object we needrtd ; and , (see Eg.
2.11) from the two distances (Fig. A.1) along the epipolar line in the respective image.
First we have the edge length of the similar triangles OAB @A’ from Fig. (A.1):

L _AB_(r 7)) §
for A0 fi a b
The distance from the observer to the Sun cejiteand the epipolar directions in each

image& are known from the position of both the spacecraft anthe epipolar plane
parameter (de ned in Eq. 2.15). The image axis along theaargine is de ned as

(A.1)

iA@ rij "2

wheref(2) is the epipolar normal and is the spacecraft position.

Figure A.1: Reconstruction of a point with projective gedmén the epipolar plane. The vectors
r,z ,fjalllie in the same epipolar plane marked by points B'CO.

From Fig. A.2 we can see that

fO: -pm (A3)
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A
/
f0 ‘
© f Image plane ri Sun center

Figure A.2: Reconstruction of a point with projective gedmén the epipolar plane

is a small correction to the focal length where for typicatetvationsz=r; . 1=200.
The formula (A.1) takes account of fact th&tis not perpendicular t6;. From Fig.
A.1 we have

z') f (A.4)
b=(r 2z ) &sin (A.5)

Inserting Eqg. (A.4) and (A.5) in Eq. (A.1) brings us to theléaling expression

deo L 2) (A6)
fO jfj R &) r z)
Using Eqg. (2.16), we can rewrite expression (A.6)
" #
jFijf—cl,: e+ f—(')Fi(l €8) ( 1f1+ 2f2) (A7)

which is what we need to derivg and .
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