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Abstract

Solar prominences are structures formed of cool, chromospheric plasma magneti-
cally suspended in the solar corona for up to several solar rotations. Prominences
are observed to migrate through quasi-equilibria until their host magnetic field loses
equilibrium with its surroundings. It has traditionally been assumed that this ob-
served plasma evolution is a consequence of evolution in the magnetic field alone.
However, recent results indicate that this interpretation is incomplete. This thesis
uses a combination of observations and modelling to quantify the different contri-

butions of plasma and magnetic field to the stability of solar prominences.

Firstly, the effect of prominence plasma on its host magnetic field was deter-
mined using an observational case study. The optical thickness of the prominence
was used to estimate column density and mass in the lead up to its eruption. An
estimate of the ratio of plasma and magnetic forces indicates plasma processes can

heavily influence the equilibrium.

The study of mass was then expanded to a more general study using an ana-
lytical model. The full equilibrium governing a general prominence was quantified
and used to show that the effect of plasma on the structure is two-fold. Firstly, in-
cluding plasma in the equilibrium stabilises the prominence, when comparing with
the massless case, additional magnetic forces are therefore required to overcome
the modified equilibrium. Secondly, removing plasma from a prominence in equi-
librium can enable the magnetic field to become unstable and cause an eruption of

the prominence.

Finally, the fine-scale evolution of plasma within a prominence was studied

using a combination of high-resolution observations and state-of-the-art models.



The results suggest that the force-balance varies over the length of the prominence,
hence these structures cannot be considered solely magnetically dominated.

This work suggests that the relationship between prominence plasma and mag-
netic field on both global- and fine-scales contributes more to the stability of promi-

nences than previously believed.
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Chapter 1

Introduction

The Sun has been a source of much curiosity over the course of human history. As
a provider of a significant amount of heat and light incident on the Earth’s surface,
it has been crucial to the survival of the human race, perhaps even the origin. It has
often been speculated that the disappearance of the Sun in the sky is the will of a
divine being (e.g., Amun-Ra - Egyptians; Helios - Greeks; Amaterasu - Japanese),
punishing humans for their trespasses and reminding them of their reliance on this
bright orb in the sky. In the modern day, we realise that the Sun is merely a col-
lection of the most abundant elements in the universe, undergoing fusion due to the
forces of gravity at the core, in turn creating the light and heat that the human race
requires to survive. Yet, one must not consequently presume this ascribes the Sun

as “understood”.

Observations of the Sun have revealed that it is capable of doing much more
than just supplying heat and light. Amongst its plethora of dynamics, solar erup-
tions are perhaps the most spectacular events to occur within the solar system, in-
jecting the heliosphere with billions of tonnes of bright solar material and magnetic
field travelling at up to thousands of kilometres per second. From once per week
to multiple times per day, the occurrence of solar eruptions of ranging magnitudes
is commonplace. The frequent interaction of these solar storms with the near-Earth
environment induces effects within the Earth’s magnetosphere, such as the spec-
tacular displays of the Northern/Southern Lights. However, with the evolution of

the human civilisation to beyond the surface of the Earth, we have discovered more
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1 June 1946: Ha photograph

Source: High Altitude Observatory Archives

Figure 1.1: The “Granddaddy”, a particularly large prominence imaged during its eruption
on 4 June 1946. The occulted limb of the Sun is indicated at the bottom of the image
as the faint semi-circular ring, giving scale to the erupting prominence. Image courtesy
www2.hao.ucar.edu.

disruptive consequences to these storms and the hazards that they present to our
modern way of life.

A large endeavour has been undertaken in recent decades in a bid to understand
these eruptions, from initiation at the Sun, to their evolution in the solar wind, and
finally to their arrival here at the Earth. Early observations of the Sun revealed that
solar prominences, like that shown in Figure 1.1, were an eruption precursor and it
is these structures that this thesis concerns itself with. However, before engaging
in a comprehensive overview of solar prominences, this thesis begins with a brief

overview of the Sun itself.
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1.1. The Solar Interior

1.1 The Solar Interior

The Sun, a G2V type main sequence star of ~ 4.5 billion years of age, lies at
the centre of our solar system, and completes one full spin on its axis every 25—
35 days (equator to pole, respectively). Having a mass of ~ 1.98 x 10%0 kg, the
resulting pressure due to gravity towards the centre of the Sun is suggestive of a core
temperature and density of order 15 MK and 1.6 x 10° kg m~3, respectively (Eddy
and Ise, 1979). Of the possible fusion products (e.g., helium nucleii, neutrinos,
positrons) the (gamma) photons then begin their long journey to the solar surface
through the remainder of the solar interior.

The upper boundary of the solar core is loosely defined as the depth where
the temperature and density drops sufficiently such that fusion no longer occurs,
believed to be at a radius of =~ 0.25 Ry. After this point the photons enter the
optically-thin radiative zone, so named as the temperature and density gradient in
this region of the solar interior is steep enough that energy is more efficiently trans-
ported to shallower depths through photons than thermal convection or conduction.
Ataradius of = 0.7 R, the temperature of the photon’s surroundings decreases suf-
ficiently for the formation of neutral atoms, forcing the photon’s environment from
optically-thin to opaque and the energy transport regime to change from radiative
to conductive/convective. There is also a change in the rotational behaviour of the
Sun at this radius, from solid body (< 0.7 R) to differentially rotated (> 0.7 Ry)
(cf. Howe, 2009). This transitional and highly sheared layer is referred to as the
tachocline, and it is at this depth that the magnetic field of the Sun (generated by
the fact the Sun is a giant ball of constantly moving charged ions) is believed to be
coherently amplified; this is further discussed in Section 1.4.

The change to a conductive energy transport regime at the tachocline means
that the material above this layer is heated from the bottom, causing it to expand
and rise when its density becomes less than its surroundings, before then cooling
enough so that it can sink back to be heated once more. Such a temperature gradi-
ent sets up a convective instability, and the immense convective cells produced are

able to efficiently carry the energy, incident on the underside of the cells, to shal-
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lower depths. The upper boundary of the convective zone is therefore defined as the
turnover point of these convective cells - where the density is sufficiently low. These
convective cells also assist in the transportation of the magnetic field amplified at
the base of the convective zone up to the solar atmosphere (see Section 1.4 for a full
discussion). The decrease in density at the top of the convective zone causes the
environment surrounding the trapped photons to become optically-thin for a second
time, and the photons are able to freely escape into space. This boundary is called
the photosphere and is the defined surface of the Sun i.e., the layer below which the

Sun is opaque.

Because the material below the photosphere is opaque, we are only able to
infer the properties of the solar interior through either theory, or indirect methods
such as helioseismology. The optically thin property of the solar atmosphere means
direct observations can be taken of any associated phenomena. Furthermore, these
structures and their associated dynamics may be diagnosed. This will be discussed

in the following section.

1.2 The Solar Atmosphere

The solar atmosphere encompasses everything from the photosphere, defined as the
deepest layer of the Sun that we may observe using direct methods, through to the
heliosphere, defined as the outermost region of the Sun influenced by the solar wind.
The physical properties of the low solar atmosphere, the domain of relevance for
this thesis, span many orders of magnitude over a relatively short range of heights
(Gabriel and Mason, 1982). The conditions, and evolution therein, of the solar
material and magnetic field present here are responsible for the many interesting and
dynamic phenomena frequently observed throughout the entire solar atmosphere.
Most importantly, the Sun and its dynamic atmosphere may be resolved to a very
high degree, unlike other stars, providing the scientific community with the unique
opportunity of using the solar atmosphere as a resolvable astrophysical laboratory.
It is here that solar physicists choose to test their many theories of plasma physics;

see Section 1.3 for a discussion on solar plasma.
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Figure 1.2: Images taken of the Sun in various passbands corresponding to different re-
gions of the solar atmosphere. Panel a was taken by SDO/HMI, panels b,d,e,f were taken
by SDO/AIA, and panel ¢ was taken by an instrument observing the hydrogen-a line at
Kanzelhohe Observatory. Images courtesy www.solarmonitor.org.
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The various sections that follow contain multiple references to spectral lines
and their properties at given points within the solar atmosphere; a brief overview
of spectral lines and their formation within the solar atmosphere is available in

Section 3.1.

1.2.1 The Photosphere

The photosphere, commonly termed the surface of the Sun, is a thin layer
(=~ 100 km, Cox, 2000) of the solar atmosphere that ranges in temperature from
~~ 6400 K at its base to the so-called “temperature minimum” of ~ 4400 K at the
top. Spectral imaging of the Sun reveals that the solar emission is close to that of a
blackbody of ~ 5800 K; see Section 3.1. Although an opaque surface, with a den-
sity of ~ 2 x 10~% kg m~3, the photosphere is significantly less dense than water,
for example.

The primary feature to be noted when observing the photosphere with high-
resolution imaging is the granulation. As previously mentioned, the photosphere
sits atop the convective zone of the solar interior and thus the granulation pattern
is due to the overturning of material that has risen to the photosphere from below.
These structures are typically on the order of ~ 1.1 Mm (& 1.5”) in diameter. Sim-
ilarly, but on a much larger scale of &~ 30 Mm (= 41”), supergranular cells can
also be observed. The top two panels of Figure 1.2 are a pair of images taken using
continuum (6173 A) and 1700 A filters by the Helioseismic Magnetic Imager (HMI;
Scherrer et al., 2012) and Atmospheric Imaging Assembly (AIA; Lemen et al., 2012)
instruments on board the Solar Dynamics Observatory (SDO; Pesnell et al., 2012)
spacecraft; see Chapter 3.2 for in-depth descriptions of these instruments. The im-
ages show a snapshot of the photosphere where a sunspot, the dark central blob,
is flanked on all sides by (super) granulation. Here, the supergranular cells can be
seen in the top-right panel as they are outlined by the bright network - the signa-
ture of magnetic elements grouped at granular boundaries (Spruit, 1976; Solanki,
1993). Sunspots, however, are not a ubiquitous feature and are rather a signature of
the occasional breaching of the photosphere by particularly strong and concentrated

bunchings of magnetic field from the interior; see Section 1.4 for more details. The
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1.2. The Solar Atmosphere

magnetic tension of such strong magnetic field is capable of inhibiting the local
sub-surface convection resulting in limited energy being transported to the surface
in these locations, hence sunspots appear dark in comparison to their weaker-field
surroundings (e.g., Cattaneo et al., 2003).

Routine, daily observations of the photosphere are carried out using many
ground- and space-based solar observatories such as SDO/AIA and the Global Os-
cillations Network Group (GONG)!. The photosphere is best imaged in white-light
wavelengths such as G-band, Titanium-Oxide (TiO: 7057 A), and blue continuum
(4700 A).

1.2.2 The Chromosphere

The chromosphere is the ~ 2000 km thick region of the solar atmosphere that lies
above the photosphere. The temperature of the chromosphere increases from the
aforementioned “temperature minimum” of ~ 4400 K to ~ 20,000 K as its density
drops from ~ 2 x 1074 kgm 3 to ~ 1.6 x 1071 kg m~3 (Kontar et al., 2008).

Named after the Greek word for colour (khroma), the reference comes from
early solar eclipse observations in which red flame-like structures were seen to pro-
trude from the limb of the occulting Moon. The chromosphere emits largely in the
red side of the optical and in the infrared (IR) and is commonly observed using
the H-a spectral line at 6562.8 A. An example of an observation taken of an ac-
tive region using the H-a telescope at the Kanzelhohe Observatory is shown in the
middle-left panel of Figure 1.2. The mottled pattern shown here corresponds to the
fibrils and spicules that are ubiquitous in observations taken of the chromosphere
(e.g., Hansteen et al., 2006; de Pontieu et al., 2007). These fibrils and spicules are
also well imaged in high-resolution by the Dutch Open Telescope (DOT; Rutten
et al., 1997) in the right panel of Figure 1.3, in addition to a few prominences in
the left panel; the dark, elongated, and collimated structures with varying degrees
of curvature.

Prominences are collections of ~ 10* K material suspended above the chro-

mosphere at coronal heights (Labrosse et al., 2010). As a result they absorb and

Uhttp://halpha.nso.edu/index.html
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Figure 1.3: An example observation of prominences using a H-« filter and taken at the
Dutch Open Telescope (DOT). They are seen in the left panel as the darker, more elon-
gated, and collimated structures of varying degrees of curvature. Prominences are not to be
confused with the fibrils and spicules ubiquitous to the chromosphere and imaged in both
panels, but isolated in the right panel. Image courtesy www.staff-science.uu.nl.

scatter the incident light from the chromosphere below and appear dark in compar-
ison with the solar disk. It is important to quickly note that, historically, these dark
structures have been referred to as filaments whereas the word prominence tends to
refer to the same structure but as viewed at the limb. Here, projected against the
darkness of space, prominences appear in emission and are bright in comparison
to their background, rather than the filaments that appear dark. Indeed, it is the
elevated nature of prominences that early observers saw as flame-like protrusions
from the solar surface during eclipses. Despite the tendency to use the words promi-
nence and filament interchangeably, the word filament provides no information as
to their elevated nature. Henceforth, these structures will be consistently referred
to as prominences unless otherwise explicitly indicated. A complete description of

prominences is available in Chapter 2.

1.2.3 The Transition Region

Above the chromosphere lies a very thin layer (a few hundred kilometres) of the so-
lar atmosphere wherein the temperature dramatically increases from approximately

10* — 10° K. The exact reason for this sudden, large, and somewhat un-intuitive in-
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Figure 1.4: A composite image of the 20 March 2015 eclipse produced by combining
the 171, 193, and 211 A passbands of SDO/AIA with a white-light eclipse observation
taken in Longyearbyen, Svalbard. The SDO/AIA and eclipse images were processed using
the multiscale Gaussian normalisation (MGN: Morgan and Druckmiiller, 2014) and phase
correction (PC: Druckmiiller, 2009) techniques, respectively, prior to combination. Taken
from Yeates et al. (2018).

crease is currently an outstanding question in solar physics, although it has received
much attention over recent years with the advent of new instrumentation e.g., SDO
(see the reviews by Klimchuk, 2006 and De Moortel and Browning, 2015). The
middle-right panel of Figure 1.2 shows an image taken by SDO/AIA using a pass-
band filter centred on 171 A; a passband that samples the emission sourced at tran-

sition region temperatures.

1.2.4 The Corona

The corona is the region of the solar atmosphere above the transition region. Here,
the temperature is on the order of 10°- 107 K, presumably as a result of the same
process(es) occurring in the transition region below. Due to the extreme temperature
of this region, most of the elements present have been heavily ionised resulting in a

significant amount of free electrons, hence the density of the corona is best charac-
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terised through the electron (11.) population equal to approximately 10° cm™3. The
corona’s high temperature and low density then slowly decreases with increasing

height before transitioning into the heliosphere.

Home to the majority of the stable prominences, the lower corona is typically
observed using full-disk, extreme ultraviolet (EUV) imagers such as AIA on board
SDO. The upper corona has historically been observed during solar eclipses, with
the moon obscuring the entire solar disk the corona can be easily observed with the
naked eye”. Prominences observed using this method are typically either particu-
larly elevated e.g., polar crown prominences (see Chapter 2.1) or are in the process
of erupting. An example observation taken of the Sun during the solar eclipse of
March 2015 is shown in Figure 1.4 in which the dark disc of the moon has been
replaced with a full-disk solar image from SDO/AIA.

In the presence of the coronal magnetic field, the heavily ionised elements and
free electrons of the corona are bound to, and gyrate around, the field lines. Hence,
the density structure of the corona is dominated by the topology of the solar mag-
netic field; refer to Section 1.3.1 for a description of the magnetisation of solar ma-
terial. Two of the most commonly observed structures in these white-light (visible)
observations of the solar corona are those of helmet streamers and coronal holes;
both are demonstrated in the eclipse observation shown in Figure 1.4. The helmet
streamers, shaped like the pointed-end of a teardrop, appear to reside above the
brighter regions on the solar surface, referred to as active regions (see, van Driel-
Gesztelyi and Green, 2015, for a comprehensive review of active regions). The
bright nature of these regions is a consequence of the strong magnetic field (several
hundred to a few thousand Gauss) associated with the sunspots that lie underneath in
the photosphere. The evolution of such strong magnetic fields supplies a significant
amount of energy to the dense material trapped within the coronal loops associated
with the active region, and hence these regions appear bright in the corona (see,
Reale, 2014, for a detailed review of coronal loops). Coronal holes are regions of

open magnetic field i.e., magnetic field that has connectivity in both the photosphere

2Using specialist equipment; please do not look directly at the Sun.
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1.3. The Plasma of the Sun

and the heliosphere such that the magnetic field topology appears largely radial (see,
Cranmer, 2009, for a detailed description of the coronal hole phenomenon). These
structures are most easily seen in the bottom portion of Figure 1.4 and upper portion
of Figure 1.2e.

Unlike the previously described layers of the solar atmosphere, there is no
formal upper bound to the height of the corona due to the widely varying dimensions
of the structures that exist within it. At some point the corona transitions into the
solar wind that travels at supersonic speeds and continues out to the edge of the
heliosphere. The edge of the heliosphere, and indeed the solar system, is defined at
the point where the pressure of the solar wind equals that of the interstellar medium
(Treumann and Jaroschek, 2008). Although post-eruption solar prominences could
presumably be measured at such distances from the Sun, this thesis is concerned
with prominences at their stable, pre-eruptive state typically observed in the lower

solar corona.

1.3 The Plasma of the Sun

The observed properties of the solar corona in addition to those theorised for the
solar interior indicate that solar material can exist at temperatures in excess of 1 MK
(e.g., Grotrian, 1939; Eddy and Ise, 1979). Although such high temperatures are
immediately indicative of the solar material being a plasma, there are two formal
criteria for a volume of charged particles to be considered so, in addition to the

following initial assumption,

The volume of charged particles contains sufficient electrons such that
the charge of the ions may be shielded i.e., Debye spheres may be es-
tablished.

The two formal criteria are explored in the following sections along with the appli-
cation to solar material.

§— Quasi-neutrality
Any given volume of solar material is comprised of constantly moving charged ions

and electrons. Electrons, having mass ~ 2000 times less than ions, travel much
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faster than their relatively heavy ion counterparts. Electrons therefore form clouds
around these charged ions such that the detected charge of the ion decreases by 1/e
at a distance (inversely) proportional to the (density) temperature of the volume.

These clouds, called Debye spheres, have a characteristic radius referred to as the

eokgT
Ap =13 (1.1)
€Ny

where € is the permittivity of free space, kg is the Boltzmann constant, T is the

Debye length, defined as,

plasma temperature, e is the elemental charge of an electron, and 1 is the material
number density. Hence, the Debye length describes the required distance from the
ion such that its charge is completely shielded by the associated electron cloud. If
the characteristic length scales of the environment are larger than the Debye length
of the material within the environment, the material may be considered quasi-neutral
(V.E ~ 0). For solar material, using the values of T and 7 from Sections 1.1
and 1.2, it is found that the Debye length ranges from ~ 10~ — 1073 m from the
solar core to the solar corona, respectively. Therefore, in prominences that have an
average temperature of ~ 10* K and number density of =~ 10 m =3, \p ~ 10~° m.
The physical scales required to describe solar phenomena e.g., the solar core of
diameter =~ 0.5 R, and active regions/prominences of lengths up to ~ 10% m, are
significantly larger than the corresponding Debye lengths. Hence, solar material at
all locations within the solar interior/atmosphere, including prominence material,

can be considered quasi-neutral.

§— Plasma Frequency > Neutral Collision Frequency

The frequency of electrostatic electron oscillations within a plasma is given by,

2
wp = 1| 2, (1.2)
€gMe

where 11, is the electron mass. The neutral collision frequency is defined as,

Un = No0¢, (1.3)
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where 0% is the collisional cross-section, equal to nd% for simple binary collisions.
If we assume that the background corona is mainly populated by neutral hydrogen
with a theoretical atomic radius (do/2) of 5.3 x 10~ m (Clementi et al., 1967), we
find for the corona wp, ~ 10° rad s™! and vy &~ 107> s~ 1. For prominences, we
find wp p = \/ﬁwplc and vnp = 10vp c. Indeed, in the case of both the corona and
prominences, Wp > Vn. Therefore, it is clear that the material of the solar corona,

and that of prominences, may be considered as a plasma.

1.3.1 Prominence Plasma

Stable, pre-eruptive prominences are structures suspended within the million degree
corona and comprised of relatively cool solar plasma; see Chapter 2 for a complete
topological description. An immediate question is how this prominence plasma
comes to be suspended above the solar surface. If the prominence plasma is sup-
ported in hydrostatic equilibrium by its intrinsic pressure then we would expect to
see prominence material existing at heights up to its gravitational scale height H,

expressed as,
__RT

g’

where R, T, and u are the specific gas constant, temperature, and molecular

H (1.4)

mass of the plasma, respectively, and ¢ is the acceleration due to gravity. As-
suming typical values for a prominence plasma comprised primarily of hydrogen
(Rg = 8248 T kg ' K1, T =10* K, = 1.00783 g mol !, ¢ = 274 m s72),
H =~ 300 km which is significantly less than the heights at which prominences are
typically observed (10*—10° km, Démoulin, 1998). Therefore, the suspension of
prominences above the solar surface to the observed heights cannot be due to pres-

sure.

However, if prominence plasma is sufficiently magnetised, it could be sup-
ported by the Lorentz force of the coronal magnetic field; see Section 1.5 for ex-
plicit details. Plasma in the presence of a magnetic field may be considered highly
magnetised if the path of the plasma is strongly influenced by the orientation of

the field i.e., the gyroradius rg of the plasma must be smaller than its characteristic
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length-scale (mean free path Amfp in this case). In the opposite case, where the
gyroradius is greater than the mean free path length, the plasma can be considered

highly collisional. The gyroradius of a plasma, defined as,

my |
Y P —
g EIB ’

(1.5)

describes the distance of the gyrating ion of charge g (taken as |e|) from the axis
of the guiding magnetic field of strength B, where m is the mass of the ion at the
centre of the Debye sphere, v | is the velocity of the ion around the magnetic field

i.e., perpendicular to the field orientation assuming v | = 4/ y:n—BiT.

The classical expression for the collisional mean free path is Apyg =
(V2ngoe) !, assuming a Maxwellian distribution of particle velocities. Then,
following the derivation of Chiuderi and Velli (2015), Amfp for two charged ions is

given by,

T 6e0kpT 2
Anfp = Tane ( Zlozer) , (1.6)
where Z1 and Z, are the charge numbers of the respective ions (here assuming
isolated protons so that Z1 = Zp = 1).

For typical coronal values (v ~ 10°ms !, B~103T T~ 10° K, ng ~
10" m™3), rge & 10° m and Apgp c ~ 10° m. For typical prominence values (v &~
10*ms 1, B~1072T, T~ 10* K, 1y ~ 101 m—3), Tep ~ 102 m and Amipp &
10! m. In both coronal and prominence cases Yo (c/p) < Amfp,(c/p)> indicating that
the plasma comprising the corona and prominences is highly magnetised. Hence,
the global effect of magnetic fields on the stability of prominences needs to be

addressed, see Section 1.5.1 for details.

1.4 The Solar Magnetic Field

When talking about the solar (coronal) magnetic field, it is important to quickly
address how it is both generated and transported to the corona. Magnetic fields are
generated by moving charges; in the Sun’s case the entire solar interior is a ball of

constantly moving charged particles (plasma, according to Section 1.3). As such,
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1.4. The Solar Magnetic Field

the largest magnetic fields are generated/amplified at locations containing both large
current densities and large gradients in the bulk plasma velocity; such a shear oc-
curs at the aforementioned tachocline at a depth of ~ 0.3 R, (recall the review by
Howe, 2009). A bundle of these generated magnetic field lines tends to create an
elongated region of flux that is separated by the external (unmagnetised) plasma.
This is referred to as a flux tube. For a flux tube in equilibrium at the base of the
convective zone, the total pressure inside the flux tube (magnetic and plasma) is
equal to the total pressure outside (plasma alone), with the result that the plasma
pressure is lower inside the flux tube. Assuming the flux tube is in local thermody-
namic equilibrium (LTE), the less dense flux tube will rise through the decreasingly
dense solar interior and expand to maintain pressure balance with its surroundings
until just under the photosphere where it ceases to be buoyant but instead laterally

spreads out, i.e., flattens (cf. Magara, 2001).

For the majority of flux tubes generated at the tachocline, the magnetic flux
(also pressure) is weak enough such that only small portions of the tube may break
through the photosphere in small, isolated episodes of flux emergence (cf. Parker
Instability; Parker, 1966; Cheung and Isobe, 2014). Such isolated episodes of emer-
gence may be additionally facilitated by the convective motion of the photospheric
granulation, as described by Pariat et al. (2004). For flux tubes that are particularly
magnetically-dense, a large quantity of these small concentrations may merge to-
gether, manifesting themselves as pairs of circular sunspots as shown in Figure 1.2
(see e.g., Rempel et al., 2009b; Leake et al., 2013, and references therein). As
previously mentioned, the observational signature of dark sunspots is due to the in-
hibition of convection below the surface. Nevertheless, convection and associated
granulation continue to occur at the sunspot periphery. Such granulation is capable
of isolating small portions of the flux associated with the sunspot and migrating its
footpoints away and into the quiet-Sun, resulting in the slow but persistent erosion
of flux from the sunspot (cf. simulations by Rempel et al., 2009b,a). Hence, in

line with observations, sunspots decrease in size after their initial emergence (see

41



Chapter 1. Introduction

van Driel-Gesztelyi and Green, 2015, for a comprehensive review of sunspot (active

region) evolution).

As with granulation, the aforementioned migration mechanism is ubiquitous
to the solar surface; the footpoints of the coronal magnetic field can be migrated
great distances. Therefore, although emergence of magnetic field through the solar
surface tends to be localised with respect to the total solar surface area, outwardly-
and inwardly-directed magnetic fields are present across the entire solar surface (van
Driel-Gesztelyi and Green, 2015). Convective motions associated with granulation
are also responsible for bringing together oppositely oriented magnetic field at the
solar surface, forcing the cancellation of magnetic elements and general topology
changes in the coronal magnetic field (e.g., Moore et al., 2001). This concept will

become important in the theory of prominence formation presented in Section 2.2.

1.5 Magnetohydrodynamics (MHD)

Continuing the discussion from Section 1.3.1, it was shown that the solar coronal
magnetic field is sufficiently strong to magnetise prominence plasma. However,
this alone does not explain how prominence plasma remains suspended at coronal
heights. To understand the balance between plasma and magnetic forces within the
solar environment, and how prominences remain suspended, we must introduce the

magnetohydrodynamic (MHD) equations.

Ideal MHD describes the dynamics of highly magnetised, non-relativistic
plasma like that of the Sun, assuming a single-fluid approximation, using a set of

closed equations,

% £V (ov) =0, Mass Continuity Eqn.  (1.7)

88_7: +v-Vp+q9pV-v=0, Energy Eqn. (1.8)
p(gJﬂ,.vV) — _Vp+ (JxB)+F, Momentum Eqn. (1.9)
%_]: =V x (vxB), Induction Eqn. (1.10)
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1.5. Magnetohydrodynamics (MHD)

where p, p, v, v, J = V x B, and B are the bulk fluid mass density, scalar pressure,
ratio of specific heats, velocity, current density, and magnetic field, respectively.
The bold font is used here, and henceforth, to indicate vector quantities of three
components (X,y,z). F refers to any additional forces acting on the system e.g.,

gravity. In addition, the magnetic field must satisfy the condition V - B = 0.

Non-ideal MHD refers to ideal MHD with the addition of finite resistivity. As
this thesis does not consider ohmic dissipation and thermal conduction i.e., terms
included in the non-ideal form of Eq. (1.8), we need only consider the non-ideal

form of the induction equation,

BV (vxB)+ VB, (L11)

where 7 is the diffusivity of the system, related to resistivity pe as 17 = %

1.5.1 Magnetic Support of Prominence Plasma

By evaluating the ideal MHD equations in static equilibrium we may assume the

hydrostatic conditions,

0

=0, ===0. 1.12
v Ey (1.12)
As such, and recalling Amperes law,
1
J=—(V xB), (1.13)

Ho

we may rewrite the momentum equation (Eq. 1.9) as,
1
O:—Very—(VxB)xBJrF. (1.14)
0

Then, using the vector identity (V x B) x B= (B-V)B — V(B - B) we find,

B? 1
—V( +—>+—B~VB = F , (1.15)
P 210 Ho ( ) >~
~ ~ N ~ Additional Forces
Total Pressure Magnetic Tension (e.g., gravity)
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where the first part can be considered the gradient of the total pressure (plasma +
magnetic), the second part equals magnetic tension, and F which may include grav-
itational forces. Hence, this form of the MHD momentum equation for a system
in hydrostatic equilibrium clearly states the balance of forces acting on prominence
plasma is maintained by a combination of pressure and tension forces, and the grav-
itational force. However, Eq. 1.15 does not address the relative importance of each
term. Instead, by introducing a characteristic length scale (1), we find from Eq. 1.13
that the magnetic pressure gradient may be expressed as J X B ~ 21412—29\3’ and the
equivalent for the thermal pressure gradient as Vp ~ %. Taking the ratio between
these quantities we find,

B Plasma Pressure _ 2piop Ap

Magnetic Pressure B2 Ap (1.16)

and results in an estimate to which force is dominating in a given region of space
i.e., if Plasma B (or B for short) < 1, magnetic pressure dominates over plasma
pressure, and vice versa. For simplicity, the length scales of the two pressures
have been assumed equal, however if they are separated by an order of magnitude
then this should of course be considered. For the solar atmosphere, Gary (2001)
produced the now standard 1D estimate to the height stratification of B through a
strong field region such as an active region. The results from their model, along
with measurements from various space-borne instruments, are shown in Figure 1.5.
For the solar corona, the region of the atmosphere in which prominences are ob-
served to exist, the value of f is shown to be significantly less than one, and so we
may conclude that magnetic pressure dominates over plasma pressure in the solar
corona. Although this has already been shown in Section 1.3.1, here we see that the
full Lorentz force dominates the pressure-gradient force and must therefore provide
the necessary force to suspend the plasma of a prominence. The magnetic tension
then ensures that the plasma remains suspended, as explored by Kippenhahn and

Schliiter (1957).

Ideal MHD provides a neat way of representing the global interaction between

the plasma and magnetic fields of the universe. However, by definition ideal MHD
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1.5. Magnetohydrodynamics (MHD)

Height (Mm)

Figure 1.5: The 1D height stratification of B above a strong field region similar to an active
region. B is seen to transition from > 1 in the solar interior, to < 1 in the solar corona,
before returning to > 1 in the solar wind. Taken from Gary (2001).

does not take resistivity into account despite its, albeit finite, presence in reality.
Hence, it is not immediately clear that the Lorentz force, although dominating in the
solar corona, is capable of isolating the plasma and preventing it from diffusing into
the surrounding corona. Recalling Eq. 1.11, the second part describes the diffusion

of magnetic field through plasma whilst the first describes advection (induction) in
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the same sense. Taking the ratio of advection to diffusion, we find,

_ Advection V x (vxB)

Rm = Diffusion nV2B
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where Ry, is the dimensionless magnetic Reynolds number. Introducing character-

istic velocity v and length [ scales for a given system, we find,

Rm ~vipgo (1.18)

where 0 = ﬁ is the conductivity of the system. For astrophysical systems, the
length scales are understandably large. In combination with the corona’s large con-
ductivity, Ry, > 1. Hence, magnetic fields of the solar corona are "frozen-in” to
the plasma. This is also addressed in Alfvén’s Theorem in which the author de-
duces under such conditions that plasma may travel along field lines but may not
move across (perpendicularly) between them (Alfvén, 1942). For plasma to dif-
fuse through magnetic field, R, = finite, a condition only satisfied in the corona at

points of magnetic reconnection - a topic that is outside the scope of this thesis.

It has been established in the preceding sections that: stable solar prominences
are collections of cool chromospheric material held in equilibrium within the solar
corona by a combination of pressure (magnetic & thermal), magnetic tension, and
gravitational forces; the support mechanism for this plasma is the total Lorentz
force, albeit tension dominated, and the prominence plasma suspended at coronal
heights is tied to the associated field lines that are providing the support. Therefore,
the global appearance of prominences as clouds of material suspended above the
solar surface for extended periods of time has been explained. Finer-scale details,

and variations therein, are explored in the following chapter.
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Chapter 2

Prominences

The first recorded observation of a solar prominence is detailed by Vyssotsky (1949)
to have occured in 1185. Since the 1850’s this phenomenon has received a great deal
of scientific study, yet despite the collective research spanning the more than 150
years that have followed, these structures still represent a great deal of mystery and
intrigue.

A comprehensive overview of our current understanding of the solar promi-
nence phenomenon can be found in the many available textbooks and reviews
on the topic (e.g., Tandberg-Hanssen, 1995; Labrosse et al., 2010; Mackay et al.,
2010; Vial and Engvold, 2015), while specific reviews of prominence observational
characteristics and magnetic modelling can be found in Parenti (2014) and Gibson
(2018). In addition, specific reviews of spectral observations and modelling can be
found in Heinzel (2007) and Gundr et al. (2014). This section will highlight the

relevant prominence theory required for this thesis.

2.1 General Characteristics

Although prominences are not ubiquitous solar features, such as spicules and fibrils,
their tendency to form, evolve, and erupt/decay over the course of multiple solar ro-
tations results in an increased possibility of observing one with a solar telescope at
any given time. The top panel of Figure 2.1 is an image taken of the full solar disk in
the H-a line by the New Solar Telescope (NST; Goode and Cao, 2012), now called
the Goode Solar Telescope (GST), at the Big Bear Solar Observatory (BBSO), in
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1999-Nov-27 |
21:39:59 |

Figure 2.1: Full-disk and high-resolution images of solar prominences. The top image
is of the solar disk as seen in H-a& on 11 November 2011 by the New Solar Telescope
(NST) at the BBSO. The bottom-left image is of a solar prominence as seen in H-a by the
Swedish Solar Telescope (SST) on 22 August 2004. The bottom-right image is of a solar
prominence as seen using a 171 A filter on the TRACE spacecraft. Top panel image cour-
tesy www.bbso.njit.edu. Bottom-left panel image courtesy O. Engvold at wwwmpa.map-
garching.mpg.de. Bottom-right panel image adapted from Panasenco et al. (2014).
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2.1. General Characteristics

which multiple prominences both across the solar disk (the dark, elongated fea-
tures) and protruding from the limb (the bright hills distorting the circumference)

are shown.

Prominences are clouds of relatively cool plasma with a core temperature of
the order 10 K (Labrosse et al., 2010; Mackay et al., 2010). At such temperatures,
prominences are best observed in the spectral lines that have formation heights from
the mid-chromosphere to the transition region such as, e.g., Fe Ix/X EUV at 171 A,
H-a optical at 6562.8 A, and Ca 11 IR at 8542 A, see Chapter 3.1 for an overviw
of spectral lines . When looking top-down on the structure in H-«, the cool plasma
appears dark as it absorbs and scatters the light that is incident from below out of
the line of sight (LOS). When looking from the side in H-« i.e., with the structure
protruding above the limb, the cool plasma structure appears bright as it scatters
light emitted from below into the LOS; the bottom of the structure is illuminated by

the solar chromosphere below.

Observationally, prominences are typically comprised of a spine — the major
axis of the elongated structure, barbs — the small extensions away from this spine
that, when observed from the side, hint at some form of lower-altitude connection
(see the bottom-left and bottom-right panel of Figure 2.1 and e.g., Aulanier and
Démoulin, 1998), and two extreme ends sometimes referred to as footpoints. The
long prominence in the north-eastern quadrant of the top panel is a good example
of how extended these structures can be. However, in some cases the observations
suggest collections of many smaller prominences with no clear spine to relate them,
e.g., the bottom-left panel of Figure 2.1 showing a portion of a prominence as ob-
served using a H-a filter at the Swedish 1-m Solar Telescope (SST; Scharmer et al.,
2002). This can incorrectly lead an observer to the conclusion that these structures

are completely separate (cf. Gunar and Mackay, 2015; Kuckein et al., 2016).

Prominences can be roughly separated into three different categories, namely
active, quiescent, and intermediate, with the distinction lying in where they are
found in relation to the strength of their surrounding magnetic field. Active promi-

nences are those originating within active regions; surrounded by magnetic fields of
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order > 10? G, such prominences tend to be quite short in length (10s of Mm), close
to the surface (few Mm), and have short lifetimes (hours to days). Quiescent promi-
nences refer to those originating in the quiet-Sun; surrounded by magnetic fields
of order ~ 10°~1 G, quiescent prominences tend to be quite long in length (up to
hundreds of Mm), extend to very large heights (tens of Mm, cf. polar-crown), and
remain stable for up to several months (solar rotations). Intermediate prominences
exist between these extremes, typically forming on the periphery of, between, or
with one end rooted within active regions (Malherbe, 1989; Labrosse et al., 2010;
Mackay et al., 2010; Parenti, 2014). Despite the large range of environments in
which prominences are observed to exist, they are theorised to share similar if not

identical formation mechanisms.

2.2 Prominence Formation

Prominences are observed to form over a period of days to weeks (as reviewed in
Démoulin, 1998). They are also observed to form above polarity inversion lines
(PILs), the imaginary line drawn between regions of opposite magnetic polarity
on the photosphere; see Section 4.3.1 and Figure 4.3. It was therefore quickly
deduced that prominences were related in some way to the magnetic field of the
Sun (Babcock and Babcock, 1955). As previously discussed in Section 1.5.1, the
value of B changes from being larger than one in the photosphere to much less than
one in the corona (Gary, 2001). Hence, and as we have previously explored, the
prominence must be supported in the corona by the magnetic field (Kippenhahn

and Schliiter, 1957; Anzer, 1969).

The magnetic field of the solar corona emerges in an already-sheared state
(Leka et al., 1996), i.e., the magnetic field contains currents and therefore energy
above potential - its lowest possible energy state. The granulation of the pho-
tosphere then proceeds to constantly buffet and migrate the footpoints of these
emerged magnetic loops. This process, in addition to the differential rotation, nat-
urally creates highly-sheared regions of opposite polarity, delineated by this imagi-

nary PIL. Following the work of Kippenhahn and Schliiter (1957), authors such as
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Figure 2.2: Sheared arcade models for prominence formation. Left; The initial topology of
the half magnetic flux tube rooted in the chromosphere/photosphere and containing a pre-
existing magnetic dip, used in the numerical simulation of Antiochos and Klimchuk (1991).
Right; Results of a numerical simulation by Fiedler and Hood (1992) in which the magnetic
field topology has been modified by plasma. Such dips are formed at the apex of the loops
due to the condensation of material that was first evaporated from the chromosphere through
the thermal instability.

Oran et al. (1982), Klimchuk et al. (1987), Antiochos and Klimchuk (1991), Fiedler
and Hood (1992), and Fiedler and Hood (1993) established that magnetic topolo-
gies of a sheared loop with a (pre-) existing dip could be filled with plasma as sum-
marised in Figure 2.2. An ensemble of these sheared field lines may then resemble
the elongated structures observed as prominences. van Ballegooijen and Martens
(1989) proposed an additional step whereby helical field is formed in which topo-
logical dips need not be preset, but are instead inherent; see Figure 2.3. Collections
of these helical fields along the PIL produce a rope-like structure of magnetic field,
or rather a magnetic flux rope (see also e.g., Titov and Démoulin, 1999; Amari et al.,
2003). Exact topology aside, as rigorously explored by authors such as Kippenhahn
and Schliiter (1957) and Anzer (1969), the required property of the magnetic field is
dips that are capable of suspending chromospheric material. In addition, Démoulin
(1998) noted that, according to observations, prominences form on the order of days
and weeks whereas heavy plasma is capable of deforming the topology of magnetic
field lines on the order of hours. Hence, observations suggest that the prominence’s
formation process is magnetically driven rather than a response and deformation of

field topology due to the weight of the plasma.
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(a) (b)

(d) (e) ()

Figure 2.3: Cartoon model of flux rope formation by van Ballegooijen and Martens (1989).
Panel a; Regions of positive and negative polarity (indicated by the orientation of the field
loops) separated by the imaginary polarity inversion line. Panels (b & c); The ongoing
shearing and converging process supplied by the photospheric granulation and differential
rotation that brings field lines together for reconnection (d). Continuation of such processes
produces flux rope (f), here the prominence material naturally collects in the inherent mag-
netic dips of the topology.

So, if prominences form in regions of magnetic field that have the pre-existing
topology capable of holding chromospheric plasma, the next question is of course
how does the chromospheric plasma come to reside at coronal heights? It has long
been understood that the material supply cannot come from a coronal condensa-
tion processes. For example, Saito and Tandberg-Hanssen (1973) discussed and
compared the relative masses of an observed prominence with the mass of the total
corona, highlighting that the solar corona simply does not contain enough mass. If
the plasma cannot come from above then the plasma source has to be from below,

from the chromosphere.

The three main processes that have been proposed to explain the material sup-
ply of prominences are injection, levitation, and evaporation/condensation. A com-
prehensive description of these processes are offered in Mackay et al. (2010) and so
only an overview is presented here; see Figure 2.4. The injection model (e.g., Wang,
1999; Chae, 2003) describes plasma that is propelled to coronal heights due to some
form of reconnection event in close proximity to the footpoints of the prominence
magnetic field (top-left of Figure 2.4). The injected material then collects in the
dips of the magnetic field. The levitation mechanism (e.g., van Ballegooijen and

Martens, 1989; Litvinenko and Wheatland, 2005) refers to plasma trapped on field
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Figure 2.4: Cartoons representing the three main supply mechanisms for prominence ma-
terial. Top-left; the injection mechanism. Top-right; the levitation mechanism. Bottom; The
thermal instability mechanism. Figure adapted from Mackay et al. (2010)

lines that have recently reconnected in the chromosphere and been lifted to coronal
heights (top-right of Figure 2.4). As shown in the figure, this mechanism requires
a velocity component within the photosphere to force the low-altitude reconnection
although as previously mentioned, the ubiquitous process of convection could sup-
ply this. The evaporation/condensation mechanism (e.g., Field, 1965; Xia et al.,
2012) describes the occurrence of sudden heating at the footpoint(s) of the promi-
nence magnetic field. This sudden heating causes the plasma to expand and travel up
the field to coronal heights where it catastrophically cools back to chromospheric
temperatures in the dips of the magnetic field (bottom of Figure 2.4, see also the
reviews by Klimchuk (2019) and Antolin (2019), private communication). All of
these mechanisms successfully describe how the plasma of a prominence can be
supplied to the dips of the related magnetic field. However, the ability for the levita-
tion model to successfully liberate plasma from the chromosphere, a domain where
B can be greater than one, is unclear and requires more attention; see Chapter 7 for

more information.
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Figure 2.5: A prominence cavity as viewed in EUV by SDO/AIA with a reverse colour
table. Panel a; 304 A. Panel b; 171 A. Panel ¢; 193 A. Panel d; 211 A. Image taken from
Régnier et al. (2011).

Importantly, the end result of all of these proposed formation mechanisms is
the suspension of chromospheric plasma at coronal heights courtesy of the mag-
netic field topology. Although the models for the exact magnetic field topology
i.e., sheared field (twist < one full turn) vs. magnetic flux rope (twist > one full
turn) compete to explain observations with almost equal representation, the mag-
netic flux rope interpretation is supported significantly by observations of coronal
cavities (e.g., Gibson et al., 2006; Gibson and Fan, 2006; Forland et al., 2013; Gib-
son, 2018). As shown in Figure 2.5, the lack of emission from plasma within coronal
cavities appears to outline a circular region with the cool plasma (panel a) residing
in the underside (panel b). Recall that the corona is a p < 1 domain and as such
the density structure is largely defined by the coronal field. Hence, this particular

observation is interpreted by Régnier et al. (2011) as the LOS becoming closely

54



2.2. Prominence Formation

time=13.88hr i time=13.88hr
i rrrr .

3 4

2
LOG (1 oy, (DN/S/pix)

Figure 2.6: Synthetic multi-wavelength observations of a prominence embedded within a
coronal cavity. Panel a; The magnetic flux rope model viewed along its axis. Panels b,
¢, d, e; The model shown in (a) but synthesised as would be viewed in the 304, 171, 193,
and 211 A passbands of AIA, respectively. Key features of the synthesis are labelled in ().
Figure taken from Fan and Liu (2019).

aligned with the axis of the flux rope such that the circular shape in EUV observa-
tions represents the integrated cross-section of the flux rope (as was initially argued
by Gibson et al., 2006). The cool plasma residing in the underside of this cross-
section then corresponds to the prominence material collecting in the dips of the
flux rope topology. This has also been well argued by, in particular but certainly
not exclusively, Fan and Liu (2019) in which the authors use their simulation of a
flux rope in the solar atmosphere to generate synthetic observations in four of the
AIA passbands; shown here in Figure 2.6. Similar results have also been shown
by authors such as Xia and Keppens (2016) and Fan (2017, 2018). The strength of
the cavity — flux rope assumption is particularly well highlighted by comparing such

synthetic observations to the real observations of Régnier et al. (2011) in Figure 2.5.
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Physical Parameter Labrosse et al. (2010) &  Leroy and Priest (1989)
Mackay et al. (2010) & Engvold et al. (1990)

T(K) 4300- 10000 < 200,000

Vint (km s~ 1) N/A 3-20

e (cm™3) 10°-10'! 10% - 10!

P (dyn cm™?) ~0.02-1 ~0.02-1

N(H*")/N(HY) N/A 0.2-0.9

V (kms™1) ~5 <70

B-Strength (G) 3-15 20-80

B-Azimuth (°) 40 20-30

Table 2.1: Typically observed prominence core plasma and magnetic field properties, where
T is the temperature, Vi, is the microturbulent velocity, ne is the electron density, P is
the gas pressure, N(H™)/N(H?) is the ratio of hydrogen ionisation, V is the bulk flow
velocity, B-Strength is the magnitude of the field suspending the plasma, and B-Azimuth is
the acute angle the field vectors make with the prominence long-axis. N/A indicates values
that have not been updated. Information taken from Labrosse et al. (2010) and Mackay et al.
(2010).

2.3 Stable Prominence Properties

After a prominence initially forms, it enters a somewhat stable period in which there
is limited/slow evolution in terms of height. This is most obvious for quiescent
prominences that can exist in this stable state for up to several solar rotations. It is
this portion of a prominence’s life cycle that has received the most attention as in
the absence of significant flows or magnetic activity, their spectral lines are most
easily interpreted. The typically observed properties of the plasma and magnetic
field of solar prominences have been discussed in detail in Labrosse et al. (2010)
and Mackay et al. (2010). Their summary of results from Engvold et al. (1990) are

summarised as part of Table 2.1 alongside updated results from more recent studies.

The stable behaviour of prominences in this period of their existence is due
to the slow evolution of their host magnetic field. The properties of the host mag-
netic field are derived by studying the Zeeman and Hanle effects (Lopez Ariste and
Casini, 2002) on the polarisation of light originating in prominences (e.g., Leroy
and Priest, 1989; Heinzel et al., 2005; Asensio Ramos et al., 2008, and explained in

more detail in Section 3.1.1.1). Sunspots, the regions of the solar photosphere that
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have been penetrated by particularly strong magnetic field, exhibit particularly large
splittings in their observed spectral lines. Conversely, due to the weak nature of the
magnetic fields involved, at least in comparison with those of sunspots, the degree
of Zeeman splitting observed in prominences is extremely small. Fortunately, the
Hanle effect is more sensitive to weak magnetic field than the Zeeman effect and
is therefore a more suited method for diagnosing prominence plasma. Although
unable to directly polarise light, the Hanlé effect is able to affect light that has al-
ready been polarised by the Zeeman effect (see Section 3.1.1.1 for more details).
As a result, the orientation of the magnetic field in prominences is known to be
approximately horizontal to the surface in the middle of prominences (e.g., Casini
etal., 2003; Levens et al., 2016a,b, 2017), consistent with the theory that the plasma
is suspended in magnetic dips (e.g., Leroy and Priest, 1989). Prominence B-field

magnitude and azimuth measurements are summarised in Table 2.1.

Despite having the ability to measure the orientation of a prominence’s mag-
netic field, in addition to the assumption that plasma resides in the dips of this mag-
netic field, the exact internal plasma structure of solar prominences remains not well
understood. Before the advent of high-resolution observations, prominences were
often described as cloud-like monolithic structures (e.g., Pettit, 1943; Schmieder
etal., 1984). As a result, early theoretical attempts to model prominences assumed
a cloud/slab-like topology with a thickness of a few thousand kilometres (e.g., Beck-
ers, 1964; Mein et al., 1996; Heinzel et al., 1999). Modern observations have sug-
gested that prominences can be better described as collections of individual threads,
believed to have a width of order of a flux tube i.e., 100 - 150 km (Lin et al., 2005).
Although now in agreement with the theoretical picture of a prominence provided
by the magnetic field measurements, current observations still suffer from the in-
ability to fully resolve the plasma at these scales as single pixels sample on the
order of 70 x 70 km (see the top-left and right panels of Figure 2.7). This is com-
plicated by the fact that the threads are not necessarily a stationary feature but rather
they can be displaced in position by hundreds of kilometres on the order of minutes.

Gundr et al. (2008) reduced this to a static case and treated a theoretical prominence
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Figure 2.7: The thin and numerous threads of solar prominences. Top-left; An observation
of a prominence showing the thin, thread-like nature of a prominence as seen from above,
taken by Lin et al. (2005) on 26 August 2003. Top-right; a zoom in and 90° rotation of the
red box of (a) showing a portion of the prominence where the threads are particularly well
isolated. Bottom; The set-up of the multi-thread model of Gunaér et al. (2008). The observed
signal along the LOS is then the superposition of 10 identical threads (w.r.t internal density
structure cf. contours within each thread) that are displaced in the plane-of-sky and are
assigned a LOS velocity with a random magnitude and direction as indicated on the right of
the panel.
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as a bunch of 10 unresolved threads with varying contributions to the LOS; see the
bottom panel of Figure 2.7. The authors showed that even by removing the dynamic
nature while maintaining a corresponding but random (instantaneous) velocity, the
number and position of the threads along the LOS plays an equally important role
in the shape of the observed spectral line. Hence, the varying superposition of many
threads along the LOS, perhaps up to several dozen (e.g., Wiik et al., 1993, 1999),

makes this an interesting observational challenge.

The temperature of the plasma within prominences appears to remain fairly
stable in spite of this extended period of existence within the MK solar corona.
The exact reason for this remains an outstanding question in solar prominence re-
search. However, this unusual behaviour is thought to be related to the formation of
a so-called prominence-corona-transition-region (PCTR) around the prominence,
shown by e.g., Gundr et al. (2007) to most likely be a sheath that envelopes the
individual threads of a prominence (Vial et al., 2012). This PCTR is believed to
mimic the behaviour of the transition region of the solar atmosphere in some way,
albeit much thinner, whereby the number density transitions from 108 - 10° cm—3,

and temperature increases from 10* — 10® K from the inner to outer edge (Labrosse

et al., 2010).

Prominences (both active and quiescent) frequently display large-scale/counter-
streaming/buoyant flows and oscillations (e.g., Lin et al., 2003; Luna and Karpen,
2012; Hillier, 2018). The distinction between the active and quiescent dynamics
is then in the amplitude/magnitude of their associated dynamics. Due to their
scale, quiescent prominences that experience some form of large perturbation e.g.,
a nearby eruption, tend to display dynamics that have larger spatial amplitudes
and smaller velocity magnitudes as they are comprised of weaker magnetic field
(supplying a weaker restoring force to any form of perturbation experienced). In
contrast, active prominences tend to display larger velocity magnitudes and smaller
spatial amplitudes as both the free energy available to drive perturbations and the
magnetic field strength (damping) is proportionally larger (see, Labrosse et al.,

2010; Mackay et al., 2010, and references therein).
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Figure 2.8: An example of a large-scale flow within a prominence, as observed by Bi et al.
(2014). Left; The prominence as observed by GONG on 23 February 2012. Right; the
variation in pixel intensity along the track bound between the dashed-blue lines in the left
panel. The large-scale flow of material is indicated here as the dark streaks extending from
~ 600-200 arcsec. The oscillations of the plasma observed prior to the large-scale flow
are indicated by the blue and red, fitted crosses.

Large-scale flows within prominences are typically identified as any signifi-
cantly correlated and long-lived motions of prominence plasma (e.g., Deng et al.,
2002; Seaton et al., 2011; Bi et al., 2014, see Figure 2.8). Counter-streaming flows
are frequently observed within prominences and are interpreted as either the general
flowing of plasma along multiple independent threads and superimposed over each
other (e.g., Ahn et al., 2010; Diercke et al., 2018), or an ongoing plasma-supply
process that may be realised on more-vertically-aligned field lines as Doppler mo-
tions (e.g., Zirker et al., 1998; Litvinenko and Martin, 1999; Wang, 1999, see Fig-
ure 2.9). However, these Doppler signatures have also been interpreted as buoyant
flows driven by, for example, the Rayleigh-Taylor instability (RTI) (e.g., Berger
et al., 2011; Hillier, 2018), or small-scale oscillations of the host magnetic field (cf.
Lin et al., 2007). The potentially ambiguous nature of prominence dynamics signa-
tures lies in our current inability to resolve down to the finest scales required', as
was previously described to be the case for general prominence structure. Large-
scale oscillations of prominences are somewhat easier to distinguish as they are

observed as large-scale coherent variations in Doppler velocity. These motions are

IThe upcoming Daniel K. Inouye Solar Telescope (DKIST) will have the ability to resolve down
to a few tens of kms and should be invaluable in addressing these degenerate observations
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Figure 2.9: An example of counter-streaming flows within a prominence, as observed by
Zirker et al. (1998) on 16 April 1993. Upper panel; the observations of the prominence in
the blue wing (-0.3 A) of H-a. Lower panel; the observations of the prominence in the red
wing (+0.3 A) of H-a. Middle panel; what the authors refer to as the“schematic of flow
pattern” as a result of both blue- and red-shifted motions recorded co-spatially.

interpreted as being caused by variations in the position of the magnetic field sup-
porting the plasma in response to, e.g., a nearby flare or eruption (e.g., Ramsey and
Smith, 1966; Jing et al., 2003).

Prominences do not remain in a stable state indefinitely. The formation pro-
cesses covered in Section 2.2 do not cease after the appearance of the prominence
material above the surface. The continuation of these processes can result in a
growth and/or a change in the shape of a prominence over an extended period of
time. For example, Kuckein et al. (2016) reported on an observation of a promi-
nence approximately 817" in length as shown in panel a of Figure 2.1. Prominences
of such dimensions can take a long time to form by extension of one or both ends, or
are the result of a combination of multiple prominences that are a part of the same
filament channel or PIL. Such a structure with significant extent must incorporate

and encounter a wide range of magnetic flux and plasma density across its length.
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As the Sun is a dynamic body, it is perhaps unsurprising that such a delicate balance

can be lost suddenly, and in some cases very violently.

2.4 Prominence Global Evolution and Destabilisa-
tion

As will be further explored in Chapter 5 of this thesis, the magnetostatic stability of
a solar prominence can be reduced to an equilibrium of three primary forces. The
upward hoop force supplied by the flux rope itself, the downward forces of mag-
netic tension supplied by the background and overlying coronal field, and gravity
acting on the prominence plasma itself (for more information, see Figure 5.1). The
evolution of this system can then occur when one or more of these forces begins to
dominate over the others. For the majority of a prominence’s existence, this pro-
cess occurs slowly and can be represented as a migration of equilibrium conditions
through a series of neighbouring quasi-equilibria i.e., evolution happens slower than
the information transport time. However, the complete destabilisation of the system
can occur upon complete loss-of-equilibrium i.e., the system may begin to feed
back into itself resulting in an evolution that is both sudden and accelerating. The

multiple varieties of prominence evolution/eruption are discussed in this section.

2.4.1 Upward (Hoop) Force

The upward-directed force of a flux rope is a result of its curvature, whereby the
magnetic pressure acting on its minor radius is greater than the magnetic pressure
acting on its major radius. This is well represented graphically in Figure 2.10, in
which a flux rope is presented as a slinky toy although in reality a flux rope is
a combination of many slinky toys whereby each slinky represents a single field
line of a flux rope. Nevertheless, the magnetic pressure is well demonstrated as
the difference in separation between the inner and outer portions of the same flux
surface. The more flux involved in a flux rope, the greater this inner pressure would

be. Therefore, in order to increase the upward force of a flux rope, either additional
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Figure 2.10: A simple flux rope (slinky) diagram with the solar surface at the bottom of
the image. The flux rope is represented as a slinky with a radius of curvature of R. and a
footpoint separation D. The axis of the flux rope is indicated by the dashed black line. The
two lines drawn at the edges of the flux rope (top and middle of figure) demonstrate how
the magnetic pressure is greater underneath the flux rope than above. Background image
courtesy www.nbcphiladelphia.com

flux has to be injected into the flux rope or the number of turns in the magnetic field

per unit length (twist) along the axis of a flux rope has to be increased.

An increase in the twist of a flux rope can occur by introducing more flux into
the system per unit length through e.g., reconnection between field internal to a flux
rope and highly-sheared external field. An increase in twist may also be achieved
by rotating the footpoints of a flux rope through some form of photospheric motion
i.e., like twisting a piece of string at its ends (cf. sunspot rotation, Brown et al.,
2003). Torok and Kliem (2003) noted that if the field lines comprising a flux rope
have, on average, greater than 1.75 turns from end-to-end then the system will be-
come unstable to an ideal kink instability. In comparing theory to observations,
Torok and Kliem (2005) suggested that as helicity (a measure of total twist within a
volume, Scheeler et al., 2017) is conserved, the kink instability transfers twist into

writhe, resulting in the increase in the height of the flux rope’s axis (a theory later
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Figure 2.11: Comparison between the observations of Jing et al. (2003) (left) and the sim-
ulations of Torok and Kliem (2005) (right), showing the evolution (top —bottom) of a flux
rope and associated prominence as a result of the host flux rope becoming kink-unstable.
Image from Torok and Kliem (2005).

confirmed by Torok et al., 2010). Although described as an instability, as explored
by Torok and Kliem (2005) the initiation of the kink instability does not guarantee
the ejection/eruption of an associated flux rope (+ prominence). As a result, this
instability differs from the aforementioned complete loss-of-equilibrium. When a
flux rope is subject to the kink-instability an equilibrium state may be regained if, at
the cessation of the height increase, the gradient in the magnitude of the background
field is too shallow. In other words, the background field at the height of a flux rope
post-kinking, may be too strong and the rate of the decay of this field magnitude
too slow. This results in the flux rope remaining restrained so that the kink insta-
bility has simply served to increase the height and change the topology of a flux

rope. This height increase and associated writhing typically acts over the course of
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minutes — hours, significantly increasing the inclination of the prominence hosting
field over this short period of time. As a result, the field suspending the prominence
material will suddenly have a much larger component of gravity acting along its
length. Hence, such a failed/confined eruption often results in the unloading of the
prominence material from a flux rope if one was initially present, as was observed

by Jing et al. (2003); see Figure 2.11.

Alternatively, if additional flux is instead added into a flux rope through a pro-
cess such as that proposed by van Ballegooijen and Martens (1989), the magnetic
pressure (and therefore upward force) of the flux rope would increase without, nec-
essarily, the corresponding increase in twist. If the downward-directed forces do
not increase to the same degree then a flux rope would rise through the solar atmo-
sphere until a new equilibrium is found. In the absence of any additional, potentially
more dynamic, phenomena, this transition through neighbouring quasi-equilibria is
believed to be the primary mechanism responsible for prominence evolution, as ev-
idenced by their typically slow increase in height over time (see also the review by

Parenti, 2014).

Independent of any specifically assumed solar magnetic model (e.g., (non) po-
tential, bipolar/quadrupolar, etc.), the magnitude of the background coronal field
decreases with height. At some point, the gradient in the magnitude of the restrain-
ing field with height, referred to as the decay index, will be such that any further
increase in a flux rope’s magnetic pressure can no longer be counteracted by the
restraining field. A flux rope rising through this threshold would experience an in-
crease in its internal (minor-radius) pressure whilst simultaneously encountering an
increasingly weak restraining field; the resulting acceleration would be runaway.
At this point, referred to as the critical decay index, such a flux rope is catastrophi-
cally unstable leading to a complete loss-of-equilibrium i.e., the flux rope would be
ejected into space carrying the prominence with it. A flux rope that encounters such

an instability is referred to as being forus unstable.

Kliem and To6rok (2006) studied this torus instability criterion and established

that for a perfectly toroidal, thin flux rope to experience loss-of-equilibrium, the
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decay index n of the background potential field, defined by Bateman (1978) as,

(2.1)

where B(h) is a given model for the background field, and / is the height of the flux
rope’s axis, must be n > 3/2 to first order. For a perfectly straight, thin flux rope
believed to be indicative of a long quiescent prominence, the critical decay index

was established to be n = 1 (Démoulin and Aulanier, 2010).

It was previously stated that the kink instability is not a necessary cause of a
solar eruption i.e., it triggers the initiation of an eruption that may then be driven by
the torus instability under suitable conditions (Torok and Kliem, 2005; Kliem and
Torok, 2006; Aulanier et al., 2010; Green et al., 2018). However, it is important to
quickly note that some recent works have started to question the assumption that the
initiation of an eruption due to the torus instability is a foregone conclusion, i.e., that
if a flux rope becomes forus-unstable it is guaranteed to erupt successfully (e.g., My-
ers et al., 2015; Amari et al., 2018). Specifically, these authors have pointed out that
if the restraining field is treated correctly (by using a (non-potential) background
field that contains currents, see Myers et al. (2015) for explicit details) it may in-
hibit the successful eruption of a torus-unstable flux rope by directly removing flux
during the eruption. Flux ropes that experience a kink and/or torus instability but
are unsuccessful in leaving the solar atmosphere are typically referred to as either

“confined” or “failed” (see Zhou et al., 2019, and references therein).

2.4.2 Downward Magnetic Force

The downward-directed magnetic force acting on a flux rope is supplied by the ten-
sion of the surrounding background field of the corona. As explored in the previous
section, prominences are observed to slowly rise through the solar corona, a dy-
namic that can be facilitated by the slow increase in the hoop force of the host flux
rope. Furthermore, this slow evolution may also be facilitated by a weakening in
the strength of the overlying field, realised as an increase in the distance between

the footpoints of the overlying field. As was the assumption for the model of van
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Ballegooijen and Martens (1989), granulation is capable of migrating the footpoints
of magnetic arcades. Hence, if the footpoints of the overlying field are systemati-
cally migrated away from each other, the magnitude of the magnetic tension force
acting downwards will decrease. However, as the motion of footpoints due to the
buffeting by granulation tends to be towards PILs rather than away, it is unlikely
that such a mechanism alone could separate the footpoints of the overlying arcade

to a non-negligible degree.

Granulation is essentially the emergence of plasma from below the photo-
sphere that bubbles up and spreads laterally, pushing the field as it goes (recall
that the field is frozen into the plasma in the photosphere where § > 1). Con-
sider, instead, the emergence of magnetic field through the solar photosphere that
can occur on granular to supergranular scales (e.g., Feynman and Martin, 1995;
Moreno-Insertis et al., 2018). Magnetic flux emergence is a result of bundles of
flux tubes rising through the interior, breaching the photosphere, and expanding
into the corona (recall Section 1.4 and see the recent review by Cheung and Isobe,

2014).

Newly emerged flux may interact with the already-present magnetic field of the
corona, in 2D the resulting dynamics then depend explicitly on the relative orien-
tations. The four main positions and 2D orientations of small-scale emerging flux
relative to a pre-existing flux rope and associated overlying/background field are
shown in column (i) of Figure 2.12. Rows (a) & (b) represent external emergence
(outside of the field overlying the flux rope), whereas (c¢) & (d) represent internal
emergence. The photosphere and chromosphere are represented as the horizontal
black and grey lines, respectively. The flux rope and corresponding prominence are
presented as the series of solid-red concentric rings and a dark-blue ellipse, respec-
tively. The overlying/background field are represented as the set of three solid-black
arcades overlying the flux rope. In each case (a-d), the emergence is represented by
the separate set of solid-black arcades to the right of the flux rope. The orientation
of the magnetic arcades are indicated by their polarities (+/-) noted at their foot-

points. Columns (i-iii) then represent the evolution of each configuration in time,
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Figure 2.12: The possible combinations (a-d) of 2D interactions between newly emerg-
ing flux and a pre-existing flux rope & overlying field. Rows (a) & (b) represent external
emergence, (¢) & (d) represent internal emergence. Photosphere and chromosphere are rep-
resented as the horizontal black and grey lines, respectively. Flux rope & prominence are
represented as the set of red concentric rings with a blue ellipse at the bottom, respectively.
Background & overlying field represented as the set of three solid-black arcades arching
over the flux rope. Emerging flux occurs in each case to the right of the flux rope, also
indicated by solid-black arcades. Photospheric polarities of overlying and emerging fields
are indicated at their footpoints (+/-). Columns (i-iii) represent evolution in time, from (i)
to (iii). The dashed-green arrows in (i) and (ii) represent the direction of emergence of
new flux. The red cross represents the x point for reconnection between oppositely oriented
field. The dashed-yellow lines represent the new topology after reconnection at x point. The
blue stars in (i) and (iii) are for illustrative purposes only, indicating in each case whether
the footpoint separation has increased or decreased during the emergence and reconnection.
The dashed-green arrows in (iii) indicate the direction that the axis of the flux rope migrates
as a result of each configuration.
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from (i) to (iii). The dashed-green arrows in (i) and (ii) represent the direction of
emergence of new flux. The red cross represents the approximate position of the x
point for reconnection between oppositely oriented field. The dashed-yellow lines
represent the new topology as a result of the 2D reconnection at the indicated x
point. The blue stars in (1) and (iii) are for illustrative purposes only, indicating in
each case (a-d) whether the footpoint separation has increased or decreased during

the emergence and reconnection.

Configuration (a) results in a decrease in the magnitude of the field overlying a
flux rope and associated prominence, (b) results in no interaction between the emer-
gence and pre-existing field, (c) results in an interaction between the emergence and
the flux rope itself, increasing the tension force acting on the flux rope, similarly so

for (d) but as a consequence of an interaction with the overlying field.

The interactions summarised in Figure 2.12 are presented in 2D, yet they re-
main, nonetheless, largely valid when formulated in 3D. Reconnection outside of
the flux rope—prominence—background field system can result in a reduction in
the magnitude of the background field if the orientation of the emerged bipole is
favourable for reconnection with the overlying field. If the orientation is not exactly-
favourable i.e., slightly misaligned as would be expected in a 3D system, there may
still be a component of the magnetic field, associated with the bipole and/or over-
lying field, that would be favourable for reconnection (interchange reconnection;
Cheung and Isobe, 2014). Hence, if a small bipole emerges outside, but close by,
the field overlying a flux rope—prominence system, it is likely that the magnitude
of the overlying magnetic tension would be reduced (potentially leading to an erup-
tion, e.g., Dacie et al., 2018). If a small bipole emerges underneath, it is likely that
a flux rope—prominence system would experience an increase in the tension force

of the background field (cf. Kusano et al., 2012).

The result of these interactions between newly emerged flux and the flux rope—
prominence—background field system is that the axis of the flux rope moves depend-
ing on the restructuring of the background field. For each case (a-d) in Figure 2.12,

the resulting evolution of the flux rope axis is shown in column (iii) by the dashed-
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green arrows. If the magnitude of the tension force decreases then the flux rope
axis increases in height to a degree directly proportional to the decrease in the flux
density of the restraining overlying field. As previously stated, such an evolution is
typically observed as the slow increase in the height of a prominence. The same is
true for the opposite evolution in the tension force, although such an evolution in
prominence height - towards lower heights - is yet to be observed. This is likely due
to either the observed dynamics being dominated by a combination of processes
that result in the increase of the height of the flux rope—prominence, or our current
observational capabilities being insufficient to record and/or correlate an increase
in the overlying tension force and the decrease in prominence height. This is fur-
ther complicated by the dynamic nature of the prominence plasma and the problems
differentiating between local and global plasma motions - coupled further with the
possibility that these motions are themselves influencing the behaviour of the host

magnetic field.

2.4.3 Downward Gravitational Forces

Early observations of solar filaments noted that their eruption was frequently pre-
ceded by the disappearance of the on-disk absorption signature; the so-called ‘dis-
parition brusques’ (e.g., Olivieri, 1948). As early observations were subject to
lengthy times between exposures, it occurred to observers that the sudden lack of an
absorption signature between frames could be caused by the complete evacuation
of filament mass. The sudden reduction in gravitational forces acting on a magnetic
structure that had built up a sufficient amount of free energy would then expand
towards a more potential state, believed at the time to be manifested as an eruption
(e.g., Hyder, 1967). Kuperus and Raadu (1974) explored this interpretation theo-
retically and concluded that the sudden eruption of filaments could be explained by
the complete removal of all mass. However, such observations were taken using a
single narrowband filter centred on the core of the H-a absorption line. Therefore,
as a filament erupts with a velocity component towards the observer the spectral line
will blueshift out of the narrow filter, resulting in the filament seeming to disappear.

Although the ‘disparition brusques’ could now be explained, the theory that the re-
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moval of mass was capable of causing an eruption was maintained. For example,
over three decades later authors such as Low (1996), and the review by Klimchuk
(2001), continued to explore the ‘mass-loading’ theory, maintaining it as a possible

mechanism for the eruption of prominences.

Around the same time however, Forbes (2000) studied the energy budget of
solar eruptions and noted that the energy density of the solar magnetic field was sev-
eral orders of magnitude higher than gravity. This work, in addition to the plasma-
study of Gary (2001), led the solar physics community to the assumption that the
corona, and the evolution/eruption of structures therein, could be largely described
by the properties of the magnetic field alone. If the influence of plasma on the mag-
netic field is assumed to be largely negligible, the system can then be reduced to
one where the Lorentz force dominates the coronal equilibrium; such a condition
is typically referred to as the low-p approximation (e.g., Ruan et al., 2008). More
commonly, the effect of plasma is actually completely neglected (e.g., zero-; Titov
and Démoulin, 1999) and from Section 1.5.1 we find that this leads to the Lorentz
force J x B =0, referred to as the force-free approximation. Under this assumption,
the criteria for (in)stability of coronal flux ropes in the absence of mass has since
been explored in great detail (e.g., Torok and Kliem, 2003, 2005; Kliem and Torok,
2006; Fan and Gibson, 2007; Démoulin and Aulanier, 2010; Kliem et al., 2014, also
Section 2.4.1).

Despite the general assumption of “force-free” flux ropes, several authors have
explored the possibility and validity of prominences that contain plasma with non-
zero plasma B. In the absence of suitable observations, such studies are typi-
cally isolated to theoretical endeavours (e.g., Anzer and Heinzel, 1998; Heinzel
and Anzer, 1999; Gunar and Mackay, 2015). To date, Hillier et al. (2012a) is the
only study that attempts to deduce the values of plasma 8 through observations. Us-
ing the behaviour of prominence plumes, the authors measure B values of between
0.47 £+ 0.079—-1.13 4+ 0.08. Perhaps unsurprisingly, these values are significantly
higher than those ascribed to the corona by Gary (2001), and subsequently used in

the numerical models of flux rope evolution/eruption. However, it is important to
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Figure 2.13: The decrease in equilibrium height of a flux rope as a result of including mass.
Left; Contours of magnetic field strength in an x-z plane, modelling a magnetic flux rope
in equilibrium. Approximate position of the flux rope axis/o-point indicated by the red dot.
Middle; The same flux rope now containing prominence material with the density and forced
plasma-p values circled in the right panel (o’ = 25, B = 0.04). Right; The change in height
of the o-point of the flux rope as a result of the inclusion of the range of mass densities
and plasma-p indicated in the top-right. Figure adapted from Hillier and van Ballegooijen
(2013).

highlight that in both of the works carried out by Forbes (2000) and Gary (2001)
the underlying assumption was that conditions within the corona and above ac-
tive regions are representative of the entire Sun. Active region magnetic fields are
significantly stronger, by several orders of magnitude, than the field found in the
quiet-Sun; although the force-free assumption may hold for such active conditions,
the direct applicability to the quiet-Sun is non-trivial. Then, assuming that the mass
of active region and quiet-Sun prominences are equal, the balance of magnetic vs.
gravitational forces may be equally non-trivial when considering quiescent promi-

nences.

To further explore this theoretically, Petrie et al. (2007) and Blokland and
Keppens (2011) presented a 2D magnetohydrostatic (MHS) model in which they
quantified the effect of gravity, realised as a small perturbation to the magnetically-
dominated equilibrium, on the height of the axis of a modelled flux rope. Termed
the Shafranov shift, the authors showed that as gravity is increased the axis of a flux
rope would be increasingly pulled to lower altitudes. A similar result was later pre-
sented by Hillier and van Ballegooijen (2013), however the authors instead removed

the limiting assumption that gravity was merely a small perturbation imparting a
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negligible effect on the equilibrium. Hence, Hillier and van Ballegooijen (2013)
noted some inconsistencies between the Shafranov shift of Blokland and Keppens
(2011) and the shift in the flux rope axis measured using their more relaxed nu-
merical approach. The specific conditions explored by the authors are summarised
in Figure 2.13. Furthermore, considering the highest density and strongest mag-
netic field (lowest B) case circled in the right panel (o' = 25, B = 0.04, where
Pprominence = p’ Pcorona)s this yielded a change in height of ~ 0.4H. Although not
explicitly stated in their work, for their 1 MK corona (setting the gravitational scale
height H at 55 Mm) this equates to an ~ 30% shift in the axis’ height from the
initial mass-less equilibrium.

Although Petrie et al. (2007), Blokland and Keppens (2011), and Hillier and
van Ballegooijen (2013) have each shown that the hydrostatic equilibrium of a mass-
less flux rope can be perturbed by the inclusion of mass, each study notes that their
formulation does not permit the study of the effect of mass on the stability of the
system. Indeed, this can be well understood by noting that the typically used metric

for stability, the decay index (Eq. 2.1), is mass-independent.

2.5 Thesis Outline

For several decades, it has been assumed that the magnetic forces acting on a solar
flux rope are the primary forces responsible for their (in)stability. However, re-
cent work has begun to suggest that this assumption is limited and the mass of a
prominence, or more specifically the additional force due to gravity, can impart an
effect on the equilibrium conditions of a flux rope. This interpretation raises several
explicit questions,

1. Can the effect of gravity on prominence eruptions be inferred/deduced obser-

vationally?

2. Can the effect of gravity on the stability of a prominence be explored theoret-

ically?

3. What do state-of-the-art models tell us about the internal structuring of this

mass and its ability to impart a non-negligible force on small-scales?
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It is these questions that this thesis aims to explore.

An overview of the instruments used to obtain the observations used in this
thesis, in addition to the standard processing methods, is presented in Chapter 3.
Question 1 is tackled in Chapter 4 through a dual-spacecraft case study of a promi-
nence eruption that occurred on 11 December 2011. Here opacity —density estima-
tion methods are used to deduce the evolution in total prominence mass. Question 2
is addressed in Chapter 5 by constructing a simple model of minimum equilibrium,
and evaluating stability criteria following the formulation outlined by Démoulin
and Aulanier (2010). Chapter 6 then explores Question 3 using observations from
a ground-based campaign carried out in May 2017, specifically through a combi-
nation of inferred plasma/magnetic parameters and reconstructed thermal profiles.
Chapter 7 closes with the main conclusions of this thesis, and remarks on the pos-

sible future work to be carried out following such conclusions.

74



Chapter 3

Observing the Sun

In the modern world, solar physicists have a plethora of observatories available
to study the Sun for extended periods of time. Historically, observations of the
Sun have been carried out using ground-based instrumentation/observatories. How-
ever, observations at EUV and shorter wavelengths, corresponding to emission from
the transition region and coronal layers of the Sun, are absorbed by the Earth’s
atmosphere and are therefore only observable using space-based instrumentation.
Since the advent of the space era, more and more instrumentation is being flown
in space but such missions suffer from many operational limitations such as, cost,
technical limits (weight, size, telemetry data rate), and (since the loss of the Solar
Maximum Mission - SMM) fixed instrumentation (no repairs, replacements, or up-
grades). Although ground-based instrumentation/observatories do not necessarily
suffer the same limitations, space-based observatories also have many operational
benefits in addition to the wavelength range such as, continuous observations, no
image distortion induced by atmospheric turbulence, and more-stable pointing (no
wind). Despite the inherent benefits and drawbacks of both space- and ground-
based instrumentation, neither are capable of completely replacing the other and

indeed, both offer the other complementary data sets.

With multiple space- and ground-based observatories in operation, each hav-
ing a different goal in mind to guide their design, solar physicists are becoming
ever more able to describe and connect the phenomena observed on and below the

surface, to their effect on the upper atmosphere, and each layer in between. To
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achieve this, observations of a wide range of diagnostics are utilised including nar-

rowband/broadband intensity images, dopplergrams, magnetograms, etc.

This chapter includes a general description of the formation of spectral lines
with a focus on the solar atmosphere, specifically solar prominences. The chapter
then continues by detailing the instrumentation used in this thesis with an overview
presented of each instrument, their technical specifications, pipeline processing, and
observations and diagnostics. The chapter then ends with a comparative summary

of these instruments.

3.1 Spectral Lines

3.1.1 Formation

The emission of radiation is generally due to the energy exchange between an elec-
tron and a photon. This electron is described as ‘bound’ if bound to an atom and
‘free’ if not. Hence, if an interaction is described as bound-bound, the electron was
bound to an atom prior to the interaction with a photon and remains bound after.
This is similarly true for free-free emission and any variations therein.
Considering, for a moment, bound-bound emission, recall from elementary
atomic physics that the energies of electrons bound to an atom are given by discrete
energy levels. Therefore, any variation in the energy of the electrons within these

bound states will absorb/emit photons of discrete energies following the relation,
E=— (3.1)

where E is the amount of energy involved in the transition, % is the Planck constant,
c is the speed of light, and A is the wavelength of the emitted/absorbed photon. If
an electron within an atom was to spontaneously de-excite/relax then the energy of
the emitted photon must be exactly that of the energy lost by the associated electron
i.e., the emitted light is of a discrete wavelength.

Bound-free, free-bound, and free-free interactions, however, do not adhere

to such discrete energy limitations and so the related emission/absorption pro-
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Figure 3.1: The comparison between the 200 —2500 nm (2000 —25,000 A) solar spectrum,
as measured by the World Meteorological Organisation' (WMO), and theoretical emission
of a blackbody at 5800 K. Image courtesy www.newport.com

cesses can produce associated photons of essentially any energy (e.g., thermal
bremsstrahlung). The resulting spectrum is therefore not discrete, but instead con-
tinuous. Indeed, the majority of light emitted from the Sun is in the form of a
continuous spectrum of light; sourced from the solar photosphere this continuous
spectrum is referred to as the solar continuum. Planck discovered that the exact
shape of this continuum i.e., the intensity of emission B, vs. wavelength A, is de-
pendent on the (effective) surface temperature of the emitting source. If assumed to

be in LTE, the relationship is given by,

-1
By o A5 [exp ( AZ};) - 1} ) 3.2)

where T is the effective temperature of the emitting source. Figure 3.1 details the
theoretical blackbody curve of Eq. 3.2 assuming T = 5800 K in comparison with
the WMO-measured, disk-integrated” solar spectrum between 2000 and 25,000 A.

Uhttps://public.wmo.int/en

2 Although we are able to resolve individual structures across the solar disk, we are also capable
of combining the intensity of photons at a single wavelength measured across the full-disk into a
single value i.e., treating the Sun as a point source - like a star.
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Figure 3.2: A cartoon depicting the relationship between the continuum, emission, and ab-
sorption spectrum of stellar objects. Continuum spectrum; the result of free-free emission
within the solar photosphere. Absorption spectrum; the result of a cloud of gas, between
source and observer, absorbing photons at wavelengths dependent on the constituents of the
gas cloud (elements & ionisations therein); absorption spectrum are the continuum spec-
trum minus intensity at specific wavelengths. Emission spectrum; emission of photons at
wavelengths corresponding to the gas cloud constituents; the example above demonstrates
how absorption and emission spectra may contain similar information that differs depending
on the LOS. Image courtesy www.astro.su.se

Although it is known that the photosphere is not in true LTE (i.e.,
MAX(Tphot (7)) # MIN(Tpnot(h)), where Tppot(h) is the temperature stratifi-
cation of the photosphere with height) this alone does not account for the variation
between the theoretical blackbody and the actual measured radiation curve that
can be clearly seen in Figure 3.1. If the observed variations in intensity cannot be
ascribed to the source alone, they must instead be caused by the medium between

the source and the observer i.e., the solar atmosphere.

Unlike the photosphere, the electron density of the solar atmosphere is too
tenuous to be completely dominated by free-free processes. Instead, bound-bound

processes dominate due to the abundance of photons at all wavelengths incident
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from the photosphere below. Hence, and as summarised in Figure 3.2, observations
through the solar atmosphere with the backdrop of the solar surface will produce an
absorption spectrum based on the constituents (elements + ionisations therein) of
the solar atmosphere. If observed in an isolated manner, such as above the limb, then
the solar atmosphere emits at the exact wavelengths where absorption signatures are
seen in the absorption spectrum. However, the intensity of this emission spectrum
will always be significantly weaker than the corresponding absorption spectrum as
the re-emission process, in response to the initial absorption, can emit in any given

direction.

Note that, as previously stated, the absorption and/or emission of photons cov-
ered by the bound-bound process produces absorption/emission signatures at dis-
crete wavelengths corresponding to the discrete energy levels of any given atom.
Therefore, one would expect to detect these discrete wavelengths as Dirac J-
functions at wavelengths corresponding to the energy levels within the materials
that comprise the solar atmosphere. However, due to the quantum uncertainty prin-
ciple the exact energy of the emission cannot be known. Furthermore, and indeed
more noticeably, when considering a system that is not static, the random ther-
mal motion of the absorbing/emitting atoms introduce random Doppler shifts to the
emitted/absorbed light. From the central limit theorem we find that the sum of these
processes is a Gaussian i.e., 1D projection of a Maxwellian distribution, hence the
thermal motion of particles acts to broaden these J-functions into Gaussians. The
exact thermal width AAy, of these spectral lines is then dependent on the temper-
ature T, rest wavelength Ay, and mass m of the source material according to the

relation,

M =2 : (3.3)

Additional broadening can occur due to non-thermal motions (turbulence, waves)
and instrumental broadening (filters have finite widths, this is discussed later in
this section). For conceptual purposes we may assume the plasma is thin and so

re-absorption processes are negligible. This allows us to refer to the Gaussian ab-
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Figure 3.3: Top; The solar absorption spectrum between 4000 —7000 A (top-right — bottom-
left), as measured by the Fourier Transform Spectrometer at the McMath-Pierce Solar Fa-
cility, National Solar Observatory, near Tucson, Arizona. Here the spectrum has been split
into 50 rows of 60 A. Bottom; Zoom-in view of the region bound by the dashed-cyan box
of the top panel showing the H-alpha absorption line of 6562.8 A. Top image courtesy
www.solarsystem.nasa.gov. Bottom image courtesy www.nso.eduu.

sorption and emission characteristics interchangeably i.e., we assume the emission

and absorption processes are occurring within an optically thin plasma.

The top panel of Figure 3.3 is the solar spectrum between 4000 and 7000 A as
measured by the Fourier Transform Spectrometer (FTS; Kurucz et al., 1984) instru-
ment that was mounted at the McMath-Pierce Solar Facility near Tucson, Arizona.
Presented as 50 rows of 60 A increasing from top-right to bottom-left, the many
absorption lines of the solar atmosphere are identifiable as dark, vertical lines that

vary in width/wavelength-extent. The bottom panel is a zoom-in of the region iso-
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lated by the dashed-cyan box in the top panel, showing the strongest absorption line
of the solar chromosphere, H-a at 6562.8 A; it is clear that such spectral lines are

not d-functions.

As in Figure 3.1, the visible spectrum shown in Figure 3.3 is full-disk-
integrated. The shape of the measured solar spectrum varies negligibly under such
conditions, dependent only on the position of measurement (on the Earth) or the
time of day alone. However, when considering emission/absorption from individ-
ual structures within the solar atmosphere, the exact shape of the given spectra may
vary. For example, consider a blob of emitting solar material moving with a bulk
velocity, the emission from this blob would be Doppler shifted according to its
motion relative to the observer. As such, the Maxwellian distribution would be
maintained but the central peak of the associated Gaussian emission would shift in
wavelength. Similarly, if the observed structure is comprised of a number of dis-
tinct clouds each moving with a different velocity, the overall shape of the profile
would completely deform (see Figure 3.6). As mentioned, the velocity of the emit-
ting/absorbing source/sink is directly proportional to the shift in the wavelength of
the incident light. From the classical relationship between a wave’s speed v and its

associated wavelength A and frequency v, v = Av, we find,

VD AL
— =, 3.4
c " o G4

where vp is the Doppler velocity of the observed material, c is the speed of light, and
AA is the wavelength shift of the emission/absorption signature from the known, or

measured, rest wavelength Ag.

3.1.1.1 Spectral Lines In the Presence of a Magnetic Field

Light emitted from elements that are sensitive to their surrounding magnetic field
is predominantly subject to the Zeeman effect. On the atomic level, the presence of
the magnetic field slightly perturbs the spin-orbit coupling that defines the energy
levels in which the electrons of the atom reside. This perturbation results in the

simultaneous splitting of many of the atom’s energy levels. In the simplest case a
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Figure 3.4: Early image of a sunspot in which the Zeeman splitting of the Fe 1 6173 A
line is observed. Left; the Sunspot imaged on 9 March 1916 with the slit position indicated
with the vertical black line. Right; The corresponding spectrum along the slit position on
the left, showing the increased splitting within the sunspot compared to the quiet region
of the solar surface. Figure originally from Hale et al. (1919). Enhanced image courtesy
www.hao.ucar.edu.

single level gains two additional levels, that were previously degenerate, wherein
one has a slightly higher energy and the other a slowly lower. As such, the emission
of photons from such a set-up will produce spectra with additional peaks/troughs
that are indicative of the energy of this splitting. As the splitting is directly pro-
portional to the strength of the field in which the atom is located, it is possible to
directly observe the effect of the magnetic field on the spectral lines (Figure 3.4)

and subsequently measure it.

The light emitted/absorbed from an atom with split energy levels is described
to be circularly polarised, wherein the higher energy one is left-hand polarised and
the other right-hand polarised. The light emitted from the unperturbed energy level
is then linearly polarised. The combination of the circularly-polarised and linearly-
polarised light allows the characterisation of both the strength, and the directionality

of the associated magnetic field. Measurements of the circular polarisation details
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give the orientation of the magnetic field vector into or out of the plane, whereas
the linear polarisation measures the directionality within the plane of the sky. To
better represent these magnetic properties, the I, Q, U, and V Stokes parameters are
invoked, wherein [ is the overall (unpolarised) intensity of the spectral line, Q and
U are the linear polarisation (measured 45° apart), and V is the circular polarisation.
In order to measure the complete magnetic field vector, the complete Stokes vector
S=11,Q,U,V] is required.

The Zeeman effect is not the only process capable of modifying the polarisa-
tion of light. The Hanle effect and optical pumping are two of such processes com-
monly measured to effect the linear polarisation signal of solar radiation. Specifi-
cally, both the Hanle and optical pumping (not discussed within this thesis) effects
introduce a larger-than-expected directional linear polarisation signal in both the
Q and U components, caused by the anisotropic incident radiation from below.
The primary (observed) distinction between these processes and that of the Zee-
man effect then lies in the strength of the atom’s ambient field. The Zeeman effect
dominates in strong field regions, whereas the Hanle and optical pumping effects
dominate in weaker fields. The careful handling of all three processes provides
tools capable of probing the magnetic field of the Sun at all scales (e.g., Asensio
Ramos et al., 2008; Socas-Navarro et al., 2015, where descriptions of additional

processes may be found).

3.1.2 Observation

In order to study a specific section of the solar spectrum, one has to first remove
the wavelengths from the incident light that are not of interest. This is carried out
using filter optics - the role of which, in the most general sense, is to reflect or block
the wavelengths of light that are either not within a specific range, or above/below
a given wavelength. Once a region of the solar spectrum has been isolated, the
type of studies to be carried out fall, largely, into the two categories of broadband
or narrowband. The difference therein is defined based on the relative dimensions
(in wavelength) of a given filter to the spectral line that it has been constructed to

observe.
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Broadband observations, as the name suggests, are captured using filters that
have broad widths (in wavelength) and span a significant portion of, if not com-
pletely cover, the spectral line(s) of interest. Narrowband observations are essen-
tially the opposite, the associated filters have widths that are typically much less
than the widths of the targeted spectral lines. Furthermore, broadband observations
use either single filters placed within the light-beam, or a selection with widths
incrementally-decreasing from the source to the detector. Whereas narrowband ob-
servations require the use of diffraction (slit spectrometers e.g., the EUV Imaging
Spectrometer (EIS; Culhane et al., 2007) in space), or interference (Fabry-Pérot
interferometers e.g., the Interferometric Bidimensional Spectropolarimeter (IBIS;
Cavallini, 2006) on the ground) to create filters with effective widths small enough
to sample a given spectral line multiple times. For observations of light at EUV
wavelengths and smaller, it becomes impractical to use Fabry-Pérot interferome-
ters and so all spectroscopic observations at such wavelengths have to be done with

slit-spectrometers.

Broadband observations are also beneficial for capturing a lot of light in a
short amount of time (exposures). In addition, broadband observations allow mul-
tiple spectral lines to be observed simultaneously, provided the spectral lines are
close enough together (in wavelength). These properties of broadband filters mean
such filters are ideal for fast context imagery i.e., observations relatively insensi-
tive to Doppler shifts; recall the *Disparition Brusques’ and how such observations
were taken using filters that actually were not broad enough to be insensitive to
Doppler motions. Broadband filters are typically used to observe structures like the
photospheric granulation (continuum), however AIA also uses broadband filters to

observe the solar EUV emission as described in Section 3.2.1.1.

Once again the opposite is true for narrowband observations. The summed
intensity from the limited range of transmitted wavelengths can require longer ex-
posure times to build up a sufficient signal. However, the thin dimensions of the nar-
rowband filters allows multiple exposures to be taken at different positions within

the line of interest, allowing an observer to study how the line changes shape over
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Ground truth + broadband sample Ground truth + narrowband sample
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Figure 3.5: Top row; FTS-observed spectral line of H-a (solid-black) with the position
and width of the filter(s) overlaid in dashed-red. The left and right columns correspond to
broadband and narrowband as indicated, intensities measured by the filters are indicated
with the shaded region and blue dots, respectively. Botfom row; a representation of what an
observer can deduce, from broadband and narrowband observations; the former provides a
single intensity value whereas the latter may provide enough intensity values to reconstruct
the shape of the H-a profile.

time i.e., observations that are sensitive to variations in the source material such
as Doppler motions and temperature variations. A combination of longer exposure
times per filter position and multiple filter positions means that narrowband obser-
vations can typically take an order of magnitude longer to complete in comparison
to the broadband counterparts.

The outcome of such broadband and narrowband observing methods is sum-
marised in Figure 3.5. A broadband observation produces a single intensity mea-
surement as to the depth/height (compared to the continuum) of the spectral line(s),
H-« in this example, from the integrated intensity across the filter width. This mea-
sured intensity can be assumed to have been centred at the wavelength set by the
filter itself, regardless of whether multiple spectral lines are included. For example,

the 193 A passband of SDO/AIA has an approximate full width at half maximum

85



Chapter 3. Observing the Sun

't 24 1 14
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Figure 3.6: Left; The observed spectral profile (dashed-black) is fitted with a Gaussian
(blue:Ap). The observed spectral profile is completely shifted to shorter wavelengths rela-
tive to the expected profile position (red:Ag), hence the observed light has been blue-shifted.
Right; The observed spectral line (dashed-black) contains a second component, requiring
the summation of two Gaussians (blue:Ap + red:Ag). As only a component of the spec-
tral line has been shifted, the measured light source contains material both at rest and at a
velocity towards the observer.

(FWHM) of 6.3 A centred on 193.1 A (based on the passband functions of ATA
shown in Figure 8 of Boerner et al. (2012), see also the discussions of Williams
etal., 2013). In contrast, a narrowband observation samples the spectral line at mul-
tiple positions, each measuring a different intensity and allowing the reconstruction
of the spectral line to an accuracy dependent on the position and number of filter

positions.

The emission/absorption of light is commonly compared to the shape of a
Gaussian. Modelling such profiles using functional forms of a Gaussian (one
or more) enables the physical properties (temperature, velocity) of the emit-
ting/absorbing material to be measured,

. nlCZ(/\OfA)Z

f()L) = Ipe BTG + ILeont., (3.5)

where I.ont. 1S the continuum emission intensity and Iy is the peak emis-
sion/absorption intensity relative to the continuum (presented graphically in Fig-

ure 3.6), and m is the mass of the emitting/absorbing material. Here, the FWHM of
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the Gaussian is related to the temperature of the observed material as,

2Mg [2kgT

FWHM = 2v/2In2-0 — =B in2, (3.6)
2.2
—r=""" 3.7
A2ks

where o is the standard deviation of the fitted Gaussian. The Gaussian’s shifted

centroid position provides the Doppler velocity using Eq. 3.4.

3.1.2.1 Observations of Optically Thick Spectral Lines - A brief

note

This section has thus far treated absorption and emission spectra in the same sense
using Gaussians imposed on a continuous spectrum, a perfectly valid approximation
for regions of the solar atmosphere that adhere to an optical thickness Log(T) < 1
(the optically-thin regime). However, under certain conditions there are numerous
processes that may occur between the source and observer that further complicate
the actual measured shape of the absorption/emission spectra, and prominences are
phenomena wherein such processes occur. The optical thickness T of prominences
in absorption lines can be greater than one resulting in complete absorption along
the LOS and hence the purely Gaussian-shaped absorption profile that we have
assumed above is no longer an accurate description. The plasma species responsible
for such complete absorption are, of course, also capable of re-emission. In the case
of complete redistribution (CRD), the energy of the absorbed light is evenly re-
distributed across all frequencies. For partial redistribution (PRD), the frequencies
of the emitted light are far narrower and centred on the frequency of the initially
incident light. In either case, this further complicates the shape and interpretation
of the resulting and measured profile. Spectral lines that behave in this way are

referred to as being optically thick.

The difficulties associated with interpreting the optically thick spectral lines
within prominences are typically addressed using inversions and their associated

models (e.g., Beckers, 1964; Mein et al., 1996; Molowny-Horas et al., 1999; Heinzel
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and Anzer, 2001, and summarised particularly well by Tziotziou (2007)). The sim-
plest subset of these inversions are referred to as ‘cloud models’ wherein a ‘cloud’
of material (the prominence) is assumed suspended above and completely isolated
from a background light source. The properties of this cloud are then dependent
on the thickness of the cloud. Hence, the measured intensity at a given wavelength
is a function of the initial intensity incident on the underside of the cloud and the
combined removal and addition of intensity due to the absorption and emission pro-
cesses within the cloud. This process is described by the formal solution to the

radiative transfer equation (RTE),

I p) = Io(A,u)e + +/ dt/pt, (3.8)

Absorptlon

Em1551on

where, for a given wavelength and observing angle (11 = cos(6), where 6 is the
angle the LOS makes with the normal to the surface of the observed cloud), I(A)
is the measured intensity, In(A) is the initial intensity incident on the bottom of the
cloud, S(t) is the local source function as a function of the local optical thickness
t(A), and T(A) the total optical thickness of the cloud. As indicated, the first part
of the right hand side of Eq. (3.8) refers to the decrease in the incident intensity
as a response to absorption within the cloud, the second part refers to the emission

(specifically, the emission and self-absorption) of light from within the cloud itself.

The local optical thickness is then defined as the local absorption coefficient
x(A) at position x within the cloud. Integrating along the LOS then provides the

total optical thickness of the cloud,

T(A) = /x " x(A)dx, (3.9)

where xg is the surface of the cloud closest to the observer and x is the surface of

the cloud at the furthest point from the observer along the LOS.

Finally, the source function is defined as the ratio of absorption to emission

coefficients within the cloud x(A)/#7(A) (hence the description of the second part
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of Eq. (3.8)). In general, the source function of the cloud varies with optical thick-
ness and may be assumed to be the Planck function of Eq. (3.2) if and only if the
cloud is in LTE. However, this would be an improper approach for prominences as
their density is far too low for LTE to apply (e.g., Section 6.5 of Labrosse et al.,
2010). In addition, and as explored by Hirayama (1963), the prominence plasma is
not isotropically illuminated meaning the source function is preferentially modified
by the irradiance from below. Furthermore, although represented above as the sim-
ple ratio between emission and absorption coefficients, these quantities themselves
are functions dependent on the equations of statistical equilibrium i.e., the atomic
level population of the plasma species assumed to be present within the cloud, and
the surrounding radiation field. As such, the source function is in fact a non-local
thermodynamic equilibrium (NLTE) function that must be handled numerically. (A
more complete description of the delicate nature of handling optically-thick obser-

vations is presented in Labrosse et al., 2010, and Vial and Engvold (2015)).

3.2 Instrumentation

3.2.1 Space-based Instrumentation

3.2.1.1 The Solar Dynamics Observatory (SDO)

The SDO is a result of the collaboration between Stanford University, Lockheed
Martin Solar Astrophysics Laboratory, and University of Colorado. SDO was
launched on 11 February 2010 on the Atlas V 401 rocket by the National Aero-
nautics and Space Administration (NASA) into an inclined geosynchronous or-
bit (28.5°) at a height of 35,789 kilometres above New Mexico, United States of
America. Such an orbit ensures that images may be taken for long periods of time
without encountering an eclipse due to either the Earth or the Moon. SDO was
launched as part of the Living With a Star programme designed to gain a better un-
derstanding of the Sun-Earth connection and the Sun’s direct impact on the Earth
and near-Earth environment. SDO provides near-simultaneous observations in mul-
tiple wavelengths from multiple instruments, allowing insights into the relationship

between the many layers of the solar atmosphere. The instruments on board SDO
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Figure 3.7: Schematic of the Solar Dynamics Observatory spacecraft. AIA is the Atmo-
spheric Imaging Assembly, EVE is the Extreme Ultraviolet Variability Experiment, and
HMI is the Helioseismic Magnetic Imager. Taken from Pesnell et al. (2012).

are shown in Figure 3.7 and comprise the AIA, the HMI, and the Extreme Ultravi-
olet Variability Experiment (EVE; Woods et al., 2012).

The Atmospheric Imaging Assembly (AIA)

AIA images the full-disk of the Sun in 10 broadband passbands, seven EUV +
three UV-visible as summarised in Table 3.1. The source of the emission recorded
in the seven EUV passbands is the solar atmosphere, specifically the transition re-
gion and corona, with the three UV-visible passbands recording emission close to
the photospheric height. As shown in Table 3.1, six of the EUV passbands are
dominated by emission from different ionisation states of iron (Fe). The ability to
observe the response of the different ionisation states of Fe provides insights into
how energy is deposited into the coronal plasma, and how it is released. To achieve
this, AIA makes use of unprecedented (for a space-based EUV imager) spatial sam-
pling (0.6”pix 1) and temporal cadence (< 12 s) to image 41 x 41 arcmin along

the charge-coupled device (CCD) axis and 46 x 46 arcmin along the CCD diagonal,
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Wavelength (A) Primary Ion(s) Region of Atmosphere Char. log(T)

94 Fe xv1i1 Flaring regions 6.8
(Partial readout possible)

131 Fe viii, Flaring regions 5.6,7.0,7.2

XX, XXIII (Partial readout possible)

171 Fe 1x Quiet corona, 5.8
upper transition region

193 Fe X11, XX1V Corona and hot flare plasma 6.1,7.3

211 Fe x1v Active region corona 6.3

304 He 11 Chromosphere, 4.7
transition region

335 Fe xXVv1 Active region corona 6.4

1600 C 1V + cont Transition region, 5.0
upper photosphere

1700 Continuum Temperature minimum, 3.7
photosphere

4500 Continuum Photosphere 3.7

Table 3.1: Wavelengths observed by the AIA instrument on SDO. ‘Char.’ is a shortening of
‘Characteristic’. ‘Partial readout possible’ refers to the availability of observing modes in
which cropped CCD output can increase temporal cadence, useful for observing flares for
example. Reproduced from Lemen et al. (2012).
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Figure 3.8: Cross section of one of the Cassegrain telescopes that comprise the AIA in-
strument on SDO, and its guider telescope. Each of the four Cassegrain telescopes has an
accompanying guider telescope to stabilise the image on the CCD through deformation of
the active secondary mirror assembly. Taken from Lemen et al. (2012)

covering the entire solar disk and part of the lower corona. AIA also has the capa-
bility to increase the temporal cadence to 2 s for dedicated observations of energetic

transient phenomena such as flares.
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The AIA instrument is comprised of four /20 Cassegrain telescopes, each with
an effective focal length of 4.125 m, designed to observe the Sun’s (E)UV-visible
emission in the range of 94 A to 4500 A across the full disk. Figure 3.8 details the
cross section of one of the four Cassegrain telescopes and its guider telescope. The
four main telescopes are each encased in a graphite epoxy metering tube and are
all comprised of an aperture door (in place during launch to protect the internal op-
tics), an aperture selector assembly, a spider assembly, an active secondary mirror
assembly, light baffles, the 20 cm primary mirror, the shutter and filter wheel, the
4096 x 4096 pixel, thinned, back-illuminated CCD, and the CCD radiator. In ad-
dition, each of the four telescopes have a guide telescope mounted above the main
aperture. Despite the mountings of each main telescope being fixed to ensure they
all point in the same direction at all times, the inclusion of a guider telescope and
an active, tip-tilt secondary mirror assembly ensures that the image of the Sun is
always centred on the CCD to account for jitter in the main telescope pointing.

None of the data recorded by the instruments on board SDO are stored or pro-
cessed within the systems of the spacecraft. Instead all of the data are immediately
downlinked to one of two sites in White Sands, New Mexico. In order for the
downlinked observations captured by SDO/AIA to be suitable for scientific study
by the scientific community, the data have to, first, be processed to remove certain
features that could otherwise lead to incorrect analysis. To carry out the necessary
processing, the data are transferred to Stanford Universities Joint SDO Operations
Center (JSOC) science-data processing (SDP) facility where the data are stored as
level-0 under lossless Rice compression. The conversion from level-0 to level-1 is

completed in five steps,
1. Removal of overscan rows (if present)
2. Dark field removal (digital camera offset, CCD read noise, dark current)
3. Flat field correction (gain, vignetting, shadowing)

4. Correction of pixel values (bad pixels, SEP or cosmic ray spikes)
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HMI Dopplergram HMI Magnetogram i AlA 1700 A
Surface movement Magnetic field polarity A e ligh 4500 Kelvin
Photosphere Photosphere P Photosphere

AlA 1600 A AlA 304 A A AIA 193 A
10,000 \ 0 0 Kelvin Kelvin 1 million Kelvin
Corona/flare plasma

AIA 211 A AlA 335 A AlA 094 A AlA 131 A
2 million K 2.5 mil elvin 6 milli | 10 million Kelvin
Active reg Active regions arin ns Flaring regions

Figure 3.9: Sample set of observations taken by SDO AIA and HMI. From the top left, the
first three are observations taken by the HMI instrument on board SDO and the remaining
10 are taken by the AIA instrument. Each passband has been false-coloured to a standard
for user-friendliness. (Picture courtesy www.nasa.gov)

5. Image is flipped so that solar north is at the top of the image and header

information is updated

The level-1 data are then backed-up and also transferred to various repositories
across the globe to be as freely available as possible. Level-1 data are then con-
verted into level-1.5 data by the user through the application of the aia_prep.pro
function within the Interactive Data Language (IDL) SolarSoftWare (SSW; Free-
land and Handy, 1998) package. This routine applies three corrections in a single
step: co-aligning the images from the four different telescopes to account for the
minor offset between each, correction for the variations in the plate-scale size due
to the small differences in focal length of each telescope, and finally the correction
to the bore-sight pointing offsets. After the conversion from level-1 to level-1.5

data, the observations are suitable for scientific study.
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Temperature Response of AIA Passbands
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Figure 3.10: Temperature response curves of the seven EUV passbands imaged by AIA,
calculated using the SolarSoft routine get aia_response.pro and using the CHIANTI
model for the assumed solar emissivity. Solid lines represent the passbands in which the
contribution to the emission intensity is dominated by the ionisation states of Fe, as sum-
marised in Table 3.1. The dashed line of 304 A has a majority contribution from He II.

The primary product of AIA is a 2D intensity image in discrete broadband
passbands of the full solar disk as viewed along the Sun-Earth line; see Figure 3.9.
The intensity of EUV emission/absorption measured by AIA is dependent in each
case on the temperature and density of both the emissive source and the material
that the emitted light encounters along the LOS. The temperature response curves
of the six Fe dominated EUV passbands of AIA shown in Figure 3.10 highlight the
unique capability of SDO/AIA to observe the intensity of the solar atmosphere at
a large range of temperatures. The density sensitivity means that prominences are
well observed at EUV wavelengths using AIA, provided their density is sufficient

to produce an absorption signature.
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Figure 3.11: The optical layout of HMI. Taken from Schou et al. (2012)

The Helioseismic and Magnetic Imager (HMI)

The HMI is a solar filtergraph capable of spectropolarimetry, designed to measure
the intensity variation across the Fe 1 6173 A absorption line instantaneously across
the entire solar disk. The design of HMI is heavily based on the highly successful
Michelson Doppler Imager (MDI; Scherrer et al., 1995) but with improvements in
spatial and temporal resolution, the addition of a second CCD and therefore the
ability to observe [+QUV and I-QUYV simultaneously, and the removal of onboard
processing to reduce the load on the spacecraft systems. Like the AIA, HMI makes
use of unprecedented (for a space-based filtergraph) spatial sampling (0.505" pix !
) and temporal cadence (3.75 s) to image a similar field of view (FOV) as AIA, but

onto two 4096> CCDs.

The optical layout of the HMI instrument, with an effective focal length of
4.95 m, is shown in Figure 3.11. The filter system within HMI consists of the 50 A
bandpass filter front window, an 8 A FWHM bandpass blocking filter, a Lyot Filter
with a single tunable element (a rotating half-wave plate) and a 612 mA FWHM of

the non-tunable part, and two tunable Michelson Interferometers - one wide band
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Figure 3.12: The six (tuned) filter positions of the HMI instrument, indicated by the
coloured Gaussians, equidistantly-sampling the Fe 1 6173 A solar absorption line (solid
black line at the top of the figure). Taken from Schou et al. (2012)

(FWHM 172 mA) and one narrow band (FWHM 86 mA). The result of this sys-
tem is a narrow-band bandpass of 76 mA FWHM with maximum tunable range of
690 mA; the six tuning positions chosen and observed within this range are detailed
in Figure 3.12.

As with the data from the AIA instrument, none of the data observed using
HMI are stored on board the spacecraft. For the line-of-sight observables pipeline,
the first step in the processing of the data from the level-0 to level-1 products is
identical for HMI as with AIA i.e., removal of overscan rows, dark field removal,
flat field correction, correction for bad pixels, and header updates. After this, the

computation of the LOS components are as follows,

1. Discrete estimates of the first and second Fourier coefficients of the Fe I line
are calculated from the six wavelengths of Figure 3.12, for each I4+-V polar-
ization.

2. The first Fourier coefficient is used to calculate the LOS velocity
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HMI Dopplergram HMI Magnetogram HMI Continuum
Surface movement Magnetic field polarity Maftches visible light
Photosphere Photosphere Photosphere

Figure 3.13: A zoom in of the first three panels of Figure 3.9 showing the three main
products of HMI. Left; Dopplergram, Middle; Magnetogram, Right; Continuum intensity
image. (Picture courtesy www.nasa.gov)

3. Corrections to the estimation of the LOS velocity are made due to:

* Assumptions made in the estimation of Fourier coefficients i.e., HMI

filter profiles are not delta functions.

* Sun-SDO radial velocity correction (due to orbital motion of SDO

around the Earth)

4. Calculation of LOS magnetic field measurement (proportional to the differ-

ence between corrected I-V and [+V Doppler velocities.)

As with AIA, the use of the aia_prep.pro function within IDL. SSW applies
the final corrections and prepares the data for scientific use.

The primary observable of HMI is the variation in the intensity of six wave-
length points that cover the Fe 1 absorption line, the shortest of which samples the
continuum level. The resulting diagnostics are full-disk maps of the LOS velocity
and continuum emission of the solar photosphere, examples of which are shown in
the left and right panels of Figure 3.13, respectively. The primary focus of the HMI
is to study the variation in the surface oscillations using the LOS Doppler diagnostic
and infer the conditions in the interior of the Sun. However, this topic lies outside
of the scope of this thesis. Fortunately, the polarisation of the Fe 1 6173 A absorp-
tion line is susceptible to the Zeeman effect and so HMI can also be used to create

LOS magnetic polarity maps of the photosphere, as shown in the middle panel of
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Figure 3.14: Left; Schematic of the Solar Terrestrial Relations Observatory Behind space-
craft taken from Kaiser et al. (2008). The remote sensing packages consist of SEC-
CHI(SCIP) and SECCHI(HI). The first is the Sun Earth Connection Coronal and Helio-
spheric Investigation (Sun Centered Imaging Package) containing three telescopes, EUVI,
CORI1, and COR2. EUVI is the Extreme Ultraviolet Imager, COR1 and COR2 are
the Coronagraphs. SECCHI(HI) are the Heliospheric Imagers (HI-1 and HI-2). Right;
The overlapping FOVs of instruments from both STEREO-A and -B. Image courtesy
www.secchi.nrl.navy.mil.

Figure 3.13. Here, positive (negative) polarity is indicated in white (black) corre-

sponding to magnetic field aligned along the LOS toward (away from) the observer.

3.2.1.2 The Solar Terrestrial Relations Observatory (STEREQO)

The STEREO mission consists of two identical (to within manufacturing limita-
tions) spacecraft in heliocentric orbits. Launched in 2006 on a Delta 7925 rocket,
and after several manoeuvres involving gravity assists from the Moon, STEREO-A
(-B) assumed its orbit just inside (outside) that of the Earth with an orbital period
of 347 (387) days. This is where the two spacecraft get their names, A-Ahead of
the Earth in its orbit and B-Behind. As time passes, the position of the spacecraft
around the Sun relative to the Earth changes on the order of ~ 22 degrees per year
due to the different orbits. As the mission goes on and the separation between the
two spacecraft and the Earth increases, the limitations on telemetry increase. The
mission aims and planning were required to take this into account and the cadence

of the remote sensing observations were to be lowered as the separation increased.
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Wavelength (A) Primary Ion(s) Char. log(T)

171 Fe 1X, Fe X 5.8
195 Fe x11 6.1
284 Fe xv 6.3
304 He 11, Si X1 4.7

Table 3.2: Wavelengths observed by the EUVI instrument on STEREO. ‘Char.” is a short-
ening of ‘Characteristic’. Information taken from Howard et al. (2008).

The initial aim of the mission was to study the low coronal signatures of solar erup-
tions with a gradual transition to the study of the evolution of coronal mass ejections
(CMEs) in the interplanetary medium (IPM).

In order to be able to fulfil these objectives, a suite of instruments suited to both
low coronal and IPM observations was required. The two groups of remote sensing
instruments are the Sun Earth Connection Coronal and Heliospheric Investigation
(SECCHI; Howard et al., 2008) Sun Centered Imaging Package (SCIP) and SEC-
CHI Heliospheric Investigation (HI), see Figure 3.14. SECCHI(SCIP) is comprised
of three instruments, a full-disk EUV imager (Extreme Ultraviolet Imager EUVI,
Wauelser et al., 2004, Full-disk—1.7 R) and two white-light (COR)onagraphs with
slightly overlapping FOVs (COR1: 1.4-4 R, COR2: 2.5-15 R). SECCHI(HI) is
comprised of two white-light heliospheric imagers observing the heliosphere (not
pointed at the Sun) between 15-215 R (HI1:15-80 R, HI2: 80-215 Ry). The HI

package is not used in this thesis.

The Extreme Ultraviolet Imager (EUVI)

The EUVI images the full-disk of the Sun in four broadband EUV passbands, sum-
marised in Table 3.2. The emission measured in the four EUV passbands originates
from the solar atmosphere, specifically from the transition region to the corona.
EUVI makes use of a 1.6" pix~! spatial sampling to image 55 x 55 arcmin along
the CCD axis and 77 x 77 arcmin along the CCD diagonal, covering the entire solar
disk and part of the lower corona. The temporal cadence of the observations varies

throughout the orbit depending on phase of the study; the fastest cadence to date
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Figure 3.15: Top; Photo of the EUVI instrument imaged from the front entrance window.
Bottom; cross-section of the EUVI instrument, taken from Howard et al. (2008).

has been 75 seconds for the 171 A passband and the lowest has been 120 minutes
for the 171 and 284 A passbands.

The EUVI is part of the SECCHI(SCIP) group of instruments and is based on
the successful design of the Extreme Ultraviolet Imaging Telescope (EIT; Delabou-
diniere et al., 1995). EUVI is a normal-incident Ritchey-Chrétien telescope with an
effective focal length of 1.75 m, designed to observe the Sun’s EUV emission in
the range of 171 to 304 A across the full disk. Figure 3.15 details the cross section
of the telescope. The telescope is encased in a graphite/cyanate ester metering tube
and is comprised of an aperture door (in place during launch to protect the internal
optics), a quadrant selector, a primary mirror, an active secondary mirror, light baf-
fles, the focal plane shutter and filter wheel, and the 2048 x 2048 pixel, thinned,
back-illuminated CCD. As with SDO/AIA, an active, tip-tilt secondary mirror as-
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Figure 3.16: Temperature response curves of the EUV passbands imaged by EUVI. Ap-
proximate heights of formation for a given temperature are the same as shown in Fig-
ure 3.10. Taken from Long (2012).

sembly ensures that the image of the Sun is always centred on the CCD to account
for jitter in the main telescope pointing.

Unlike SDO, the data that are downlinked from STEREO are not pre-processed
prior to the release to the general scientific community. The raw, level-0 data are
downlinked and reformatted into FITS files for ease of access and stored as level-0.5
data. The responsibility of processing the data are then that of the users. The freely
available IDL SSW package contains the secchi_prep.pro function, designed to be
used to process any of the data that are recorded by the instruments that are a part

of the SECCHI suite. The pipeline for processing EUVI data are as follows:

1. Identify and remove cosmic ray hits and bad pixels that are the result of hard-

ware failure or transmission loss.

2. Normalisation of the image by a pre-defined factor that is different for each

observed passband.
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Figure 3.17: Sample set of observations taken by STEREO/EUVI. Each pass-
band has been false-coloured to a standard for user-friendliness. (Picture courtesy
WWW. Stereo.gsfc.nasa.gov).

3. Removal of mean and SECCHI Electronics Board (SEB) bias and the SEB

image summing.
4. Normalisation of the image by the exposure time.

5. Apply the calibration and photometric correction to an image based on its

passband (Flat field, vignetting, DN-photon count).

The last step is to rotate the image of the Sun so that solar north is at the top of the
image. After this, the data have been sufficiently processed for scientific study.
The primary product of EUVI is a 2D intensity image in discrete broadband
passbands of the full solar disk, viewed at multiple points within the heliosphere
depending on where each STEREO spacecraft is in time, and from a distance simi-

lar to the Earth’s. The temperature response curves of the EUV passbands of EUVI
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shown in Figure 3.16 highlight the ability of STEREO/EUVI to observe the in-
tensity of the solar atmosphere at a range of temperatures. As EUVI observes
emission/absorption at EUV wavelengths, prominences are also well observed us-
ing this instrument. An example set of intensity observations made using EUVI
are shown in Figure 3.17. The primary scientific goal of STEREO is to image
the Sun - Earth connection using stereoscopic methods with EUVI providing the
on-disk component of this connection. As previously discussed, the separation be-
tween the STEREO spacecraft and the Earth increases at a rate of ~ 22 degrees a
year. This means that on 24 January 2009 the two spacecraft were 90 degrees apart
from each other, a condition known as quadrature. Observations of the Sun-Earth
connection by spacecraft positioned with a 90° separation enables the de-projection
of structures observed therein with a particularly good example of this presented in
Kienreich et al. (2009). In February 2011, the two spacecraft were at 180 degree
separation and the entire Sun was simultaneously imaged for the first time. In Oc-
tober 2014, communication with STEREO-B was lost during a test ready for solar
conjunction, the period of time when the spacecraft is travelling behind the Sun and
out of direct contact with the Earth. As of August 2016, the spacecraft remains in
an uncontrolled spin but conditions are such that additional attempts for recovery

will be made when the spacecraft approaches the Earth.
3.2.2 Ground-based Instrumentation

3.2.2.1 The Dunn Solar Telescope (DST)
The (Richard B.) Dunn Solar Telescope (DST) is a ground-based solar telescope

built in 1969 and located in Sunspot, New Mexico, USA. The telescope is uniquely
built into the ground such that 41.4 m (67.1 m) are above (below), and all of the
telescope internals (mirrors, coudé table, instruments, computers, etc.) lie on a
rotating ‘spinning top’-like structure, suspended by a mercury float at the top of the
telescope that allows it to rotate freely, see panel a of Figure 3.18.

The telescope’s beam path is shown in Figure 3.18 and has a total beam focal
length of 54.86 m. With a primary mirror diameter of 1.6 m, and a beam diame-

ter of 76 cm, observations taken at the DST are diffraction limited at all observed
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Figure 3.18: A sketch of the Dunn Solar Telescope and its optical layout. Taken from
Underwood et al. (2017).

wavelengths, e.g., 0.18” at 6000 A (Sankarasubramanian et al., 2004). However,
there are a number of factors that affect the availability of diffraction limited obser-
vations, most notably the effect of thermal turbulence both interior and exterior to

the telescope.

Turbulent motions of the air cause fluctuations in the refractive index of the
air volume, causing a variation in the speed of the light passing through. This
causes the plane waves incident on the volume of air to be converted into distorted
wavefronts. A lot of the volumetric/thermal fluctuations responsible for affecting
the “seeing” of the telescope are high up in the atmosphere and as such cannot be
easily mitigated (e.g., the jet stream at = 10 - 15 km). In order to minimise the effect
of the more localised “seeing” conditions at the DST, a number of steps have been

taken to passively minimise the thermal variation inside and outside the telescope.
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1. As the day goes on, the ground layer is heated by the Sun, in turn causing the
local air surrounding the telescope to heat. This is mitigated at the DST in
the same way as many other solar telescopes; the primary structure is that of
a tower built on a large hill/mountain with the primary mirror mounted at the

top of the tower, as far away from the heated layer as possible.

2. The light entering the telescope is sourced from the entire solar disk before
being reduced to a 180" circular FOV by a circular field stop. This equates
to an =~ 95% decrease in incident radiation that is absorbed by the field stop
itself, causing it to heat significantly. To mitigate the effect of this hot compo-
nent of the beam path, the entire guider tube surrounding the beam path and

the field stop is evacuated of air.

3. After the primary mirror, the light beam leaves the evacuated portion of the
telescope and enters the remaining optics that are not evacuated. In order to
ensure that the temperature within the telescope remains stable, the telescope
exterior is painted white to reflect as much energy as possible. This, in combi-
nation with an air-conditioning unit, ensures that the interior of the telescope

remains at a constant temperature throughout an observing campaign.

Despite these steps, and as previously mentioned, the influence of the conditions in
higher atmospheric layers remain present as waveforms in the cross-section of the
light beam. More recently, the telescope was equipped with a high-order adaptive
optics (AO; Rimmele, 2004) system as an active method of correcting for this. AO
acts to compare n subapertures (n = 97 for the DST) evenly distributed across the
beam cross-section to a reference image captured some time prior. The deviation in
each subaperture from the reference image caused by a deformation in the wavefront
is then corrected for by actuators (equal in number to the subapertures) attached to
the back of a deformable mirror in the lightbeam. AO acts to return a distorted
wavefront to as close to its previously undisturbed plane state as possible (for a

more detailed description, see Rimmele, 2004)

105



Chapter 3. Observing the Sun

y-__ 4
CCD1
-
S
y_ A
£
£
Ay
3
»

.RL Ro “ TV3

= Dgad L L2
FS L1 1
" 1 f I ! . Vs
1 v 1" T
ES 1

¢/

Figure 3.19: Left; The optical layout of the IBIS instrument. The primary light beam is
shown by the solid line, the secondary light beams are shown by the dashed lines. The insert-
able/removable components are represented as transparent objects. The labels are defined as
follows. M/m: mirror, FS: field stop, L: lens, ES: electronic shutter, BS: beamsplitter, BST:
beam steering, FPI: Fabry-Perot interferometer, FWH: filter wheel, CCD: CCD camera, HL:
halogen lamp, LW: lens wheel, PMT: photomultiplier, RL: relay lenses, TV: TV camera,
W: window. Taken from Cavallini (2006). Right; An image I took of the IBIS instrument
installed at the DST during our observing campaign there.

The telescope is currently operated/accessed by the members of a consortium
headed by the New Mexico State University (NMSU). Prior to this, it was operated
by the National Solar Observatory (NSO) and the telescope’s time allocation com-
mittee (TAC) competitively selected exceptional observing proposals from Princi-
ple Investigators (PI) across the world; the observations presented and studied in

Chapter 6 were obtained on such a basis.
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Peak wavelengths of
the interference filters (A) t; (ms) 75 f. (ms)

5896 16 0.43 37
6302 18 0.38 47
7090 11 0.34 32
7224 11 0.33 33
8542 11 0.22 50

Table 3.3: Commonly used IBIS pre-filter wheel properties. ¢;: shortest allowed exposure
time assuming perfect telescope transparency (tr = 1), Tr: actual telescope transparency,
t.: effective exposure time from actual telescope transparency. In addition to the five inter-
ference filters in the filter wheel, the sixth and seventh filter positions are open and dark.
Adapted from Cavallini (2006).

The Interferometric Bidimensional Spectropolarimeter (IBIS)

The Interferometric Bidimensional Spectropolarimeter (IBIS; Cavallini, 2006) is a
dual Fabry-Pérot (FPI) system installed at the DST, capable of spectroscopic and
spectropolarimetric observations of the Sun in high spectral, spatial (> 0.2”), and
temporal resolution (several frames s ~1). IBIS is designed to study the evolution of
the solar surface/atmosphere at wavelengths between 5800 A and 8600 A; discrete
pre-filter wavelengths commonly used at the DST are summarised in Table 3.3. For
a given observing run, the number of pre-filters that can be used in a sequence is
limited by the seven windows available in the pre-filter wheel, six of which con-
tain narrowband interference filters, although the number of wavelengths scanned
per pre-filter is not limited. This allows the user to independently specify the po-
sition and number of wavelengths to be observed when scanning along the emis-
sion/absorption lines of interest. The total cadence of a cycle of observations is
then dependent on the number of filters to be used and the number of positions
chosen in the scan of each pre-filter curve.

The optical path of the IBIS instrument can be seen in Figure 3.19. From the
high-order AO, the main path of the light is shown by the solid line and is incident
on CCD 1 after passing through various mirrors, lenses, and the classically mounted
double FPI. CCD 1 contains 1317 x 1035 pixels and is responsible for recording the

main, narrowband scientific data. CCD 2 contains 1024 x 1024 pixels and is part
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of the secondary, dashed optical path as an optional addition employed to record
the broadband (100 A passband centred on 7200 A) counterpart to the observations
recorded in CCD 1. The broadband observations captured by CCD 2 are for the
purpose of aligning each narrowband spectral scan; a full, perhaps dense, scan is not
instantaneous and exact pointing throughout the duration of a whole scan cannot be
guaranteed.

When in spectroscopic mode, the FOV is set to circular to avoid over-
illumination of the CCD chip and to preserve the symmetry of the instrumental
wavelength shift over the FOV. This is achieved by inserting a circular mask in the
focal entrance plane of the instrument. When combined with the 21.3 mm field stop
the FOV diameter is set to approximately 80", although the exact FOV may be spec-
ified by the user. In standard spectropolarimetric mode, a rectangular mask is used
instead and sets the FOV to approximately 80" x 40”. The spectropolarimetric
mode was not used in this work and so lies outside of the scope of this thesis.

Before the raw data from IBIS is suitable for scientific study, it is subject
to pipeline processing®. In addition to the raw data, dark current, flat-field, and
grid/dot images are required for the pipeline processing. Such observations should
be taken during the same observing runs as the scientific data to ensure that the
same light conditions are the basis for observing both the scientific data and the
complementary calibration data. The order of the pipeline process for observations

made in standard spectroscopic mode is as follows.

1. Grid/dot images are constructed by inserting a slide into the focal plane of the
telescope that contains regularly spaced grids or dots. As the slide is inserted
in the focal plane before the instrument, the relative orientation/plate-scale
of the broadband and narrowband observations can be removed, facilitating

alignment.

2. Dark current images are constructed by inserting a block in the main light
beam such that the CCD receives no illumination. Any signal recorded by

the CCD under such conditions is then a result of the electronics associated

3https://www.nso.edu/wp-content/uploads/2018/05/ibis_tn_005.pdf
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with the CCD itself. The dark current maps are wavelength independent, and
integration time dependent. Therefore, the dark current exposures have to be
taken with the same integration time as the science observations. The dark

current maps are removed from the science observations.

. Broadband and narrowband flat-field images are traditionally constructed by
moving the pointing of the telescope in a random fashion, whilst simultane-
ously deforming the AO mirror such that all pixels within the CCD receive all
possible intensity variations. This results in the CCD experiencing uniform
illumination and any residual differences are a consequence of pixel-to-pixel
transmission irregularities in the CCD itself. If any clouds are present dur-
ing the obtaining of the flat field data, the frames containing cloud signatures
must be manually removed to ensure the flat-field is not contaminated. Flat-
field observations are wavelength and integration time dependent. Therefore,
the flat-field exposures have to be taken at the same wavelength positions,
and integration times, as the science observations. The flat-field maps are

removed from the science observations.

. The collimated mounting of the FPI imprints a systematic wavelength shift
across the FOV due to the shape of the lenses. This is corrected for by locat-
ing the line core position in each pixel of the narrowband averaged flat-field

exposures and shifting accordingly.

The final step, in addition to but not a part of the standard pipeline, is correction

for the pre-filter curve. This is completed as a separate step to the pipeline as this

calibration step can be defined in different ways and is dependent on the aim of

the scientific observations. More details on this can be found in Chapter 6. After

completing these steps, the raw data taken in standard spectroscopic mode is now

in a format that is ready for scientific analysis.

The primary observable of IBIS is an instantaneous, full-FOV variation in in-

tensity of one-of-n wavelengths across a given interference pre-filter. Completing

the n wavelength scans across the full pre-filter produces a 3D (x:1024,y:1024,z:n)
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Figure 3.20: Sample set of H-a observations taken by DST/IBIS. From left to right, we
move from the line core to the continuum level. The upper branch is the left wing, the lower
branch is the right wing. Imaged is the footpoint of a filament with a circular FOV of 95" .

datacube where a specific column in z — (X,y,*) where * signifies all entries — returns
the full spectral scan of the given interference pre-filter for that specific position
within the FOV. A sample set of eight observations from the line core to the wings
and continuum of the H-a (6563A) absorption line are shown in Figure 3.20. These
full spectral scans can be used to derive some of the properties of the plasma that is

emitting/absorbing within the FOV, as detailed in Section 3.1.

3.3 Summarising Overview

This section concludes the description of the instruments used in this thesis by
briefly combining and comparing the observables of the multiple instruments
that have just been described. Figure 3.21 details the relative FOV of the
SDO/AIA/HMI, STEREO/EUVI, and DST/IBIS instruments relative to a full-disk
image taken by STEREO/EUVI. Table 3.4 then details the resolution, cadence, di-
agnostics, and height of formation for each of these instruments and wavelengths

therein.
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Figure 3.21: The FOVs of instruments used in this thesis, overlaid on a sample image
taken by STEREO/EUVI. The FOV of STEREO/EUVI is shown in green, SDO/AIA/HMI

in orange, and DST/IBIS in red.
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Instrument/ FOV Spatial Sampling Cadence  Diagnostic Region Probed
Passband (" pix~1) (s) used (approx.)
SDO
AIA Full-disk
2457" x 2457" 0.6 12
171 A ” ” ” Intensity Transition Region
193 A ” ” ” Intensity Corona
304 A ” ” ? Intensity Chromosphere
HMI Full-disk
2457" x 2457" 0.505 45
6173 A ” ” ” Magnetogram Photosphere
STEREO
EUVI Full-disk
3277" x 3277 1.6 300
195 A ” ” ” Intensity Corona
DST
IBIS 95" circular 0.09471 13
6563 A ” ” ? Spectral scan ~ Chromosphere
8542 A ” ” ” Spectral scan Chromosphere

Table 3.4: Summarising overview of the observations used in this thesis.
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Chapter 4

Evidence of Mass-Draining Leading

to a Prominence Eruption

This chapter establishes observational evidence that the evolution of the gravita-
tional force acting on a case-study solar prominence was capable of influencing its
stability. The prominence, observed from 5-11 December 2011 by the SDO space-
craft, displayed a highly dynamic plasma motion just before it became unstable and
partially erupted on 11 December 2011. At the time of the eruption, the STEREO-B
spacecraft was approximately 107° behind the Earth in its orbit and so the eruption
of the prominence was viewed at approximately 90° to its propagation direction.
This combination of perspectives was used to remove the LOS projection effects
that typically complicate the attempts to correlate the effect of internal plasma dy-
namics with the evolution of the prominence height. It is suggested that flux cancel-
lation and nearby flux emergence that occurred in advance of the eruption played
a role in increasing the height of the prominence. The two viewpoints are used
to deduce that the large plasma motion was, in fact, directed towards the surface
and out of the prominence, and enable the quantitative estimation of a large ‘mass-
draining’, the subsequent radial expansion, and the eruption of the prominence to
be investigated. The analysis shows that a distinct shift in the radial evolution of the
prominence occurred after the initiation of the mass-draining. Order-of-magnitude
estimates of the ratio of gravitational and magnetic tension forces that acted on the

prominence’s host flux rope at this time are evaluated. Lower-limit values of be-
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tween 1.8 and 4.1 indicate that the gravitational forces supplied to the prominence’s
flux rope were capable of upsetting the equilibrium. As a result, it is concluded
that the draining of 70 % of the prominence mass was responsible for the transition
of the host flux rope from equilibrium to loss-of-equilibrium. The work presented
within this chapter was published in the Solar Physics journal by Jenkins et al.
(2018).

The density measure estimation code was applied to the observations by J.
Carlyle (European Space Research and Technology Centre). All remaining compu-
tation and analysis was carried out by myself. J. Carlyle, D. M. Long (University
College London), and L. van Driel-Gesztelyi (University College London) all aided

in the context and interpretation of the results.

4.1 Introduction

As outlined in Section 2.4, the destabilisation of a prominence’s host magnetic field
can occur in response to a plethora of observed magnetic coronal dynamics. In
particular, the flux cancellation, flux emergence, and ideal and non-ideal instability
mechanisms have received much attention in recent years, whereas the influence
of the mass of a prominence has been largely ignored. The many attempts to ana-
lytically or numerically model and simulate the evolution of the coronal magnetic
environment in the absence of prominence material have successfully replicated the
observed behaviour of many solar structures (see Cheng et al. (2017) for a review
of the state of such models/simulations). However, with growing observational evi-
dence suggesting that mass can influence the observed dynamics (e.g., Seaton et al.,
2011; Bietal., 2014; Reva et al., 2017), it remains unclear how exactly the magnetic
field and plasma of a prominence interplay, and why observations appear to suggest
one thing whilst the models and simulations assume another.

The models that address the destabilisation of a prominence’s host magnetic
field tend to indicate the requirement of an ideal instability to drive the expulsion
of the magnetic field and plasma into the heliosphere (cf. Kliem and Torok, 2006).

Although previous discussions on the topic exist (e.g., Klimchuk, 2001), it is un-
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likely, if not impossible, that the gravitational forces supplied to the magnetic field
as a result of e.g., the complete removal of mass could drive a solar eruption (cf.
Forbes, 2000; Emslie et al., 2004; Aulanier et al., 2010). Nevertheless, this does
not preclude the possibility that the evolution of mass is capable of influencing
the pre-eruptive evolution, typically represented as a migration through quasi-static
equilibria. However, to establish the magnitude of force exerted on the prominence
as a result of the mass evolution, observationally-constrained estimates to both the

total, and evolved mass must first be made.

Such estimates to the total mass of prominences are typically carried out using
EUYV absorption diagnostics in which off-limb prominence plasma, assumed to be
majority H(O), He(o), and H(l), absorbs the emission from behind it. The degree
of absorption is then proportional to the density, and therefore mass, of this plasma
along the LOS. Gilbert et al. (2005, 2006) carried out a statistical study of promi-
nence masses using such a method, yielding results of total prominence mass of
between 10'* and 10'° g. More recently, Bi et al. (2014) have used the methods
of Williams et al. (2013) and Carlyle et al. (2014) to study the mass flow of a fil-
ament, yielding a comparable mass of 1 x 10 g. Bi et al. (2014) concluded that
the eruption of their observed prominence was a result of this sudden flowing of
material towards one of its ends. However, as no evolution in mass measurements
is presented, or indeed ever has been, the evolution in the forces at play could not

be explored.

In this chapter, a partial prominence eruption that displayed significant flows
immediately prior to its eruption is studied to ascertain whether these flows were
the cause. EUV and magnetic (magnetogram) observations and diagnostics taken
with multiple spacecraft are used to study the evolution in the surroundings of the
prominence, and to correlate the internal and global prominence plasma evolution
in the lead up to its eruption. An overview of the chapter is outlined in Section 4.2.
The observations and analysis are presented in Section 4.3, before a discussion of

the results, and conclusions are offered in Sections 4.4 and 4.5, respectively.

115



Chapter 4. Evidence of Mass-Draining Leading to a Prominence Eruption

4.2 Overview

This chapter will begin with a brief summary of the observations made in an effort
to make the key events described in this chapter easier to follow. The partial promi-
nence eruption studied here was observed on 11 December 2011 in the north-eastern
quadrant of the solar disk by SDO and at the north-western limb by STEREO-B,
as shown in Figure 4.1. The multi-scale Gaussian normalisation (MGN; Morgan
and Druckmiiller, 2014) technique, applied to the STEREO-B images, is an image
processing technique that aims to enhance images without introducing artefacts.
MGN utilises n 2D Gaussian kernels of n varying dimensions to isolate structures
within an image that are equal in extent to each kernel size. The set of n images
that contain the features of varying dimensions are then added, according to scaled
weightings, to the original normalised image. The result is an image that has the
finer scales enhanced without a loss of global context.

The analysis described here focuses on the period leading up to the eruption,

specifically from 12:00 UT on 10 December to 08:00 UT on 11 December 2011.

i) The prominence of interest was one of several located in a large promi-
nence channel that spanned approximately half of the solar disk visible from
SDO/AIA. Line-of-sight magnetic field observations from HMI show that the
prominence channel was flanked by a very diffuse bipolar photospheric field,
common for quiescent prominence channels (Mackay et al., 2008). Approx-
imately 18 hours before the eruption, a reduction in total unsigned flux was
recorded along the PIL of this weak bipolar field, interpreted as flux cancel-
lation. During this time, observations from STEREO-B/EUVI showed the
prominence of interest increasing in height. The flux cancellation along the
PIL was then seen to have ceased approximately 12 hours before the eruption.

The associated analysis is explored in more detail in Section 4.3.1.

i1) Approximately nine hours prior to the eruption, a small bipole was observed
to have emerged to the north-west of the prominence. The orientation of

the bipole was perpendicular to the axis of the prominence channel. This
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Figure 4.1: The prominence and its photospheric magnetic field environment as seen from
the perspective of STEREO-B and SDO. Panel a; The prominence as seen in the SDO/AIA
193 A passband. The cyan box represents the FOV used for the density measures of Fig-
ure 4.7. Panel b; The same FOV as in a from the SDO/HMI instrument showing the LOS
magnetic field saturated to + 100 G. Panel c; The prominence (indicated by the cyan box)
as seen on the limb by the STEREO-B/EUVI 195 A passband using a reversed color table.
The cyan-dashed line indicates the location of the stack line for Figure 4.9. The cyan box
represents the zoomed in FOV shown in panel d and used for the density measures of Fig-
ure 4.8. All EUV images have the time stamp of 04:51 UT on 11 December 2011 and the
STEREO-B/EUVI images have been processed using the Multi-scale Gaussian Normalisa-

tion (MGN) technique.
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Figure 4.2: The splitting of the prominence during its eruption as seen by STEREO-B
(left, reverse colour table i.e., white—green—black instead of black—green—white) and
SDO (right), the same passbands are used as in Figure 4.1. Upper; The red line traces the
connection between the upper and lower branches of the prominence (STEREO-B) and the
south-western and north-eastern portions of the prominence (SDO), indicating a magnetic
connection highlighted by the illuminating material. Lower; The blue lines trace the edges

of the

two distinctly separated prominence structures, (1)—dynamic portion (2)-restrained

portion, just prior to the eruption of the dynamic portion of the prominence.

1ii)

small bipole grew in extent, reaching its peak value approximately five hours
before the eruption of the prominence, before subsequently decaying. As
the bipole approached its peak flux the prominence ceased rising, remaining
stationary for approximately one hour. The associated analysis is explored in

Section 4.3.2.

The prominence was then seen to become unstable, potentially due to the as-
sociated flux rope becoming kink-unstable, and began a shallow-exponential
expansion through the corona. Observations from STEREO-B/EUVI sug-
gest that the rising prominence did not remain parallel to the surface during
this expansion; see Figure 4.2. Shortly after the expansion of the prominence

restarted, mass was observed to flow from the apex of the prominence towards
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the north-eastern footpoint as observed by SDO. When the prominence apex
reached a height of approximately 65-70 Mm, approximately one and a half
hours prior to the eruption, a large mass flow was observed to drain from the
apex down to the north-eastern footpoint of the prominence. Shortly after the
initiation of the large mass flow the radial expansion of the prominence dra-

matically accelerated. This is analysed in detail in Sections 4.3.4 and 4.3.5.

During the eruption, the prominence was observed to split in two, shown in Fig-
ure 4.2, suggesting that the magnetic structure containing the prominence also split.
As the higher, dynamic part of the prominence reached a height of approximately
100 Mm, flare ribbons and two large EUV dimmings (cf. Thompson et al., 2000)
that spanned supergranular boundaries formed in the low solar atmosphere, indi-
cating the successful eruption of this portion of the prominence. In addition to the
brightenings on the surface, brightenings that appear to trace the outside of the mag-
netic structure suspending the prominence were observed during the eruption. The
remaining portion of the split prominence was visibly perturbed at this point but
was unable to successfully erupt, ultimately appearing to have reformed a part of
the original prominence a few hours later. Therefore, the part of the prominence that
has been focused on in this study, and used to define the eruption of the prominence,
is the dynamic portion that successfully erupted into the heliosphere at 05:53 UT
on 11 December 2011.

4.3 Observations

In this section, the individual observations are presented in chronological order and
their analysis outlined accordingly. Discussions and interpretations are offered in

the following Section 4.4.

4.3.1 Flux Evolution of Prominence Channel

According to work completed by authors such as van Ballegooijen and Martens
(1989) and Litvinenko and Wheatland (2005), the formation and evolution of a
prominence can be inferred by tracking the disappearance of surface magnetic po-

larities along the related PIL. Such tracking can be carried out manually by select-
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ing a pair of obviously cancelling features or, more recently, automatically by using
algorithms that track all evolution within a defined region-of-interest (ROI) (e.g.,
Yardley et al., 2016; Dacie et al., 2016; James et al., 2017). All magnetic data used
in this chapter have been radialised inline with the assumption that the LOS mag-
netic field is radial at photospheric heights, de-rotated to zero longitude for ease of

tracking, and studied using automated procedures.

Tracking the evolution of, or along, a PIL between strong surface field con-
centrations is relatively trivial as its position and extent is well defined. However,
the prominence was located within the quiet-Sun where the magnetic flux is much
more diffuse and the position and extent of the associated PIL was not so clear. The
associated PIL was therefore isolated by first choosing a ROI within the FOV of
HMI that bound the estimated location of the PIL, in addition to a small area of
the positive and negative polarity regions either side. This ROI is shown in panel
a of Figure 4.3 as the area bound by the horizontal-blue lines. This sub-area was
then successively smoothed by 1000 iterations of a 4.5”" width window, allowing the
positive and negative regions to slowly converge on the location of the PIL whilst
also taking into account the larger influence of the stronger flux regions. The image
containing the now-clear PIL is shown in panel ¢ of Figure 4.3, the curvature therein
is due to the aforementoned iterative approach to smoothing the magnetogram. The
shape of the constructed PIL was then compared to the shape of the prominence as
seen in the SDO/AIA 193 and 171 A passbands to confirm an accurate trace; see

panel b of Figure 4.3.

The extent of the PIL is typically best defined by manually identifying features
that indicate the limit of the magnetic structure to be studied. For example, in active
regions the well-illuminated loop footpoints observed in EUV images serve well in
aiding to define such a boundary. However, in the quiet-Sun this is not as trivial a
task. Instead, the dimensions of the region bound by the dashed-red box in panels
a and b of Figure 4.3 were set by identifying features connected to the prominence
channel as seen in the 193 A and 171 A passband observations. The upper bound

was set to include the western end of the prominence and exclude the small can-
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Figure 4.3: The magnetic field evolution within the prominence channel. Panel a; HMI
LOS magnetogram rotated to disk centre. The solid-blue lines show the bounds of the LOS
magnetogram smoothed to define the position of the PIL as in c, the solid-black line shows
the position of polarity inversion line (PIL) based on smoothing regime, the dashed red
lines define the bounds of summation defined by features associated with the prominence
observed in AIA 193 A and 171 A passbands, as in b. Panel b; AIA 193 A passband image
corresponding to same FOV as the HMI image in a, used to define the region enclosed by
the red-dashed line. The EUV image has been saturated to emphasise prominence material.
Panel c; Result of the smoothed HMI LOS magnetogram that defines the location of the
PIL. Panel d; The evolution of flux contained within the boundaries defined in b. The
magnitudes of the raw (non-smoothed) positive and negative flux are both set to zero at
12:00 UT and the evolution after that time is referred to as the ‘Flux change’. Cancellation
is present within the specified bounds until ~ 18:00 UT, after which the trend plateaus and
remains near-constant.
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celling bipole, indicated by the stronger EUV emission present at &~ (390", 270")
in panel b of Figure 4.3. The lower bound was set at the position where an ab-
sorption structure related to the prominence was seen to brighten; see Section 4.3.3.
The east and west boundaries were defined by the absorption signature of the promi-
nence material itself. This approach assumes that as much as possible of the flux
contained within the prominence channel was included. However, this does not
account for the inclusion of additional flux which may have been unrelated to the

prominence.

The position of the PIL was redefined for each time step of the observation
period to account for a slowly changing PIL. The extent of the prominence channel
i.e., the dimensions of the summation box, was fixed for all time steps. This allowed
the variation in the shape of the PIL to passively track the photospheric changes that

caused the change in shape. The total amount of signed (+) flux density, | B| > 30 G,

contained within the bounds was then recorded for each time step. The threshold of
4 30 G was set to reduce the signal of noise ubiquitous to observations using HMI.
Finally, the timeseries of the positive and negative flux variation were smoothed
over time using a 50 point moving average to suppress the small-scale variation and

isolate an average trend.

Figure 4.3d shows a large decrease in flux present within the specified bounds
at the beginning of the observation period (12:00—~18:00 UT). This decrease cor-
responds to a value of ~ 3.5 x 10?0 Mx of unsigned flux. This decrease is consistent
with the theory of cancellation having occurred at the location of the PIL. However,
this signature of a decrease in flux can also be a signature of flux density having
diffused to the point that it is no longer included in the summation i.e., values in
individual pixels may have dropped to below + 30 G. If the measured decrease
was entirely a result of diffusion, ~ 7 % of pixels in the FOV would have to have
dropped to below + 30 G. However, at 12:00 UT on 10 December 2011, only 5 %
of the pixels in the FOV contained values greater than 30 G. Assuming only 10 %
of these pixels with values B > + 30 G diffused, that would contribute a decrease

of only ~ 2.5 x 10! Mx, 14 times less than that observed. Therefore, it is possible
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that diffusion contributed to the observed decrease but it cannot account for the en-
tire decrease measured, indeed a faster process must have been involved. The flux
cancellation along the PIL was observed to have plateaued after ~ 18:00 UT on 10
December 2011 and remained nearly constant for the rest of the observation period

up to and after the eruption.

4.3.2 Bipole Emergence

A few hours prior to the eruption of the prominence of interest, bright, small-scale
loops observed in EUV were seen to have formed close to the north-western edge
of the prominence channel. This was also observed in HMI photospheric magne-
tograms as opposite polarity signatures growing and separating to the north-west
of the PIL. This small bipole was formed within the positive side of the diffuse
bipolar region that hosted the studied prominence. This bipole, located at -32° lon-
gitude and +33° latitude at 21:00 UT, was oriented such that its negative polarity
was closest to the PIL of the region.

The magnetograms from HMI were treated in the same way as in Section 4.3.1
i.e., de-radialised and de-rotated to disk centre. The ROI was then restricted to +12"
in x and 528 -557"” in y, as seen in panel b of Figure 4.4, and the sum total of the
LOS magnetic field strength at |B| > 30 G within the enclosed area was calculated
and repeated for all time steps. The size and position of this ROI was chosen to
include just the region that the bipole emerged into; no flux crossed the boundary
over the specified observing period. The positive and negative flux evolutions were
then smoothed by a 50 point moving average to suppress the small-scale variations
and isolate just the overall trend. Finally, the values of raw (non-smoothed) positive
and negative flux within the ROI at 20:00 UT on 10 December were set to zero to
isolate the emergence of the bipole. The evolution of the flux attributed to the bipole
emergence is shown in panel ¢ of Figure 4.4.

The emergence began at approximately 21:00 UT on 10 December 2011, as
indicated by the increase in both positive and negative flux. The larger values of
positive flux compared to negative flux could be an artifact of the simple assump-

tion used in the calculation of the radial component, therefore introducing a flux
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Figure 4.4: The evolution of a small-scale emerging flux region at the edge of the promi-
nence channel. Panel a; Location of the bipole emergence with respect to the prominence
of interest, as indicated by the arrow and black box. Panel b; The ROI, corresponding
to the black box in a, used for flux summation of the bipole emergence (positive=white,
negative=black). Note that the bipole is surrounded by a positive-polarity magnetic envi-
ronment. Panel c; The evolution of the positive and negative flux contained within the small
box surrounding the emerging bipole seen to the north-west of the prominence. Emergence
began at approximately 21:00 UT on 10 December 2011 and negative flux, associated with
the emergence only, peaked at 00:30 UT on 11 December 2011. Both AIA and HMI images
have timestamps of 00:41 UT.

imbalance into the photospheric field measurements. It is also clear that the evolu-
tion of the positive flux and negative flux were non-identical. The initial increase
in positive flux within the ROl is clearly in excess of the initial increase of the neg-
ative flux (21:00-23:00 UT), before decreasing and becoming more aligned with
the evolution of the negative flux (23:00-02:00 UT). Prior to the emergence of
this bipole, the ROI was populated with positive flux. During the emergence of the
bipole the positive polarities of the pre-existing flux and the emerged flux were ob-
served to first coalesce before spreading out. Therefore, the portions of each flux

concentration that were below the 30 G threshold will have temporarily increased.
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This suggests that the trend shown by the negative flux is more representative of
the emergence of just the bipole into the ROI, as its flux evolution only corresponds
to that of the emergence. The negative flux can be seen to have peaked at ap-
proximately 00:30 UT on 11 December 2011 with a value of ~ 1.6 x 10'° Mx of

unsigned flux emergence recorded.

4.3.3 Morphological Analysis of Flows

In the hours leading up to the eruption of the prominence, intensity variations were
seen by SDO/AIA to have propagated away from the middle of the prominence. As
these signatures propagated, they appeared to travel along a previously unidentified
path that led away from the spine of the prominence. Although the intensity varia-
tions were seen as dark “blobs”, the EUV emission images captured by SDO/AIA
are sensitive to both density and temperature variations. Therefore, any intensity
variations observed could be temperature variations of the observed plasma, its en-
vironment, or physical density variations and therefore plane-of-sky motions of ei-
ther the prominence plasma itself or additional absorbing material along the LOS.

By plotting the intensity of pixels along a line against time it is possible to
isolate how these intensity variations evolved along the given line. This produces a
2D plot typically referred to as a stack-plot. The line A —B drawn in solid-white in
panel a of Figure 4.5 is a trace along the average path that the intensity variations
were observed to take. A width of two pixels (870 kilometres) was then set and
the intensity at a given distance along the line is then an average across this width.
This average was introduced to reduce the noise in the recorded value of pixel in-
tensity and to increase the signal of the intensity variations against the background
intensity. The resulting stack-plots, shown in Figures 4.5b,c, detail the evolution of
intensity variations recorded along the static, solid-white line A —B.

The first large intensity variation was observed at ~ 01:30 UT to travel from
the middle of the prominence towards its north-eastern end. This is seen in panels b
and c of Figure 4.5 as a darker feature originating at ~ 85 Mm along the track and
brightening an hour later at ~ 30 Mm, highlighted with the use of the white dash-

dotted line. However, the connection between these dark and bright features is not
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Figure 4.5: Tracking intensity variations along and perpendicular to the prominence axis.
Panel a; The de-rotated ROI used to specify the lines that trace the motions of interest. The
region contained within the white-solid lines (A - B) was used to construct the stack-plots
shown in panels b and c. The dotted-white line (C- D) indicates the location of the line
used to construct the stack-plot shown in panel d. Panel b; The temporal variation in pixel
intensity, averaged across the width of separation of the two lines, along the axis of the flows
over time for the 193 A passband. Panel c; The same as b but for the 171 A passband. The
white dash-dotted and dash-dot-dot-dotted lines in panels b and ¢ indicate start of the initial
and the large mass flow episodes, respectively. Panel d; The temporal variation of pixel
intensity along the dotted-white line (C - D) in panel a. Passbands were processed using the
MGN technique to isolate the fine structure of the flows.
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obvious i.e., there are no continuous dark streaks connecting the two regions until
~ 05:00 UT. This is because the curved path traced by the intensity variation was
highly dynamic over its lifetime. As a result, the static line A—B was not always
able to capture the full dynamic evolution of all intensity variations from the middle

of the prominence to its eastern end.

The bright structure was, however, persistent throughout the lead-up to the
eruption and was particularly well captured between 20 and 30 Mm from 02:30 to
~ 05:00 UT in panel c of Figure 4.5, suggesting the process causing the intensity
variations may have varied in extent but did not cease. The intensity variations were
then seen to darken and expand from the prominence middle to the north-eastern
end, approximately one hour before eruption (/= 04:40 UT). These are identified in
Figures 4.5b,c by the grouping of linear streaks angled towards 0 Mm and traced by
the dash-dot-dot-dotted line. These larger-scale variations then continued through-
out the final hour leading up to the eruption. Although intensity variations were also
observed to propagate from the middle of the prominence to its western end i.e., the
bottom right of the prominence as viewed in panel a of Figure 4.1, these were far
less intense or dynamic. Those on the western side remained constant after their
initiation at 02:50 UT, persisted until the eruption of the prominence, and simply

served to highlight the location and extent of the western end of the prominence.

In addition to the stack-plots made from the line A —B in panel a of Figure 4.5,
the second line C—D is a perpendicular bisect of the length of the prominence. The
change in the orientation of the dynamic portion of the prominence over time is
presented in Figure 4.5d. Between ~ 17:00 and 21:00 UT on 10 December the
prominence can be seen to have widened, as highlighted by the arrows. After the
expansion of the prominence, the entire prominence appears to have undergone a
bulk, anti-clockwise rotation that persisted up to the partial eruption of the promi-

nence at =~ 05:53 UT on 11 December.

If the temperature of the material within the prominence was heating/cooling
so as to produce the observed intensity variations, their signatures in the 171 A

(0.63 MK) and 193 A (1.3 -2 MK) passband stack-plots of Figure 4.5 would be
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offset in time. As the variations were seen to be contemporaneous, this demon-
strates that they were not temperature but density variations i.e., temperature vari-
ations would be recorded in observations using different passbands as bright struc-
tures with similar structure but offset in time. Considering the possibility that this
was plasma other than that of the prominence’s, in order for the absorption sig-
nature to be recorded the plasma pressure (and therefore density) has to be high
enough (Heinzel et al., 2015). Presumably, plasma at great heights would be far
less-dense than that of plasma within the prominence, hence indicating the move-
ment of plasma was most likely within the prominence. The density of these flows
can now be considered, in particular with respect to the density of the rest of the

prominence structure.

4.3.4 Density Evolution

4.3.4.1 Monochromatic

The cool, dense chromospheric material of a prominence appears in absorption in
extreme ultraviolet (EUV) wavelengths below the Lyman continuum limit at 912 A;
photons are removed from the LOS predominantly by photoionisation (Williams
et al., 2013), so the efficiency of this removal is a function of wavelength. The
temperature of this material, however, is low enough to assume there is negligible
emission occurring at these wavelengths (Landi and Reale, 2013). In this case,
the optical thickness of the material T is defined by the column number density N

multiplied by the cross-sectional area of photoionisation o,

T = No(A), (4.1)

which will reduce the intensity of radiation passing through the material as,

Lyps = Ihexp{(—7)}, 4.2)

where [, is the final observed intensity and [, is the intensity before passing

through the material (‘background’). The cross-sectional area of hydrogen and both
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neutral and singly-ionised helium is very similar at wavelengths below 227 A when
weighted by the solar chemical abundances given by Grevesse et al. (2007) (Ag =1,
Ape = 0.085), allowing the column number density of hydrogen to be calculated

from the total optical thickness,

Nu(A) > T

> , 4.3)
2 AHe0He 11(/\)

(see Williams et al., 2013, for a rigorous derivation) .

The total optical thickness of such material may be estimated provided the
“background”, or rather the unattenuated radiation field!, can be reasonably ap-
proximated. This may be done for highly dynamic material by taking an image
co-spatial to the examined material some moments in time before or after the ma-
terial is in that particular FOV. For less dynamic material, the background could be
estimated from surrounding areas which are unobscured by cool, dense material.
Therefore, provided two suitable images exist (one of the material to be measured,
and one to estimate the unattenuated field), a lower limit on the hydrogen column

number density may be calculated.

4.3.4.2 Polychromatic

Should the prominence material be observed in > three wavelengths below 227 A
(the cross-section of ionisation limit for He 11), the optical thickness can be used to
constrain a model that includes the fraction of emission, as the unattenuated radia-
tion field includes not only background radiation but also emission from hot coronal
material between the prominence material and observer. Furthermore, the fine struc-
turing of the prominence material may be smaller than the pixel dimensions and so
a given pixel may contain background emission that was allowed to pass through
the prominence material unobstructed, and as such a pixel-filling factor should be

considered (assumed equal to unity for the monochromatic method). Therefore, the

!“unattenuated radiation field” refers to the emission from behind and in front of the material in
question; the radiation field as it would appear to an observer in the absence of the material would
not be reduced in intensity by any absorption as there is no material there to absorb, or ‘attenuate’
the background intensity.
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intensity observed is given by,

Ivs = (fexp{(~D)} + (1 = £)) + I (4.4)

where f is the pixel-filling factor (i.e. the fraction of each pixel occupied by mate-

rial) and [ is the foreground emission. Rearranging, we have.

_ obs b _ _
Pl ey Ul S (e} O (4.5

where the unattenuated radiation field is approximately equal to I, 4+ I; (emissiv-
ity blocking, the emission which would be emanating from the hot corona in the
location of the prominence material were it absent, is negligible due to the small
volume relative to the rest of the corona), and so the left-hand-side of Equation 4.5

is measurable, denoted as d(A). On the right-hand-side, a substitution can be made,

I, -
Iy, + I N

f G. (4.6)

This reduces the RHS to two coupled parameters (G,Ngj(A)), if d is measured in
three or more wavelengths, the model may be constrained by using a least-squares
fit. Although the multiple wavelengths below 227 A required by this technique are
captured by SDO/AIA, from this point-of-view (POV) the prominence is viewed
with the backdrop of the solar disk. Therefore, the unattenuated radiation field is
not only more dynamic but also more structured. This introduces uncertainties in
the estimated radiation field and hence the calculated density. For more detail on
this method; see Heinzel et al. (2008), Williams et al. (2013), and Carlyle et al.
(2014).

Here, the polychromatic method was first applied to the dynamic portion of
the prominence, specifically the observations taken in the 94, 131, 171, 193, and
211 A passbands of SDO/AIA, prior to its eruption and the results are shown in
Figure 4.6. A mosaic approach was taken to minimise the effect of spurious pixels,

as computing the column number density for a square of this size would have been

130



4.3. Observations

210 L
205

20.0

19.5

log N,, cm™®

19.0

18.5

18.0

Figure 4.6: Top right; A 193 A intensity image of the dynamic portion of the prominence
as seen at 01:51 UT by SDO/AIA. The three panels indicated in the top-right image using
cyan boxes are presented as mosaic maps of column number density within the dynamic
portion of the prominence, calculated using the polychromatic method. The mosaics have a
48" x 48" FOV, with each tick separated by 3”.

much more computationally demanding. Similarly the corners of the ROI were of
no interest and as such it was deemed unnecessary to compute over the full area.
Furthermore, the assumption of an unattenuated background is more difficult to
satisfy over a larger area, as the Sun is highly dynamic and structured, so using
three similar, smaller frames increases the reliability of the results. The requirement
for an unattenuated background field (e.g., unstructured, not varying significantly
across the FOV, close to the observed prominence) was best satisfied at 01:51 UT,

which is why this time was chosen for the analysis.

Next, the polychromatic method was applied to observations of the large den-
sity flow that occurred shortly before the eruption of the dynamic portion of the

prominence. From the previous section, this flow was identified to have travelled
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Figure 4.7: Density evolution of the large mass flow between 04:29 and 05:22 UT on
11 December 2011, using the polychromatic method applied to SDO/AIA data. Left; FOVs
used in the density determination method that include the end of the large mass flow, defined
in Figure 4.1a. Middle; Unattenuated radiation field estimation for each intensity image
shown on the left. Right; Results of the density determination method based on the specified
target and unattenuated field estimate. The hooked shape of the dense object at 05:22 UT
is indicated by the arrows. All times indicated above the panels are in UT. Resolution is
~ 0.6” per pixel.
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from the middle of the prominence towards its north-eastern end. As before, a small
ROI was specified around the north-eastern end of the prominence and a few frames
around the time of the flow were analysed to track the evolution of this flowing ma-
terial. The results are shown in Figure 4.7. Material is clearly seen to enter the FOV
from the middle of the prominence in the centre-right of each image and follow a

curved path, indicated by the arrows in the 05:22 UT panel of Figure 4.7.

The polychromatic method applied in Figures 4.6 and 4.7 to the SDO/AIA
observations of both the entire dynamic portion of the prominence, and the large
mass flow, returns a mean column number density of 1 X 102° cm~2. However,
this value is a lower-limit estimate for two main reasons. The first is that in order
for an absorption signature to be detected in the EUV passbands, or indeed any
EUV observations, enough material has to be present along the LOS. Hence, there
is almost certainly more material within the prominence than can be detected. The
second is, of the material that can be detected, the EUV absorption method used
here is only sensitive up to populations of He 11, as detailed in Section 4.3.4.2.
Although the majority of solar plasma is comprised of species of hydrogen and
helium, heavier elements are also present that can not be probed using this method

(see Parenti, 2014).

On 11 December 2011, STEREO-B was situated in its orbit approximately
107° behind the Earth. The eruption occurred at ~ -30° longitude from the perspec-
tive of SDO/AIA, hence, the eruption was seen by STEREO/EUVI to have evolved
approximately in the plane-of-the-sky (= 77° to the LOS). This provided a rare
opportunity to view an eruption contemporaneously both on-disk (SDO/AIA) and
off-limb (STEREO-B/EUVI), and help disentangle the structure of the prominence

that would otherwise have been unachievable with single-perspective observations.

From the point-of-view of STEREO-B, the prominence was projected against
a slowly-changing background of the corona. Therefore, the unattenuated back-
ground radiation field estimate required for the density measure methods could be
well approximated by using an image taken in the location of the prominence fol-

lowing its eruption. Unfortunately, due to the large distance, and therefore low
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Figure 4.8: The evolution of column number density and flows in the dynamic portion of the
prominence as seen from STEREO-B/EUVL. Top row; Evolution of column number density,
measured in Ny cm™2, detailing the mass flow initiated at ~ 04:40 UT on 11 December
2011. This large mass flow can be seen as an increase in column number density at the top-
left of the image. Bottom row; Running difference images of the column number density
evolution measured in ANy cm™2. Features becoming more (less) dense in time appear
white (black). The running difference image for 04:56 UT was constructed by subtracting
the column number density map at 04:41 UT. This further highlights that the mass was
moving towards the north-eastern footpoint of the prominence (top-left of each image).
Resolution is &~ 1.6” per pixel.

data-rate, between the Earth and the STEREO spacecraft in 2011, it was only tak-
ing high-cadence observations in a single passband at this time. Therefore, using
the observations taken in the 195 A passband alone, it was only possible to apply
the simpler, less-well constrained monochromatic method to extract densities and

masses of the prominence plasma.

The method was applied to the STEREO observations, specifically those within
the ROI indicated in panel d of Figure 4.1, from 19:26 UT to 05:56 UT on 10-11
December, respectively. Figure 4.8 details the results and shows the evolution of
the column number density within the ROI for three snapshots centred on the period
of time that the largest material flow was observed (04:45—05:26). The dynamic

portion of the prominence appears as a triangular shape, where the straight edge
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to the bottom-left of the image corresponds to the limb of the Sun. The average
value for the prominence’s column number density, measured across the ROI, was

approximately 4.5 x 10'® cm™2, as seen in the top panels of Figure 4.8.

In the 04:56 UT panel of Figure 4.8, a large dense structure can be seen in the
upper-left quadrant of the ROI. At 05:11 UT, this dense structure can be seen to
have concentrated and elongated slightly, with the densest portion seen close to the
position of the solar limb. Then, at 05:26, this dense structure seems to have dis-
appeared, leaving a thin dense structure behind in its place. This has been further
highlighted using running density difference images shown in the bottom panels of
the same figure. In each case, these are constructed by subtracting each column
number density map from the previous one. The observed motion of the blob to-
wards the top-left from the perspective of STEREO corresponds to motion towards
the north-eastern end of the prominence as viewed by SDO/AIA. Therefore, com-
bining the observations captured by both spacecraft it is highly probable that the
material was flowing out of the prominence and towards the surface. This is indi-
cated by the material having flowed along curved paths oriented towards the surface,
as if being guided by the host prominence field, and the brightenings described in
Figure 4.5 would therefore be consistent with the material heating as it approached

lower altitudes.

The column number density measurements are then converted to a mass es-
timate for each snapshot according to the method of Carlyle et al. (2014) i.e., by
multiplying by the mass of hydrogen and the plane-of-sky area of a STEREO pixel
(assuming a distance of 1 Astronomical Unit). The results show that the total mass
within the ROI gradually increased from 4 x 10'3 g to 8.8 x 103 g over approxi-
mately eight hours, shown in panel c¢ of Figure 4.9, consistent with the prominence
having slowly risen above the solar limb due to solar rotation. This apparent in-
crease in mass within the ROI has partially masked the initiation of the smaller-scale
material flow previously noted to have started at 01:30 UT. Then, the large material
flow previously identified to initiate at 04:40 was measured to have reduced the total

target mass to 2.2 x 10! g in just over an hour.

135



Chapter 4. Evidence of Mass-Draining Leading to a Prominence Eruption

These results indicate that the prominence studied here was large and dense
throughout the lead-up to its eruption. A large and sudden flow of dense material
from the prominence apex towards the north-eastern footpoint decreased the den-
sity of the material contained within the prominence. It is therefore evident that
from 04:00 UT onwards to eruption the total mass in the prominence’s measurable

portion decreased by more than two thirds (= 6.6 x 103 g).

4.3.5 Prominence and Plasma Kinematics

In the previous sections several large, dense pockets of material have been tracked
moving away from the apex/middle of the prominence structure and down towards
the surface. The 1D velocity estimate, derived from the stack-plots in Figure 4.5,
of the large mass-deposit that left the apex of the prominence at 04:40 UT is
~ 28 km s~ 1. The second perspective offered by STEREO-B/EUVI shown in Fig-
ure 4.8 indicates that the large mass deposit originated from a height of ~ 40 Mm,
~ 30 minutes earlier than suggested in the stack-plots of Figure 4.5. This combi-
nation of the stack-plot observations made from both spacecraft indicates that the
mass-deposit had a 2D linear acceleration of ~ 12 m s~2, and reached a velocity of
~ 31 km s as the material approached the surface. Note that the acceleration of
the mass flow was an order of magnitude lower than free-fall at the solar surface,
caused by e.g., a non-vertical flow vector and/or the flow encountered an increased
background density as it travelled towards the surface facilitated by the constricting

magnetic field of the low solar atmosphere.

As previously stated in Section 4.2, the dynamic portion of the prominence
erupted whilst the restrained portion did not. Panel a of Figure 4.9 shows the
height - time evolution of this dynamic portion of the prominence from the perspec-
tive of STEREO-B. The line used to construct this stack-plot is radial and specified
in Figure 4.1c. The evolution of the prominence height with time was measured
by manually selecting the leading edge of the prominence. This was repeated six
times to minimise user bias and provide an average position. The contribution to

the height - time evolution due to solar rotation was then removed, revealing four
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Figure 4.9: The evolution of the prominence height and mass with time. Panel a; The
height—time stack-plot taken along the line specified in Figure 4.1c shown using a reversed
colour table. Panel b; The solar-rotation-removed evolution of the dynamic portion of the
prominence as it evolved and erupted. Red indicates the stable phase, green indicates the
rise phase, blue indicates the shallow-exponential phase, and magenta indicates the steep-
exponential expansion phase. Kinematics are derived from the fitting of an exponential
function to the magenta region of evolution, and a linear line to the blue region. Panel c;
The height - time profile as in b but with a logarithmic scaling, compared to the evolution of
mass contained within the FOV enclosing the prominence over time, as seen by STEREO-
B/EUVI. The initial increase in mass corresponds to larger portions of the prominence being
visible above the limb over time due to solar rotation, and can therefore be considered to be
artificial. Shaded patches indicate the times of flux cancellation recorded along the PIL and
the nearby bipole emergence. Vertical lines indicate (from left to right) time of first visible
mass flow, the time of the largest mass deposit, start of the steep-exponential expansion, and
initial appearance of the flare ribbons and twin EUV dimmings.
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main evolution domains within the lead-up to the eruption that are summarised in

Figure 4.9b:

i)

i)

iii)

A stable phase (red). The horizontal trend suggests the evolution seen in the
stack-plot at this time was due to solar rotation alone. The average position
of these points was set as the origin of the y-axis. Therefore, any evolution
in the prominence caused by anything other than solar rotation can be easily

identified.

A rise phase (green). This region describes the deviation from stable phase

and the initial slow rise of the prominence through the solar atmosphere.

A shallow-exponential phase (blue). So named as the height - time evolution
is approximately linear when plotted on a logarithmic scale as in Figure 4.9c,

suggestive of a marginal instability (a very shallow exponential).

A steep-exponential phase (magenta). Fitting this phase of the height - time
profile with the exponential function results in a final radial velocity estimate
of the prominence of v ~ 38 4+ 1 km s 1 a larger-than-average velocity for
a quiescent prominence eruption according to Loboda and Bogachev (2015).
After the mass draining the prominence was then seen to accelerate with a
value of 4 =~ 20 + 1 m s 2, indicating the initiation of the impulsive accel-
eration phase of a CME i.e., the prominence began to erupt (Schrijver et al.,

2008).

Figure 4.9c compares the height - time profile of the prominence using a logarith-

mic scale, with the evolution of its mass derived from the hydrogen column number

density measurements of Section 4.3.4. It is shown that the expansion of the promi-

nence between ~ 01:00 UT and 04:40 UT was near-exponential, as indicated by

the near-linear gradient. Interestingly, the total mass of the prominence began to

decrease at ~ 04:00 UT, approximately 40 minutes before the prominence was seen

to accelerate significantly. Therefore, it appears that after a large amount of the mass

had drained from the system the radial evolution of the prominence accelerated to a

larger exponential expansion.
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4.4 Discussion

In this chapter, a case study of a prominence that experienced large-scale plasma
flows immediately prior to its eruption was undertaken to ascertain whether these
flows were responsible for its eruption. However, additional magnetic dynamics
were observed in the lead up to the eruption that have previously been shown to
facilitate prominence eruptions and so these dynamics also required attention. In

summary, the observed dynamics were,

* Flux cancellation along the PIL underneath the prominence (cf. Zhang et al.,
2001). Observed to have occurred between 17 and 12 hours prior to the erup-

tion.

* The nearby emergence of a small, favourably-oriented magnetic bipole (cf.
Chen and Shibata, 2000). Observed to have occurred between 9 and 5.5 hours

prior to the eruption.

» Large-scale flows seen to originate at the middle of the prominence and propa-
gate towards the surface (cf. Low, 1996). Observed to have occurred between

4.5 hours and immediately prior to the eruption.

At the start of the period chosen for the analysis of the prominence eruption
(12:00 UT on 10 December) a decrease in surface flux was recorded along the PIL
that lay underneath the prominence of interest. This indicates the occurrence of
flux cancellation and the concentration of non-potentiality along the PIL during this
time. Unfortunately, the easternmost border of the summation bound in Figure 4.3
lay at ~ 60°. Therefore, due to the increased noise in LOS magnetic data past the
60° limit (Hoeksema et al., 2014), the evolution in flux could not be studied further
back in time. Hence, it is only possible to suggest that the observed flux cancel-
lation was related to the flux rope formation process described in van Ballegooijen
and Martens (1989). Furthermore, as the prominence was observable for several
days prior to the observation period studied in this chapter, the recorded flux can-

cellation cannot be related to the initial formation of the prominence. If there had
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been a preexisting flux rope present above the PIL, as indicated by the pre-existing
prominence, then the negative trend of total flux implies the injection of additional

flux into the flux rope system.

As suggested by the model of van Ballegooijen and Martens (1989), the
plateauing trend in the flux evolution indicates that the reconnection injecting addi-
tional flux into the proposed flux rope had ceased by or just after 18:00 UT on 10
December. This injection of free energy would have caused the flux rope to increase
in height and expand in order to find a new equilibrium with its surroundings. It is
possible that the widening of the prominence (Figure 4.5d) is the observational sig-
nature of the prominence rising/expanding. Unfortunately, due to the data gap in the
AIA 171 A passband observations between 15:32 and 16:50 UT on 10 December it

is not possible to extrapolate this backwards in time.

The emergence of the nearby bipole studied in Section 4.3.2 began at
~ 21:00 UT, after the flux cancellation recorded along the PIL had plateaued.
The work by e.g., Feynman and Martin (1995) and Chen and Shibata (2000) sug-
gests that such an emerging bipole was favourably-oriented for reconnection with
the field overlying the prominence of interest, i.e., the negative polarity of the bipole
was closer to the negative polarity of the hosting bipolar field (recall Figure 2.12).
Indeed, if there was an interaction between the two systems then the overlying
field above the prominence would have been weakened as a result of the proposed
reconnection, as in Williams et al. (2005). The prominence would then have been
able to expand to a higher height within the corona at a speed proportional to the
reconnection rate between the bipole and the field overlying the prominence. Based
on the stack-plot presented in Figure 4.9a, panels b & c of the same figure show
that the prominence appeared to have been in equilibrium for approximately an
hour prior to 21:00 UT. After 21:00 UT, and the beginning of the emergence of the
bipole, the same plots describe the prominence as having resumed its expansion
through the corona. The height - time evolution of the prominence is then seen to
have plateaued at 23:30 UT. At this time, the nearby bipole was approaching the

peak of its emergence (see Figure 4.4, actual peak 00:30 UT on 11 December) and
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therefore it can be envisioned that the reconnection rate between the two systems

would have reduced and ultimately stopped.

It is worth noting that an additional, smaller bipole was seen to have emerged
at ~ 20:30 UT beneath the western portion of the prominence. Observationally it
appears there was also some re-organisation of the field topology in the vicinity of
this flux emergence, as indicated by the sporadic, bright extensions away from the
location of the bipole. However, the orientation of this smaller bipole with respect
to the surrounding field suggests that it was not favourably oriented for reconnec-
tion, as was the case with the larger bipole that has been studied in Section 4.3.2.
Nevertheless, it is possible that this smaller bipole was involved in the evolution of

the system, even if to a currently unmeasurable degree.

Although the presented analyses suggest a tenuous connection between the
noted emergences and the evolution of the prominence, the post-eruption large twin
EUV dimmings typically associated with the footpoints of the proposed flux rope
(cf. James et al., 2017) are seen to have migrated counter-clockwise and the western
dimming is seen to have approached and eventually enveloped the location of the
bipole studied in Section 4.3.2, indicating a relationship between the bipole and the
footpoints of the erupting CME. However, it is unlikely that such small bipoles were
the sole influences on the evolution of the prominence height after 21:00 UT on 10

December.

The prominence of interest was located within the northern hemisphere and,
according to the combined EUV and magnetogram observations from AIA and HMI
respectively, it was rooted in a positive-leading and negative-trailing bipolar region.
This, in combination with the EUV observations of the post-eruption surface bright-
enings, suggests the proposed flux rope containing the prominence would have been
left-handed with a negative chirality (cf. Mackay et al., 2010). Green et al. (2007)
suggested a flux rope in this configuration should rotate anti-clockwise about its
PIL as it expands. Figure 4.5d is a stack-plot defined by a line that is a perpen-
dicular bisector of the axis of the dynamic portion of the prominence. In this plot,

at ~ 21:00 UT on 10 December, the prominence was seen to have started rotat-
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ing counter-clockwise about its PIL. The combination of this observation and the
previously discussed expansion of the prominence beginning at approximately the
same time is consistent with those conclusions presented by Green et al. (2007). In
addition to this, the counter-clockwise rotation can be seen to continue throughout
the period leading up to the eruption at 05:53 UT on 11 December, whereas the
emergence of the bipole — the possible cause of the height increase from 21:00 UT
on 10 December — ceased by 00:30 UT on 11 December. This suggests that the
observed persistence in rotation could be due to the proposed flux rope having be-
come kink-unstable. Nevertheless, this does not necessarily override the role of the
emerging bipole in the expansion of the prominence, as the combination of the two
mechanisms are likely to have influenced the temporal evolution of the height of the

studied prominence.

Up to this point, it has been assumed that the prominence was suspended by a
flux rope topology. However, the event described here lacks certain features that are
usually identified in observations when a flux rope is present; for example, there is
little evidence of a cavity in SDO/AIA 193 A images that would outline the shape of
a possible flux rope when passing the eastern limb. The only explanation for this is
that the angle that the prominence made with the LOS of either SDO or STEREO-
B was not optimal for a cavity observation, i.e., the structure was not observed
along its axis (cf. Gibson et al., 2006; Forland et al., 2013). However, the combined
observations of flux cancellation in the prominence channel, the suggested onset
of kinking, the post-eruption twin EUV dimmings, and the brightenings along the
length of the prominence during the eruption that appear to outline helical field are

most consistent with the flux rope theory.

Interestingly, the prominence can be seen to have fanned out during this kink-
ing. This was most evident on the western side of the prominence as the field
lines associated with the fanning were highlighted by material suspended along
their length, as previously stated in Section 4.3.2. The flows appeared to trace the
curvilinear paths of the fanning field lines from ~ 01:30 UT until eruption. The

magnetic topology of a flux rope has been adopted in order to explain the observed
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dynamics of the prominence, however it is difficult to reconcile how the highly
twisted field lines of these studied flux ropes could produce the near-linear motions
of plasma observed in this event (e.g, Roussev et al., 2003; Mei et al., 2017; Guo
et al., 2017). Interestingly, extrapolations of less-twisted flux ropes, such as those
by Su et al. (2011) and Jiang et al. (2014), are easier to compare to the observa-
tions as they contain very weakly twisted field lines that pass through the axes of
the extrapolated flux ropes. However, as pointed out by Aulanier and Démoulin
(1998), the location of the dips that contain the cool, dense material of a promi-
nence are unlikely to reach entirely up to the axis of the flux rope, with the majority
of the material lying in the lower portions (cf. Gunir and Mackay, 2015). Never-
theless, the assumption that the prominence material lies entirely within the dips of
the magnetic flux rope is a first order approximation. With the inclusion of the ther-
modynamic instability, theorised to occur in the solar environment (Field, 1965),
material may be able to be suspended in higher portions of a flux rope including the
more weakly twisted field of the flux rope axis. In addition, work completed by Su
et al. (2011), and more recently by Polito et al. (2017), successfully reconstructed
the diffuse footpoints of flux ropes, as their observations had initially indicated, a
feature not currently achievable through simulations. Therefore the combination
of magnetic dips, the thermal instability, and the possibility of a diffuse flux rope
footpoint offer explanations to the observations presented in this chapter, i.e., that
the material was seen to travel along curvilinear field lines associated with the flux

rope and have footpoints that spanned supergranular boundaries.

Continuing with the evolution of the prominence, Figure 4.9 suggests that
the proposed flux rope containing the prominence became marginally unstable at
01:00 UT on 11 December, as indicated by the linear height—-time evolution on
the logarithmic scale of Figure 4.9c. As a consequence of flux rope expansion,
flux rope field lines that suspend prominence material above the surface increase
in their gradient with respect to the surface. At some time, this would cause the
concave-up sections of the field lines to become more shallow or even disappear

and therefore no longer be capable of supporting the prominence material against
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gravity (e.g., Fan, 2017, 2018). Prominence material within such a flux rope would
then drain from the system as it continued to expand (Mackay et al., 2010). For the
event presented in this chapter, the first obvious observation of ‘mass-draining’ is
seen to have initiated on the north-eastern side at ~ 01:30 UT. Then, after approx-
imately three hours of sporadic and varied mass motions, the largest mass deposit
was observed at ~ 04:30 UT by SDO/AIA to have propagated towards position A,
as shown in Figure 4.5. Interestingly, this large decrease in mass is shown in Fig-
ure 4.9 to have actually initiated at 04:00 UT (= 30 minutes prior) although this
discrepancy is likely due to difficulties in isolating the initiation of the mass motion
among all of the additional, unrelated intensity variations shown in Figures 4.5b,c.
Therefore, it is concluded the large mass flow began at 04:00 UT. This rapidly re-
duced the mass contained within the prominence, preceding the beginning of the
‘steep-exponential phase’ of the height - time profile of Figure 4.9, and the splitting

of the prominence into two separate structures.

It has been established in the last few decades that the eruption of flux ropes
is readily triggered and driven by ideal magnetic instabilities such as the kink and
torus instabilities, respectively (Torok and Kliem, 2005; Kliem and Torok, 2006).
However, this does not necessarily preclude the role of mass in being able to mod-
ify the pre-eruption equilibrium. Indeed, if the observed ‘mass-draining’ were re-
sponsible for the change between the two exponential expansions observed for the
prominence studied in this chapter, then the ratio between gravitational forces sup-
plied to the flux rope vs. the forces acting down on the flux rope from above must
have been on the order of or greater than one. i.e., the buoyed flux rope had to
have been able to overcome the restricting magnetic-tension forces in order for the
system to have accelerated as observed. This can be explored through an order-of-
magnitude estimation of the magnetic-tension force, as outlined in the derivation

presented in Equation 6.2.18 of Aschwanden (2005). The resulting ratio between
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the gravitational forces and magnetic forces is then,

(i)

where p is plasma density, a function of plasma mass m and volume V, ¢ is accel-

ratio =

eration due to gravity, o is the permeability of free space (substituted for 47T when
considering cgs units), and B and 7. are the magnitude and radius of curvature of the
overlying magnetic field (loops), respectively, that supply the tension acting down

on the flux rope.

The mass of the drained plasma was estimated in Section 4.3.4. The EUV ob-
servations taken by STEREO and SDO were used to measure the dimensions, and
therefore the volume, of the prominence; a prominence slab was assumed with ap-
proximate dimensions of, 2 x 108, 20 x 108, and 200 x 10® cm. Therefore, the
density of the prominence is estimated to have decreased by 8.25 x 10712 g cm™3.
The acceleration due to gravity was taken as that at the solar surface, 2.74 x 10* cm
s~2. The magnitude of B for the field overlying the flux rope was estimated by
computing a potential-field-source-surface (PFSS) model at 06:04 UT, at the start
of the eruption (cf. Schrijver and De Rosa, 2003). The PFSS model of the coro-
nal magnetic field was extrapolated using photospheric boundary conditions that
are updated in six-hour intervals. Although the extrapolation was carried out on a
post-eruption photospheric magnetic field, eruptions themselves do not perturb the
photospheric configuration of the field (recall from Figure 1.5 that 8 > 1 in the pho-
tosphere). Hence, the photospheric field configuration at this time was deemed to
have more closely matched the photospheric conditions at the time of mass-draining
than those present in the magnetogram taken ~ five hours prior. The radius of cur-
vature for the overlying field was taken as a range, with the lower bound being the
height at which the height - time profile changed from the shallow-exponential to
the steep-exponential phase, as seen by STEREO-B. With 7. =~ 70-90 Mm, this
yields a magnetic field strength B for the apex of the potential field overlying the

flux rope of between 3 and 2.2 G. From Eq. 4.7, the ratio between gravitational and
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magnetic-tension forces is found to have been between 1.8 to 4.1 respectively at
04:40 UT, i.e., the change from shallow- to steep-exponential phase. Therefore the
height increase temporally associated with the mass-draining shown in Figure 4.9
is interpreted as this expansion of the magnetic field due to the weakening of the
anchoring force supplied by the large, dense, and heavy prominence. In addition,
the gravitational and kinetic energies of the plasma blob are calculated to have de-
creased by 1.1 x 10?8 ergs and increased 4.8 x 10%° ergs respectively, suggesting
the non-gravitational energy of the system (the flux rope + prominence) must have

increased (in some way) by the difference.

In order to determine the evolution in the prominence density in the lead up to
its eruption, the monochromatic and polychromatic column number density deter-
mination methods of Williams et al. (2013) and Carlyle et al. (2014) have been used.
Of the two methods, the monochromatic method inherently returns a lower estimate
of the column number density (which in itself is already a lower limit) than the
polychromatic method as the simpler model does not account for filling factor and
foreground fraction of emission; see Section 4.3.4 for specific details. Therefore,
the absolute values calculated using the monochromatic method will have contained
a systematic error, albeit currently unquantified, and could only be treated as esti-
mations. In order to approximate this systematic offset, a multi-wavelength, multi-
method study would have to be carried out on a single quiescent prominence pro-
jected above the limb and observed from a single perspective e.g., using SDO/AIA.
Nevertheless, the internal mass structure was well highlighted by examining the re-
sults of the monochromatic method applied to the target at multiple times, and an

evolution in mass was estimated in Figure 4.9.

Although the polychromatic method applied to the SDO/AIA observations was
able to constrain filling factor and foreground emission, and hence give a more
certain lower-limit on column number density, it was not possible to infer a mass
for the whole prominence in this instance due to the uncertainty of the unattenu-
ated radiation field behind the prominence. Interestingly, the column number den-

sity estimates of portions of the prominence material derived using the polychro-
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matic method were found to be almost two orders of magnitude greater than for the
monochromatic technique. This suggests that either this prominence was far more
dense than the STEREO-B data indicated, or the prominence structure resembled a
slab topology, and SDO was simply observing a thicker structure from above than
STEREO-B was from the side. Hillier and van Ballegooijen (2013) provide a topo-
logical description of such a possible slab structure from the magnetic dips in a flux
rope. Nevertheless, if the density estimates of SDO were more representative of the
prominence, the ratio of gravitational forces to magnetic forces would increase by
the corresponding orders of magnitude, indicating that the mass-draining played a

significant role in the final evolution of the prominence.

Finally, the prominence is seen to have split into two distinct structures in
the lead up to its eruption; the dynamic portion that erupts and the restrained por-
tion that remains. Gilbert et al. (2001) describes a partial prominence eruption that
they observed, and offer an explanation to how the magnetic environment, in their
case a flux rope, can evolve and separate during an eruption. Unfortunately, no
spectroscopic observations are available for the event that has been presented here,
therefore the identical types of observations are not available for study and so the
applicability of their model to the available obervations cannot be directly tested.
However, as both of the split prominences are assumed to involve flux ropes, it is
reasonable to assume that this event may share some similarity to theirs. According
to Figure 4.2, the separation can be seen to have occurred by ~ 05:26 UT on 11
December, after the initiation of the large mass-draining. As demonstrated above,
it has been suggested that the mass-draining was responsible for the change in the
nature of the expansion of the prominence from a shallow to steep-exponential rise.
It also appears that the mass-draining was located at the apex of the dynamic portion
of the prominence, reducing the anchoring force of this region of the prominence
to the surface. With no noticeable mass-draining having occurred within the region
that becomes the restrained portion, it is reasonable to assume that this region did
not experience the same reduced anchoring force and expansion that the dynamic

portion underwent. Therefore, during the expansion of the dynamic portion, it is
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possible that the magnetic structure underwent some form of vertical reconnection
due to the rise, as in the model presented by Gilbert et al. (2001), and this permitted
the splitting of the proposed flux rope into two. Interestingly, the material suspended
in the restrained portion of the proposed flux rope, in the event presented here, was
visibly perturbed during the eruption of the dynamic portion. This perturbed ma-
terial was seen to then reform the restrained portion of the prominence some hours
after the eruption, suggesting that the magnetic structure of the restrained portion
did not reconfigure to a significant degree, or lose much mass, during the nearby

eruption and perturbation.

4.5 Conclusions

A multi-wavelength study of the pre-eruption period of the partial prominence erup-
tion on 11 December 2011 has been presented using data from two spacecraft. The
use of multiple viewpoints has revealed the evolution of the prominence height in re-
sponse to the material dynamics within; a separation otherwise unachievable from a
single perspective. Four main stages of evolution have been isolated: a stable phase
(12:00 - ~ 13:00 UT), a rise phase (13:00-01:00 UT), a shallow-exponential phase
(01:00-04:40 UT), and a steep-exponential phase (04:40 UT onwards).

The initial rise phase coincided temporally with flux cancellation along the PIL
below the prominence. The further rise of the proposed flux rope is shown, through
temporal coincidence, to have been facilitated by both a nearby bipole emergence
and the kink instability. This highlighted the cancellation, emergence, and kinking
as the potential triggers for the partial eruption (Wang and Sheeley, 1999; Torok and
Kliem, 2005). The proposed flux rope that contained the prominence was then seen
to have become marginally-unstable, as demonstrated by a shallow-exponential evo-
lution in the height of the prominence starting at 01:00 UT. A few hours later, at
04:00 UT, a large mass flow was observed to have travelled from the prominence
body towards its footpoint that was measured to have drained ~ 70 % of the entire
prominence’s mass (a larger percentage than those reported previously by Bi et al.

(2014) and Fan, 2017). Taking a ratio between the reduced gravitational force and
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the magnetic-tension force that acted on the flux rope, a lower-limit range of 1.8
to 4.1 was found, indicating gravitational dominance at the time of the flow. The
expansion of the dynamic portion of the prominence was then seen to accelerate to
a large exponential and ultimately erupt from the solar atmosphere.

These results suggest that the magnetic evolution associated with the evolution
of the proposed flux rope occurred far in advance of the eruption of the prominence.
However, the significant amount of mass measured to have drained from the promi-
nence occurred immediately before the acceleration and eruption of the prominence.
Therefore, it is concluded that the observed mass-draining was responsible for the
transition between the two exponential expansions of the prominence, and triggered

its eruption.

In this chapter, it has been established through an observational case-study that
the removal, or draining, of (prominence) mass from a flux rope can cause it to
lose global stability, and erupt into the heliosphere. This has been achieved using
order-of-magnitude estimates to the forces involved assuming that the flux rope was
close to its loss of equilibrium i.e., that the gravitational and magnetic-tension forces
were majority-responsible for the maintained equilibrium. Although a reasonable
assumption, by definition this approach did not account for the full equilibrium as
the flux rope self- (hoop) force was neglected in its entirety. Similarly, this has been
shown for a single event and it is not clear whether this is a ubiquitous effect or an
isolated incident. Therefore, a more general model that includes the equilibrium of

all forces acting on the flux rope is required and presented in the next chapter.
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Chapter 5

Modelling the Effect of
Mass-Draining on Prominence

Eruptions

In this chapter a simple model is presented to further explore the observational
conclusions of Chapter 4, and quantify the effect of “mass-draining” during the
pre-eruptive height-evolution of a solar flux rope. Whereas the previous chapter
focused on a specific case-study, the model presented here builds evidence for a
more general relationship between a flux rope and the evolution of mass within.
The flux rope is modelled as a line current suspended within a background potential

magnetic field. It is first shown that the inclusion of up to 1012

kg of mass can
modify the height at which the line current experiences loss-of-equilibrium by up
to 14%. Next, it is shown that the rapid removal of this mass prior to the loss-of-
equilibrium enables the height of the flux rope to increase sharply as it approaches
this loss-of-equilibrium point, and without upper bound (i.e., eruption) if the height
increase ends above the critical height. This indicates that the critical height for
the loss-of-equilibrium can occur at a range of heights depending explicitly on the
amount and evolution of mass within the flux rope. Finally, it is demonstrated that

for the same amount of drained mass, the effect on the height of the flux rope is up

to two orders of magnitude larger for quiescent than for active region prominences.
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The work presented within this chapter forms the basis of the work published in The

Astrophysical Journal by Jenkins et al. (2019).

The analytical derivation presented in Section 5.3.4 was assisted by G.
Aulanier, P. Démoulin (Observatoire de Paris), and G. Valori (University College
London). The numerical computations were carried out by M. Hopwood (Univer-
sity of Adelaide & University of Birmingham). All remaining computation and
analysis was carried out by myself. D. M. Long and L. van Driel-Gesztelyi assisted

in the context and interpretation of the results.

5.1 Introduction

In the simplest sense, a prominence exists in the solar atmosphere as a result of the
equilibrium between the upward Lorentz force of its host flux rope, the downward
Lorentz force of the background magnetic field, and the downward gravity force
of the prominence material within the flux rope. The study of the evolution and
eruption of a flux rope within the solar atmosphere is essentially a study of the

balance/evolution of these forces in 1 —3D, and either statically or in time.

In order to isolate the mechanism responsible for solar eruptions, work was
carried out using data-informed, order-of-magnitude models aimed at quantifying
the total amount of energy (magnetic, kinetic, gravitational) involved in eruptions,
and the sources therein (e.g., Low, 1981; Démoulin and Priest, 1988; Martens and
Kuin, 1989; Démoulin et al., 1991; Forbes and Isenberg, 1991). The results of
the studies by Martens and Kuin (1989) and Démoulin et al. (1991), in particular,
concluded that the influence of the gravity term is negligible assuming “typical” val-
ues for prominence mass; gravity is unlikely to be able to perturb the equilibrium
dominated by the magnetic pressure and tension forces. As a result, the major-
ity of complex, time-dependent MHD models and simulations that have followed
have assumed a force-free magnetic flux rope that satisfies the zero-p approxima-
tion (i.e., the environment surrounding and within the flux rope contains either zero
mass or temperature, e.g., Titov and Démoulin (1999) and Filippov, 2018). Hence,

such modelled/simulated flux ropes do (can) not contain the cool, dense plasma
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that comprises a prominence (as summarised by e.g., Cheng et al. (2017), Gibson

(2018), and references therein).

However, novel observations, magnetohydrostatic (MHS), and MHD mod-
elling in addition to the results presented in Chapter 4 are beginning to suggest
that mass may be able to influence the local and global properties of magnetic flux
ropes (e.g., Low et al., 2003; Petrie et al., 2007; Seaton et al., 2011; Blokland and
Keppens, 2011; Gunér et al., 2013; Bi et al., 2014; Reva et al., 2017; Fan, 2018).
Of those, the conclusions by Bi et al. (2014), Reva et al. (2017), and Chapter 4 are
based on observations of large flows within quiescent prominences that are sugges-
tive of material having been evacuated/drained out of the host flux rope immediately
prior to its eruption. Then, the Shafranov shift (cf. Shafranov, 1958) as explored by
Blokland and Keppens (2011), and based on work by Petrie et al. (2007), details
how varying the gravity term in their 2.5D MHS model can cause the axis of their
stable flux rope to decrease in height. Similarly, Gunér et al. (2013) discussed how
a significant amount of mass loaded onto field lines in their 3D MHS simulation of
a prominence-flux rope system, required an increase in the radial component of the
host magnetic field to maintain the suspension of the plasma. Then, the fully 3D
MHD simulation of a prominence eruption by Fan (2018) demonstrated for the first
time that a comparison between two identical simulations - aside from one simula-
tion containing prominence mass and the other not - reveals that the eruption of the
mass-loaded flux rope can be delayed by almost a day in comparison to the eruption
of the massless flux rope. However, this was shown for a single case-study, with
a single set of initial conditions and considering this is a fully MHD simulation,
a parametric study has not been carried out. Similarly, it is unclear how well the
model scales between conditions representative of different regions within the solar

atmosphere.

Before the advent of such advanced, 3D MHD simulations, early work by van
Tend and Kuperus (1978) presented a 2D analytical model in which the flux rope
was approximated as a straight line current suspended at equilibrium in a back-

ground potential magnetic field. Although a simplified setup was employed, the
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authors qualitatively demonstrated that increasing the magnitude of the line current
causes its height above the solar surface to increase. This relationship between the
current and height of the line current can be represented with an equilibrium curve.
In addition, they concluded that there is a point at which an increase in the strength
of the line current would no longer result in a solution on the equilibrium curve. At
this time, the line current was said to have experienced ‘loss-of-equilibrium’. Im-
portantly, such a simple 2D line current model is, as demonstrated by Démoulin and
Aulanier (2010), identical in its equilibrium conditions to its fully 3D MHD coun-
terpart (see also Kliem et al., 2014) and, as analytical solutions can exist, requires a

fraction of the computational solving power.

It was concluded in Chapter 4 that the mass-draining triggered the eruption of
the case-study prominence by using a quantitative estimation based on the Lorentz
force equation, specifically the ratio between the modification of the gravitational
force due to the reduction in mass and the force of the background magnetic tension
restricting the height-evolution of the flux rope. However, this order of magnitude
estimate of the importance of the mass-draining does not account for the full equi-
librium conditions of the host flux rope. Therefore, in this chapter, an extension to
the model developed by van Tend and Kuperus (1978) is presented that enables such
a study of the role of mass in the evolution of a line current in quasi-equilibrium.
First, a comparison is made between the mass-loaded and mass-less line current
configurations, highlighting the effect of mass on the global stability criteria. Next
the removal of mass (or “draining”) from a pre-eruptive line current is explored to
identify whether mass can modify the global height of the line current within the
solar atmosphere. As the stability criteria of a 2D line current and a 3D flux rope are
identical, to avoid confusion by using both terms interchangeably the line current
will henceforth simply be referred to as a flux rope unless explicitly referring to the
model. The general model is described in Sections 5.2 and 5.3, and applied in Sec-
tion 5.4 to a bipolar background potential magnetic field. In Section 5.5, the model

is further constrained with measurements made from the observations presented by
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both Seaton et al. (2011) and in Chapter 4. Finally, a discussion and summary are

presented in Section 5.6.

5.2 Model Concept

Following the formulation outlined in Démoulin and Aulanier (2010), hereafter
DA10, a flux rope can be modelled in cartesian coordinates as a magnetic field
generated by an infinitely long line current / at a given height /4 above the photo-
sphere. It can be assumed that the majority of curvature of a magnetic flux rope
that hosts a prominence is localised to its footpoints, otherwise a prominence would
drain along the inclined field lines. Therefore, as this curvature is located far from
the centre of the prominence, the host flux rope in the vicinity of the middle of the
prominence can be represented by a straight line current. An “image” line current
-1 is introduced under the photosphere that runs anti-parallel to the “real” line cur-
rent. Following van Tend and Kuperus (1978), the additional image magnetic field
beneath the surface results in no modification to the vertical, z, component of the
photospheric magnetic field. This “image” current acts to increase the height of the
“real” line current. The straight line current is then added to a background potential
magnetic field Beyt that acts to force the line current towards the photosphere. A
cartoon representation of these different field contributions is shown in Figure 5.1.
The total field has an inverse configuration because of the presence of a flux rope
(e.g., similar to the configuration of Figure 1a within Petrie et al., 2007). The line

current is then in equilibrium if the sum of forces is zero,

Y f=04¢ fu=fq=>IB_;=IBey, (5.1)

where f, is the sum of the upward magnetic forces, the so-called hoop force, fq is
the sum of the downward magnetic forces, I (—1I) is the real (image) current, — Bext
is the horizontal background magnetic field component orthogonal to the current

at height i, and B_; is the strength of the magnetic field as a consequence of the
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Figure 5.1: Cartoon diagram of the model set-up. The inverse magnetic configuration is
formed by the superposition of three fields: the external potential field Beyt (solid-red), and
the field generated by the line current (located at z=h) and its image (located at z=-h), drawn
with solid-black and dashed-grey lines respectively. The line current at z=h is maintained
by the balance of two Lorentz forces, an upward (hoop) force due to the magnetic field gen-
erated by the image line current, and a downward force from a stabilizing external potential
field Bext. Model concept is identical to that presented by van Tend and Kuperus (1978).

image line current. The image magnetic field B_y is derived from Ampere’s law,

?fB_I-dz -

= B_;

ol,
Jol 5.2
2R’ (5.2)

where the strength of the magnetic field B_; is measured at a point in space that is
at a distance/height R = 2h away from the line current, and p is the permeability

of free space equal to 477 x 1077 in MKS units.

In order to simulate the existence of a prominence within a flux rope, the van
Tend and Kuperus (1978) model is extended to include mass that is set to exist at
the same point as the line current, i.e., at height 4. The inclusion of mass into the

system results in an additional downward force that acts to further anchor the line
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current. With the inclusion of mass, Eq. (5.1) becomes,
IB_1 = IBext + mg, (5.3)

where m is the mass of the suspended plasma per unit length and ¢ is the acceler-
ation due to gravity. g is taken independent of h (since h < r, where 7, is the
solar radius) except where explicitly stated. All quantities in Eq. (5.3) are defined

positive.

5.3 General equations

5.3.1 Equilibrium Current

Here, the general form of equations are established that will be applied to a spe-
cific Bext in the following sections. The force f on the flux rope, per unit length,

according to Eq. (5.2) and Eq. (5.3) is,

2

I
f = Z?_Ch - IBeXt - mg/ (54)

where Beyt is a function of /1 (as well as other parameters depending on the selected
model). Beyxt > 0 is set so that the external magnetic field creates a force oppositely
directed to the hoop force, 1! 2 /A7th, and an equilibrium exists in the limit m = 0.

The electric current needed for equilibrium is given by solving Eq. (5.4) for I

with f =0,

2
Teqm = 27th Bext + \/<—27ThBeXt> 4 4_7ngh, (5.5
Ho Ho Ho

where the lower index m has been added to indicate that the equilibrium current
depends on the mass.

With finite mass, Eq. (5.5) provides two equilibria corresponding to the sign
selection in front of the square root. With a negative sign selected, Ieqm < 0, which
implies that both magnetic forces are upward and opposite to the gravity force in
Eq. (5.4). This case has a vanishing current in the limit of a vanishing mass and does

not correspond to a force free equilibrium with a flux rope (i.e., I = 0, therefore no
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flux rope exists). Therefore, only the second case with a positive sign in front of the

square root of Eq. (5.5) is considered,

2
0

Supposing that Beyt(0) is finite, then for small enough % values such that h <

qu,mz%+,/4—”mgh. (5.7)
Ho Ho

Then, qu,m(h) hasah + VI dependence when & is small enough and m > 0. This

(momg/mBL),

behavior changes to a linear dependence when m = 0.

With m = 0, Ieq,0(0) = 0, and since Bex: typically decreases faster than 1/h
for large h values, leq,0(h) = (271/ pto) hBext will tend towards zero at large heights.
This implies that I.q0(h) has a maximum (at least one) between small and large
heights. However, if m > 0, qu,m(h) is dominated by the gravity term at large h
values once Bext has sufficiently decreased, then leqm(h) &~ \/(471/po) mgh is
a growing function of /i for constant g. At even larger h values, as g is inversely
proportional to (7 + /)2, then Ieq,m (h) will again tend towards zero, even for large
mass values. Nevertheless, for low enough m and h values, leqm () will still have
a minimum at 7 = 0 and large heights, and a maximum (at least one) somewhere
in between. It is the response of the flux rope to mass within this region that is the

focus of this study.

5.3.2 Dependence of the Equilibrium current on Mass

Here, the effect of m on Ieqm is investigated keeping all other quantities fixed,

’ _ g B n m g— h > . .
om h/\/(h eXt) 7T 0 (5 8)

Increasing the mass m requires the magnitude of the current to be increased so as to

reach a given height (i.e., to increase the hoop force).
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Next, supposing mgh < (7t/ug) (hBext)?, a first order Taylor expansion of
Eq. (5.6) provides,
qu,m ~ qu,O + mg/ Bext - (5.9)

Then, the equilibrium current is comparatively increased by adding a term propor-
tional to the mass and to 1/ Bext. Since Bext (1) is typically a decreasing function of

h, this implies that leqm is increasingly separated from eq 0 with height.

5.3.3 Mass-draining

Finally, the draining of prominence mass is studied to ascertain its effect on the
host flux rope’s equilibrium height and, possibly, its eruption. It is assumed that
the draining is fast enough that there is a negligible evolution, through for example,
diffusion (e.g., van Driel-Gesztelyi et al., 2003), of the vertical component of the
photospheric field distribution. This is modelled with the image current and implies
that the associated potential field, Bext, is unchanged. It is also assumed that this
short-term evolution is done without reconnection. This implies that the magnetic
flux, F, passing below the flux rope bottom (located at z = h — a, where a is the

radius of the flux rope / line current) and the photosphere (at z = 0) is conserved.

van Tend and Kuperus (1978) suggested that a flux rope would experience
loss-of-equilibrium if the current magnitude exceeded the maximum of the Ieqo(/)
function, as with a classical electric circuit. DA10 (see also Démoulin et al., 1991;
Lin et al., 2002) expanded on this by imposing a short-term MHD evolution with
flux conservation to study the loss-of-equilibrium of a flux rope. The hybrid MHD
/ line current approach uses pseudo-time long-term evolution of model parameters,
e.g., photospheric flux density ¢ or average coronal twist T', to overcome the limi-
tations of the classical approach. The evolution of one of the model parameters in
this way enables the construction of a family of constant F curves which describe
the short-term evolutions. The intersection of these curves with Iq o details how a

flux rope evolves as a function of the evolving parameter.

Two equilibrium curves, leqm (/) and Ieq,0(h) are shown in Figure 5.2 together

with five curves of fixed magnetic flux F, differing from each other as a result of
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equilibrium
m=0

G — h

heie (M>0)

Figure 5.2: Schema showing the possible evolutions with mass-draining. The equilibrium
curve with m = 0, Ioqo(h), is shown with a continuous dark blue line. The equilibrium
curve with mass, Ieqm(h), is above with a dashed line. The constraint of magnetic flux
conservation, Eq. (5.12), is shown with the other coloured curves representing different
starting points along Ieqo(/) for draining mass. If the draining mass starts between points
C and E, no equilibrium can be reached without mass (region shaded in light green), while
if draining is realized before point C (e.g., at point A), another stable equilibrium could be
reached. In the region shaded in pink, the finite kinetic energy accumulated may enable the
line current to reach the unstable equilibrium without mass (such as point B”). The small
black arrows indicate the direction of the total force when the line current is slightly shifted
away from the equilibrium curve. The critical height(s) kgt of the m = 0 (m > 0) line
current is indicated with the vertical (horizontal) black-dash-dotted lines.

an evolution in, e.g., Bext. Assuming that the coronal configuration begins as nearly
potential, the prominence and its flux rope would first evolve quasi-statically along
the stable equilibrium curve of qu,m(h), with a height growing slowly with time as
a result of the evolution of Beyt. At some point during this evolution, the draining of
the full mass is assumed to occur fast enough to keep both Beyt and F unchanged,
then the evolution is along the corresponding F = constant curve towards larger

heights. The general form of the F = constant curve (Eq. (9) of DA10) for an
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evolving Bext, hereafter defined as Ioyq (1) is,

2
Ievol(h) = I. (F + JI Bext dy dZ) ’ (5.10)
° 5

where S is the plane between the photosphere and the underside of the current chan-
nel (of radius ), and Lg = @ (In(2h/a) +1;/2) and [; are the external inductance
and normalised internal inductance, respectively. For this set-up in which the cur-

rent is focused at the edges of the current channel, [; = 0.

The effect of draining the mass depends on the location where it occurs. If
it occurs at point A of Figure 5.2, or a nearby one, then a stable equilibrium Ieq
exists at the intersection with the I, flux curve (at point A’). Comparing the
height of stable equilibrium with and without mass linked by the same I, curve,
the equilibrium with mass is always at a lower height (e.g., ha < ha/) which is due
to the downward gravity force compressing the Beyt configuration. As the draining
point is shifted to larger heights, e.g., at point B, the new equilibrium on qu,O curve
is further away, at a larger height, from the initial one on Iegm curve. This is the case
until the point C where the Iy flux curve only touches the Ieq0 equilibrium curve
tangentially. Equation (20) of DA10 demonstrates that the equilibrium is linear
neutral at this tangent point C’, but it is unstable with the non-linear perturbation
term taken into account (graphically the I, curve is extending to the right in
the region where the force f is pointing towards large / values, so away from the

equilibrium curve).

After the mass-draining occurs at a point such as A, the total magnetic force
will be directed upward, accelerating the flux rope towards the equilibrium curve
leq0- However, this equilibrium will be reached with a finite kinetic energy, en-
abling the line current to continue evolving along the I. curve. The line current
will then continue on the other side of the equilibrium point with a change in sign
of the total magnetic force. Finally, at some point, the motion will stop and reverse
direction leading to an oscillation of the flux rope. This scenario also envisages

damped oscillations towards the leqo curve as the extra energy is progressively ra-
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diated away by fast MHD waves. Such results have been reported in both 2D and 3D
numerical simulations of prominence oscillations (e.g., Schutgens and Té6th, 1999;

Zhou et al., 2018, respectively).

Furthermore, the Iy curve can also cross the other branch of the Ieqo curve
past the point C’, such as at points A” and B” in Figure 5.2. Since these equilib-
ria are unstable to perturbations (see the f arrows in Figure 5.2, reproduced from
DA10), there is the possibility of an eruption if the system has sufficient energy to
reach this unstable part. This region is indicated qualitatively with a pink area in
Figure 5.2. Its extension towards the side with small /1 values is limited by the abil-
ity of the magnetic force to decrease the kinetic energy before the unstable region,
at larger h values, is reached. This particular aspect is not studied any further since
it is expected to be an effect localised to the family of I, curves near to point C’
and this would need a detailed analysis (it depends both on 1 and Bext(h)). It is
simply important to point out that an eruption may be started, by draining mass, be-
fore the line current evolves to the limiting curve Iy that passes the first unstable

point, C/, of the Ieq,0 curve.

5.3.4 Modification of the Equilibrium Height

To study the effect of mass-draining, the notations (hm, Iy ) and (h, Iy) are intro-
duced to represent the mass and mass-less equilibria, respectively, that are related
by a common constant I curve. The total flux passing between the bottom of the

flux rope and the surface is,

h—a
F(h) = ‘Z—(;tlln (%) —/O Bext(z)dz. (5.11)

Conserving flux passing below the flux rope per unit length Ay during the mass-

draining requires that F (hy,) = F(hy), hence,

hm—a 1o
/O Bex(2)dz — 12 Inin(2hn /a)

hofu HO
:/O Bex(z)dz — £2 oIn(2ho/a),  (5.12)
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where it is assumed that the flux rope radius, a, is small compared to its height,
and that a remains unchanged by the mass-draining to simplify the expressions as
evolution in a has a low effect on the results (similar to the case m = 0 in DA10
where a did not evolve). Equation (5.12) explicitly states that the two equilibria are

on the same o1 (1) curve of Eq. (5.10).

It is then assumed that the two equilibria (hy, I;m) and (hg,Ip) are close
enough, so that the mass has a small effect on the force balance (mgh <
(7t/10) (hBext)?). The equilibrium without mass is taken as a reference to ex-
press all terms of the Taylor development and define the variation quantities:

Ah = hy — hym, Al = Iy — I,. From Figure 5.2, Ah > 0 and Al < 0.

With a Taylor development to first order in Ak and Al of Eq. (5.12), the con-

servation of flux imposes the relationship,

L (5.13)
h() IO

The equilibrium curve without mass satisfies,

_ Jolg
47'[]’10

0 — IoBext(ho), (5.14)

and the force balance with mass m satisfies,

12
Af = i‘;hr; — I Bext(hm) — mg. (5.15)

With Al rewritten as a function of Ah with the flux conserved, Eq. (5.13), with

Ip = (47t/ o) ho Bext (o), the first order expansion around (hg, Iy) of Eq. (5.15) is,

Af = —mg—i—Ahi—ntxt (5.16)
0
27T BlnBext(h)
(1 + uoln(2hgy/a) T ok h=hy )
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With m = 0, Eq. (5.16) describes the test of stability of the equilibrium around

the point (ho, IO). Then, the following notations are introduced as,

. din Bext(h)
olnh |,y ’

(5.17)

for the negative logarithmic derivative of the external field component, commonly
referred to as the decay index (Bateman, 1978; Filippov and Den, 2001; Torok and
Kliem, 2005; Zuccarello et al., 2016), and,

27T

=14+ ——
et + yoln(Zho/a)

(5.18)

which is Eq. (33) of DA10 (with 1, = 0 since 4 is a fixed value). Then, Eq. (5.16)
is rewritten as,

4
Af = —mg-l—Ahy—ﬂngt (exit — 11). (5.19)
0

With m = 0, the equilibrium at (hg, Iy) is stable if Af is oppositely directed to the

displacement —Ah from hg to hy,. This is achieved for n < ngt, as expected.
Supposing that the extra energy is somehow dissipated, i.e., Af =0, Eq. (5.19)

also describes the mass-draining from the equilibrium at (%, Iy ) to the equilibrium

at (ho, Ip). This draining implies the shift in height,

Ah mE , (5.20)

B % ngt (Merit — 1)

to the new equilibrium (hg, Iy) which exists only for 7 < n¢;. This quantifies the
graphical description of Figure 5.2. In particular, it shows that Ak is proportional to
the loaded mass m and inversely proportional to distance to the loss-of-equilibrium
point (i.e., in terms of the decay index, where n = n;). Finally, the strength of the
external field has a strong effect on Ak since a factor 10 on Byt decreases Al by
a factor 100 (this factor 10 on Beyt is the order of magnitude for the ratio between
the field present in active and quiescent prominences for example). Therefore, it is
concluded that the draining of a given mass m could cause the height of the promi-

nence to increase from a tiny to a very large amount (up to the loss-of-equilibrium
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(a) Equilibrium curves
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Figure 5.3: Equilibrium curves demonstrating Eq. (5.24), the relationship between electric
current magnitude and height of the line current suspended within a bipolar background
potential magnetic field generated by a 4 G mean surface field. These equilibrium curves
are calculated assuming a range of prominence mass between 107 — 10'© kg Mm~!. The
dotted-black line corresponds to no mass within the system, comparable to the solid-black
line in Figure 2¢ of Démoulin and Aulanier (2010).

and resulting eruption) depending on precisely where this draining occurs along the

equilibrium path and on the strength of the external field.

5.4 Results

5.4.1 Bipolar Background Field

First, the case investigated in DA10 is expanded to explore the effect of includ-
ing mass on the evolution of the flux rope, suspended within a bipolar background

magnetic field, up to its loss-of-equilibrium. Here, the bipolar background magnetic
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field is supplied by two infinitely long polarities at distance 4= D from the position
of the line current (DA10),

Bext = 2¢D(m(h* 4+ D?)) 71, (5.21)

where ¢ is the magnetic flux per unit length in the invariant direction. Substituting
Egs. (5.21) and (5.2) into (5.4), the condition for the system in equilibrium with
f=0is,

2

Hol 2¢DI
— — =0. 5.22
4ith - (W% + D?) mg =0 (5-22)
The equilibrium curve for the massless flux rope is,

qu 0 (h) 5 7 21:1

/ =TLgo(h) = ———, (5.23)

Ipeak eq,O( ) (hz + 1)

where qu,o(h) is normalised by its maximum value, [peax = %, occurring at height

Npeak = Npeak/D = 1. Note that Equation (5.23) corrects a typo of DA10. For

the case where a flux rope does contain mass, Teq,m(fl) takes the form similar to

Eq. (5.6),

- .. 2m*hD 2 plomg
qm(h) od ( t+\/( t) T D (5.24)

In Figure 5.3, a comparison is shown between normalised equilibrium curves of
flux ropes suspended within a “typical” quiet-Sun region of average surface field
strength equal to 4 G and loaded with a range of masses. The properties of the
masses used are presented in Table 5.1, assuming a typical quiescent prominence of
length = 100 Mm, height = 30 Mm, and width = 4 Mm (Labrosse et al., 2010; Xia
etal., 2012).

5.4.2 Effect of Mass on Line Current Equilibrium

Here, the flux evolution analysis, as described in Section 5.3.3, is imposed on the
equilibrium curves presented in Figure 5.3 to study the effect of mass on the equi-

librium of the host line current. The reference state with fluxes Fy and ¢o 1s defined
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Ny (Total) Mass (Total) Mass (Per unit length)

(cm~®) (kg) (kg Mm™1)
5 x 107 10° 107
5x 108 1010 108
5 x 10° 1011 10°
5 x 1010 1012 1010

Table 5.1: The properties of the masses loaded onto the flux ropes presented in Figure 5.3.
It is assumed that all mass within a prominence is cool (low ionisation ratio), therefore N
is the number density of neutral hydrogen assuming the range of masses within the second
column (Labrosse et al., 2010).

at the maximum of the Teq,o(fl) curve (DA10, and references therein),

3 2h N
Fy= %Ipeakln ( ;ak> — 2tan”! (Mpeak — @) , (5.25)

where Tpeak is the maximum value of Teqlo(fz), and 4 is the normalised radius of the

flux rope (@ = a/D = 0.1 hereafter). Then, I,y (/) is found from Eq. (5.10),

F + 2tan—! (ﬁ — )

g—frln(

Lyol(h) = , (5.26)

SN

where F = Fy/ fp.

The intersection of Ieyo1 (/1) and Ieqo(71) for the case of £, =1 for the massless
flux rope is shown in Figure 5.4a. The orange curve in Figure 5.4b then corresponds
to fp = 0.986 (1.4% reduction in ¢, the strength of the photospheric polarities)
applied, also, to the case of a massless flux rope, indicating a single point of inter-
section between the two I(f) curves, at /D = 1.15. Any further reduction in fy
results in no intersection between the two I(/1) curves. DA10 demonstrate that such
a flux rope experiences an ideal-MHD instability and an outward force drives the

eruption of the flux rope.

In Figures 5.3 and 5.4b it is shown that an increase in the amount of mass

loaded onto the flux rope results in a shift in the maximum value of I/ e and
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Figure 5.4: The effect of mass on the stability of a flux rope suspended within a bipolar
background potential field. Panel a; intersection of Ioqo(h) and Loyo () with fp =1 in-
dicating two equilibrium positions, 7 = 1,1.33, as in Figure 2¢ of Démoulin and Aulanier
(2010). Panel b; orange, green, and blue curves correspond to the last point-of-intersect,
with f, decreasing, between loqm (/1) and Loyo (%), with f, = 0.986,0.973 and 0.869 for
line currents loaded with mass equal to 0, 10°, and 10'° kg Mm™!, respectively. The ver-
tical magenta-dotted lines indicate the h/D value for this last intersection, in each case,
between the two (/1) curves. The i/ D value is seen to increase as more mass is loaded.

its corresponding /1/ D value. As with the orange curve, the green and blue curves
are the last point of intersect between feq,m(fz) and Iy (71) where a flux rope is
loaded with 10° and 10'© kg Mm ™1, respectively. This implies that the flux of
the photospheric polarity must decrease further than for the massless case in order
for the mass-loaded flux rope to experience an ideal-MHD instability. For a flux
rope loaded with 10° or 10'° kg Mm ™!, ideal-MHD instability occurs after ¢ has
decreased by 2.7% and 13.1%, respectively, at a height of #/D = 1.17 and 1.32.

Therefore, the simple model presented here appears to demonstrate that a mass-
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loaded flux rope can be significantly anchored as a result of the inclusion of mass
(cf. Blokland and Keppens, 2011), requiring additional current within, photospheric

flux decay below, and height for the flux rope to experience loss-of-equilibrium.

Fan (2018) recently published the first example in which a prominence com-
prised of mass on the order of 10'2 kg erupted in a fully MHD simulation. Interest-
ingly, the existence of this prominence was shown to have a significantly stabilising
effect on its host flux rope when compared to an identical flux rope without promi-
nence formation induced. Specifically, the prominence was shown to inhibit the
initiation of the kink instability prior to a successful eruption. The work presented
here shows that a similar conclusion can also be reached with the torus instability

using significantly simplified conditions.

5.4.3 Effect of Mass-Draining on the Pre-Eruptive Evolution of

the Line Current

Blokland and Keppens (2011) showed that the inclusion of mass within their MHS
model caused the centre of their flux rope to be pulled downwards, an effect known
as the Shafranov shift (see also Shafranov, 1958). Further to this, in the previous
section it was established that the inclusion of mass within the simple model pre-
sented by van Tend and Kuperus (1978) and expanded by DA10, can result in a
non-negligible modification to the equilibrium curves and implies additional sta-
bility. It is therefore reasonable to suggest that the removal of this mass from a
pre-loss-of-equilibrium flux rope will also result in a modification to its evolution,
perhaps identical to the Shafranov shift but in the opposite direction, as suggested in
Chapter 4 and several observational case studies of prominences (e.g., Seaton et al.,

2011; Biet al., 2014; Reva et al., 2017).

First, to test this hypothesis and simulate the draining of prominence mass from
a flux rope, the general, first-order development described in Section 5.3.3, specifi-
cally Eq. (5.20), is applied assuming the specific bipolar background magnetic field
of Eq. (5.21). The results are presented in Figure 5.5 as the dashed-black lines. Ak

is larger when hy, is closer to the loss-of-equilibrium point (i.e., n = ncyi;). How-
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Ah: Comparison Between Analytical and Numerical Solutions
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Figure 5.5: The change in the height of a flux rope due to a range of mass-draining, assum-
ing a bipolar background potential magnetic field generated by an average surface field of
strength 4 G. Analytical solutions to Eq. (5.20) are plotted for each mass as dashed-black
lines. Overplotted on these dashed lines are the solid-coloured lines representing the nu-
merical solution. The analytical solution works well for small & and m values, but clearly
deviates from the numerical solution at larger values.

ever, Eq. (5.20) is derived with a Taylor expansion in Ah, so it cannot describe large

Ah values.

Therefore, the “Chebfun” package (see, Driscoll et al., 2014) implemented in
MATLAB has been used to solve numerically for the intersects between loqm (%),
Teq0(h), and Ioyo1 (1) for a range of values of fy. These solutions are presented in
Figure 5.5, plotted over the analytical solution for comparison. Although the main
trend is accessible via both the analytical and numerical solutions, the numerical
solution emphasises the sensitivity of the equilibrium to mass evolution when the

flux rope is close to its loss-of-equilibrium.
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5.5 Implications for Observations

Although the model has been explored in a general sense, it is important to also
compare the model results to actual observational cases where mass evolution was
suggested to have played an important role in the observed global evolution of a
prominence. Here, a basic comparison is carried out between the model and the
observations of both Chapter 4 and Seaton et al. (2011). The simple model shows
that some of the quantities may be very sensitive to the value used in their computa-
tion, see e.g., Figure 5.5 for large /iy, / D. The model input parameters (prominence
dimensions, height, mass, and external field as a function of time) require indirect,
often complex methods to enable an estimate to be made from observations, and are
subject to different types of errors. Therefore, the intention is to establish an order-
of-magnitude indication to the importance of mass-draining in these two cases, not
an exact measure. Furthermore, it is found that varying the value of a/D between
0.1 and 0.5 results in modifications to the stability of the flux rope of only a few %.
Therefore, for this comparison the assumption of a thin flux rope is maintained and

a/D = 0.1 remains fixed.

First, we refer back to Chapter 4 where the column density estimation tech-
nique of Williams et al. (2013) and Carlyle et al. (2014) was used to study the
draining of mass from an erupting quiet-Sun prominence. Recall that shortly prior
to the onset of the prominence eruption there, the total mass within the FOV re-
duced by at least 1 x 100 kg, equal to 15% of the initial mass within the FOV. The
additional properties of the erupting prominence were estimated from observations

taken using SDO/AIA to be,

D = 65 Mm
Ly =260 Mm
BPhOt — 4:6 G
_ NDBPhot
2

om=1 x 1010 kg,
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Figure 5.6: The modification to the height of the flux rope assuming a draining equal
to 1 x 10' kg of prominence mass at a range of photospheric magnetic field strengths.
Quiet-Sun surface field strengths result in a significantly larger change in height due to
mass-draining than field strengths similar to those observed in active regions.

where Ly is the length of the prominence. D is half the width, and Ly the length, of
the red-dashed box in Figure 4.3a. The value of Bpy, is the average strength of the
magnetic field within the bounds of the red-dashed box in Figure 4.3a. The results
of the application of these values to the model are shown in Figure 5.6.

In the application of these observations to this model the initial mass has been
set equal to 9 x 100 kg and final mass equal to 8 x 109 kg. In the observations,
the prominence was seen to become unstable, inferred by the sudden and large
acceleration, once it had reached a height of ~ 45 Mm. According to the model,
such a flux rope would need to reach a height of ~ 75 Mm (MAX(h + Ah) of the
deshed-grey line in Figure 5.6) to lose stability, ~ 30 Mm higher than observed. In
fact the comparison between model and observations cannot be precise because of
the approximate values derived from observations and the simplicity of the model.

Moreover, all of the mass present in the model exists at the height of the line current,
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a location representative of the axis of a flux rope. As it is commonly assumed that
prominence material resides below this height in the dips of the magnetic field of a
flux rope (e.g., Aulanier et al., 1998; Gunar and Mackay, 2015), it is expected that
the model height corresponding to loss-of-equilibrium would always be larger than

any observed prominence height (see also, Zuccarello et al., 2016).

The increase in height of the prominence, shown in Figure 4.9, after the promi-
nence underwent mass-draining was > 60 Mm before leaving the FOV. The sim-
ple model described here predicts the maximum possible increase in height for the
same amount of mass-draining to be up to 1.7 Mm, assuming the final state is also in
equilibrium. It was noted in the analysis and conclusions of Chapter 4 that the flux
rope associated with the prominence was at a point of marginal instability when the
mass-draining initiated. Indeed, it has been shown that the simple model described
here predicts the largest increases in height due to mass-draining to occur as the
flux rope approaches its loss-of-equilibrium. Hence, the large increase in the height
of the observed prominence (60 Mm) shortly after the draining of mass could be
interpreted as being caused by the flux rope losing equilibrium and erupting into
the heliosphere due to the torus instability. Indeed, this was the main conclusion
of Chapter 4 and Jenkins et al. (2018). The prominence observed in Chapter 4 did

successfully erupt and was later observed as a CME by multiple coronagraphs.

The mass estimates of the prominence material from Chapter 4 were derived
using the monochromatic method applied to single wavelength observations cap-
tured using STEREO/EUVI. As previously mentioned, these values are underesti-
mated compared to the results of the polychromatic method that better constrains
the filling factor and foreground emission fraction within the model. Therefore, the
derived values of total mass and mass drained using the monochromatic method
are taken as lower-limits, and in turn all values of Ak are taken to be lower-limit

estimates to the increase in the height of the prominence.

Similarly, this model can be applied to a prominence originating within an
active region by using the example presented in Seaton et al. (2011), in which the

observed mass-draining was concluded to have been responsible for the ~ 35 Mm
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increase in prominence height. In this case, the decaying active region was observed
to have had an average surface magnetic field strength of 2 100 G according to
magnetogram observations taken using MDI on board the Solar and Heliospheric
Observatory (SOHO; Domingo et al., 1995). The simple model of this chapter can
test this conclusion by assuming the same degree of mass-draining as was observed
in Chapter 4, and modifying Bppe to test the sensitivity of the model to a range of

surface fluxes.

In the solar context, higher values of Bpp.: are associated with smaller val-
ues of D, in turn reducing the critical height of the flux rope. Indeed, this is a
commonly observed and well studied relationship between prominence height and
magnetic domain (e.g., Rompolt, 1990; McCauley et al., 2015; Filippov, 2016, and
references therein). However, in order to meaningfully vary D with Bpy,o; within
this model, additional assumptions would have to be made e.g., the effect of scal-
ing between different topologies of surface fluxes. Therefore, to facilitate a simple
comparison between the two observational case-studies and the additional range of
realistic surface flux values, conditions are compared for a “normalised filament”,

fixing D as in Chapter 4 and simply varying Bppt-

The results, shown in Figure 5.6, suggest that increasing the surface magnetic
flux results in a stronger background potential magnetic field, and reduces the effect
that mass-draining can have on the height change Ah. According to the model,
draining 1 x 100 kg from a line current embedded within a bipolar background
potential magnetic field that has a surface magnetic field strength of = 100 G would
result in a very small maximum change to the height of the flux rope unless the
configuration is very close to loss-of-equilibrium. It is therefore unlikely that the
mass-draining was directly responsible for the observed ~ 35 Mm increase in the
height of the prominence. Nevertheless, as appears to have been the case for the
prominence studied in Chapter 4, the mass-draining may have been responsible for

perturbing the equilibrium towards the non-equilibrium point.

A similar result to this has previously been reported by Reeves and Forbes

(2005), in which the authors concluded the effect of mass was likely to be negligible
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in a system restricted by a background field stronger than 6 G. The result presented
in Figure 5.6 is complementary to this by providing a quantitative comparison for a

range of surface fluxes and masses.

5.6 Discussion and Summary

The general model described in this chapter has enabled the detailed exploration
of how the inclusion of realistic prominence masses and complete draining of this
mass from a flux rope can have both stabilising and destabilising effects. Returning
to Figure 5.2 for comparison, a flux rope that drains total mass at point A, for exam-
ple, would move along the constant F curve to A’, resulting in damped oscillations
around A. In such a case, the flux rope does not experience a loss-of-equilibrium;
the draining of mass has simply enabled the flux rope to increase in height to a
new equilibrium and further evolution of other parameters would be required for
a successful eruption to occur. Considering, now, a flux rope evolving from C
to C’ due to complete mass-draining, the flux rope would become unstable to an
ideal-MHD instability as it reached point C’, and the flux rope would experience a

loss-of-equilibrium triggered by the draining of mass.

The mass draining can also be partial and can also occur during the aforemen-
tioned oscillations. Indeed, Zhou et al. (2018) showed that the oscillation of the
prominence in their 3D MHD simulation resulted in the draining of mass from the
structure due to the periodic increase in height of field lines during the oscillation.
The authors also note that this can cause the height of individual field lines to in-
crease due to the reduction in the gravitational force, although this is studied locally

for a few field lines.

For a line current that drains a partial amount of the total mass loaded, the
height of the flux rope would increase accordingly, as has already been discussed in
Section 5.4.3. If this is realised at point A or B of Figure 5.2, the flux rope would
not evolve all the way to point A’ or B/, rather a point on the constant F curve that

is in-between and dependent on the degree of draining.
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Considering point D, a point that is not sampled using the methods outlined
in this chapter, then the partial or complete draining of total mass may result in
the flux rope either reaching a stable equilibrium again or experiencing a loss-of-
equilibrium. In this case, the nature of the flux rope post mass-draining would
depend on the degree of mass drained. Graphically, for a flux rope to experience
loss-of-equilibrium the constant F curve cutting the mass-loaded flux rope equi-
librium curve at point D would have to touch the mass-drained equilibrium curve
tangentially or not at all. Defining m4raineq @ the amount of mass drained and
Mmin as the minimum amount of mass-draining required to destabilise a flux rope
at point D, if 7 4pained < Mmin the final state of the flux rope would be equilibrium.
Assuming no more mass-draining occurred, the additional physical parameters of
the system would be required to evolve for a successful eruption to occur. It then
follows that if 7 3yained = Mmin the flux rope would experience loss-of-equilibrium

as a result of the mass-draining.

At point E the flux rope is already unstable to an ideal-MHD instability without
any draining of mass. If mass draining was to occur at this point, the draining of
total or partial mass would not contribute to the initiation of the loss-of-equilibrium
but would instead contribute an additional accelerating force to the erupting flux

rope.

Finally, applying specific conditions to the general case, it is shown that:

* For a flux rope suspended within a bipolar background field generated by a
surface field of 4 G, the inclusion of typical prominence masses can increase
the height at which the flux rope experiences an ideal-MHD instability by up
to 14%, indicating that the mass provides a larger anchoring effect than is

typically assumed.

* The draining of the larger masses from a flux rope can cause a non-negligible
increase in the height of the flux rope without upper bound, with the largest

height increase observed as the flux rope approaches its loss-of-equilibrium.
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» Using the observational measurements of Chapter 4 as the input parameters,
it is shown that the modification to the height of the flux rope due to mass-
draining is as much as 1.7 Mm. This non-negligible increase in the height of
the flux rope effectively demonstrates the ability for mass-draining to perturb

the equilibrium of weak field quiescent flux ropes.

* Scaling the model for comparison with observations presented by Seaton et al.
(2011), it is shown that draining mass from a flux rope suspended in a back-
ground field generated by up to kilogauss surface field results in only a negli-

gible modification to the height of the flux rope.

In this chapter, the role that mass plays in the global evolution and eruption of
flux ropes is explored, suggesting that it depends on four main parameters: the
strength of the surface field generating the background potential field, how much
mass is loaded into a flux rope, how much mass drains during its evolution, and
when along a flux rope’s equilibrium curve the mass drains. The effect of the local
evolution of plasma within prominences is not discussed in this chapter, i.e., the
mass-draining that is studied here differs from the mass-loss due to the RTT that has
been studied extensively in both observations and simulations (e.g., Hillier et al.,
2012b; Xia and Keppens, 2016; Hillier, 2018). In addition, Kaneko and Yokoyama
(2018) pointed out that, in their case, the mass-loss from the prominence due to the
RTI was balanced by new condensations into the prominence. A parametric study
would be required in order to ascertain the effect of such local evolutions of mass
on the global stability of a flux rope—prominence system.

Given the simple model and subsequent results presented and discussed here, it
is concluded that the role of mass within solar eruptions, particularly those involving
quiescent prominences, is greater than has been historically attributed, and requires

a more in-depth analysis.

It has been established in the first two chapters of this thesis that the un-
derstanding of the commonly-assumed-negligible role of mass in the global pre-

eruptive equilibrium/evolution of solar flux ropes is incomplete. Indeed, it has been
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confirmed that the effect of mass within regions of strong surface flux i.e., active re-
gion prominences, is small and the magnetic flux rope can be accurately prescribed
as zero-f. In contrast, flux ropes sourced within the quiet-Sun i.e., quiescent promi-
nences, cannot be assumed to be force free and the role of mass should not be
neglected.

Everything being equal, and as briefly mentioned at the end of this chapter, the
effect of the local evolution of mass on the global stability of prominences is yet to
be addressed. Consider, for example, the mass of a prominence becoming localised
enough to trigger the RTI. Such localised, over-dense blobs of mass may ultimately
be lost from the associated prominence, in turn ceasing to contribute any gravita-
tional forces to the equilibrium (Berger et al., 2010, 2011; Hillier, 2018; Kaneko
and Yokoyama, 2018). Although the initiation of the RTI has been studied under
prominence-like conditions, most of these studies are isolated to theoretical endeav-
ors informed from observations wherein the required plasma parameters have been
inferred/assumed rather than directly measured. Indeed, obtaining the necessary
observations is non-trivial, as are the methods required to extract this information

from such observations. However, this will be the focus of the following chapter.
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Chapter 6

The Small-Scale Structure and
Motions Underneath an On Disk

Solar Prominence

This chapter addresses the possible detection of an RTI-like process occurring un-
derneath a quiescent prominence that was observed at the DST on 29 May 2017.
To begin, the results of two different inversions applied to this prominence are in-
troduced, the Hanle and Zeeman Light (HAZEL; Asensio Ramos et al., 2008) in-
version of Wang et al. (2020) and the H-« inversion of Schwartz et al. (2019). The
values of plasma and magnetic pressure that may be derived from these studies are
used to calculate plasma 8 within the prominence at six positions along its body,
producing a range of 0.02—0.23. The Beckers’ cloud model is then used to invert
the full FOV of the H-a observation so as to establish 2D maps of the associated
plasma’s optical thickness, LOS velocity, and line width. Then, by adopting NLTE
assumptions, the temperature stratification (with height) of the low Ca II corona
is reconstructed across the full FOV. The co-incidence of grouped red-shifted and
heated material in H-a, with increased magnetic field strength as measured in He I,
the relatively hot monolithic structures (both inclined and vertical) within the Ca 11
inversion, and the position of photospheric polarity concentrations suggest the foot-
point of the prominence was present within the FOV. Furthermore, the Ca II in-

version is found to contain a thermal signature underneath the prominence body
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that is seen to have propagated to significantly lower heights. However, consider-
ing the density of the surrounding atmosphere at such heights, it is concluded that
this is not an observation of the RTI traditionally observed with respect to promi-
nences but rather a plasmoid of currently unknown origin. It is further concluded
that the NLTE slab inversion methods of HAZEL and Schwartz et al. (2019) are
well-equipped to extract physical parameters of prominence plasma. However, in
order to carry out further, more detailed observational studies of RTI-like phenom-
ena, this requires the use and development of NLTE inversions that involve stratified

plasma parameters at higher altitudes than was possible here.

The observations that will be presented in this chapter were collected at the
DST in a campaign that was led by myself in collaboration with D. M. Long (Uni-
versity College London), J. Carlyle (European Space Research and Technology
Centre), C. Beck (National Solar Observatory), and D. Choudhary (California State
University Northridge). The NLTE H-a modelling was carried out by P. Schwartz
(Astronomical Institute of Slovak Academy of Sciences) and has been published
in The Astrophysical Journal under Schwartz et al. (2019). The HAZEL inversion
was applied to the observations by S. Wang (New Mexico State University) and the
associated paper is currently in preparation. The NLTE Ca II inversion code was
applied by C. Beck (National Solar Observatory) with possible interpretations also
offered. All remaining computation, analysis, and interpretation was carried out by

myself.

6.1 Introduction

Prominences exist within the solar atmosphere as a balance between the Lorentz
force of their host magnetic field and the gravitational force of the plasma itself. It
has been suggested that prominence plasma resides in the dips of its host magnetic
field, a concept confirmed by frequent observations of small-scale plasma motions
within active region prominences that appear horizontal, aligned, and give the im-
pression of threads (Kippenhahn and Schliiter, 1957; Anzer, 1969; Okamoto et al.,

2016). However, although such studies have well established that the Lorentz force
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must dominate the relationship throughout the prominence for suspension to persist
(see also Hillier and van Ballegooijen, 2013), observations of vertical structuring
within quiescent prominences have suggested that such a relationship may be more
tentative than previously thought (e.g., Berger et al., 2008). Specifically, such ob-
servations have been successfully interpreted as occurrences of the (magnetic) RTI
(e.g., Berger et al., 2010, 2011; Liu et al., 2012; Hillier et al., 2012a). Understand-
ably, in order for such a process to occur within prominences, the hydrodynamic
forces must have a non-negligible role to play in their internal structuring, most

notably within those that are more quiescent.

The classical RTI occurs when two fluidic media are stratified such that the
denser of the two lies (gravitationally) above the other and the interface between
them is perturbed; the resulting dynamics are in the form of less-dense plumes that
rise and more-dense fingers that fall (Hillier, 2018). For astrophysical phenomena,
much interest lies in the evolution of the RTT when the system in question is perme-
ated by a magnetic field (e.g., supernovae, nebulae, magnetised stars, solar interior,
solar prominences). For prominences specifically, Keppens et al. (2015) simulated
the traditional case where the field was initially assumed perpendicular to the gravi-
tational stratification. The horizontal assumption is assumed valid by considering a
small-enough section of the dip of a flux rope such that curvature can be ignored (or
more generally if comparing to observations e.g., Casini et al., 2003). By includ-
ing prominence-like material, the authors were then able to convincingly reproduce
the vertical structuring similar to that observed within quiescent prominences at the

limb; see Figure 6.1.

Interestingly, Liu et al. (2012) observed a prominence using the SDO/AIA in-
strument suite and noted vertically-oriented and downward-propagating plasma dy-
namics that bared a striking resemblance to their cartoon of the RTI process in 2D.
The authors showed that the total mass of this prominence was seen to plateau de-
spite simultaneous observations of ongoing plasma condensations supplying mass
to the prominence. As a result, the authors interpreted the internal, downward-

propagating, RTI-like motions as a process leading to material completely leaving

181



Chapter 6. The Small-Scale Structure and Motions Underneath an On Disk Solar
Prominence

Figure 6.1: Observations of a quiescent prominence that appears to have a more verti-
cal structuring than horizontal. Movies of the related dynamics indicate vertical velocity
components that have been interpreted as being caused by the magnetic Rayleigh-Taylor
instability. Image taken from Hillier (2018).

the prominence at a rate similar to the plasma condensations. Under this interpre-
tation, the observations also suggested that the entire mass of the prominence could
be swapped-out on the order of an hour. Hence, although prominences are long-
lived structures within the solar atmosphere persisting for up to several rotations,
such an observation suggests that the plasma of a prominence may not be similarly
long-lived.

It was concluded in Chapters 4 & 5 that the mass of a prominence (both total
and evolution therein) is of critical importance when considering the balance of
gravitational and magnetic forces within. However, such conclusions only hold if
the mass of the prominence remains within the global structure so as to impart a
force on the global equilibrium. If the mass of a prominence is capable of draining
via an ongoing RTI(-like) process then it is not immediately clear what implications
this may have on our understanding of the aforementioned equilibrium. As was the
case in Chapter 5, removal of mass through the RTI may contribute to the height-
rise and destabilisation of the prominence. Conversely, the (instantaneous) total

mass of the prominence studied by Liu et al. (2012) did not vary to a significant
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degree during the mass-cycling that the authors observed. However, this was the
case for a single case-study prominence in which the successful draining itself was

only inferred.

It is therefore of particular interest that the work by Kaneko and Yokoyama
(2018) explored the evolution of mass within a simulated prominence that was em-
bedded within a realistic magnetic flux rope. The authors described the prominence
as being in a dynamic state due to a combination of a condensation process that
supplied mass to the prominence and an RTI-like process that included significant
draining of material from the prominence body. It is important to note, however,
that the thin fingers of the RTI that were observed by the authors to have extended
to lower altitudes were only assumed to have been capable of completely removing
blobs of mass from the associated prominence (a similar argument as was suggested
by Liu et al., 2012). In actual fact, the authors speculated that their numerical set
up, as with that of Keppens et al. (2015), forbid the material from completely evac-
uating the associated prominence due to the nature of the lower boundary of their
simulation. Instead, the successful “removal” of plasma material from the promi-
nence as described by Kaneko and Yokoyama (2018) was defined as the material
that dropped below an arbitrarily set cut-off height. Furthermore, observations are
yet to confirm the additional dynamics produced in the comparable simulation of
Keppens et al. (2015) wherein the thin fingers were propelled to significantly higher
altitudes in response to an interaction with the prominence’s lower boundary. There-
fore, despite the depth of these studies that were carried out to address whether the
RTI (or a RTI-like mechanism) is capable of completely liberating plasma from

prominences, this question remains unanswered.

In this chapter, a prominence observed using high-resolution, ground-based
instrumentation is analysed with multiple inversion tools to reconstruct the small-
scale properties and motions of the plasma within. In the first instance, these inver-
sion codes are used to ascertain whether any RTI-like process may have been oc-
curring within the observed prominence. The results of these traditional inversion

methods are then compared with the 3D temperature structure of the solar atmo-
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Figure 6.2: Overview of observations taken with the DST. Panel a; Full-disk image of the
Sun in H-«, taken by GONG. Panel b; Zoomed FOV of the red box in (a) showing the
prominence of interest. Panel c; The prominence of interest observed in the line core of
H-a by the IBIS instrument at 14:44:55 UT at the DST. Panel d; the strength (+ 100 G)
and the photospheric polarity underneath the prominence of interest, as observed by HMI
at 14:45:00 UT, with the green contour outlining the absorption structure seen in panel c.
Panel e; The prominence of interest observed in the line core of He 1 10830 A by the FIRS
instrument at the DST. Panel f; The chromosphere underneath the prominence of interest
observed in the line core of Ca 11 by the IBIS instrument at the DST.

sphere underneath the prominence, reconstructed using a novel inversion approach
that includes stratifications in atmospheric parameters. The prominence observa-
tions are presented in Section 6.2. The results of the application of the various
inversion models are then presented and discussed in Section 6.3. Finally, the in-
terpretations of these inversion results are discussed in Section 6.4 before they are

collated as summarising conclusions in Section 6.5.

6.2 Observations

The quiescent prominence shown in Figure 6.2 was observed on-disk on 29 May

2017 with a position of (-24.3°,-4.85°). Figure 6.2a is a full-disk context image
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taken of the H-a line core at 6562.8 A using the ground-based GONG network!
(Harvey et al., 2011). Figure 6.2b is a zoom-in of the box in (a) showing the por-
tion of the prominence observed using the instrumentation at the DST. Figure 6.2¢
shows the prominence as observed in H-a at 14:44:55 UT using the IBIS instrument,
panel f of the same figure shows the same observation but in Ca II at 14:44:49 UT,
also taken with IBIS. Panel d then shows the polarity of the photospheric mag-
netic field observed with HMI at 14:45:00 UT with contours of the H-« intensity
from (c) overlaid in green. Figure 6.2e is the prominence as observed in the line
core of He 1 10830 A using the Facility Infrared Spectropolarimeter (FIRS; Jaeggli,
2011) slit spectropolarimeter. FIRS was used to raster scan across the prominence
to produce a 2D map starting at 14:41:33 UT at the left edge. In addition to IBIS
and FIRS, observations were taken using the Rapid Oscillations in the Solar At-
mosphere (ROSA; Jess et al., 2010) and the Spectro-Polarimeter for Infrared and
Optical Regions (SPINOR; Socas-Navarro et al., 2006). However, in this chapter

we focus only on the observations taken with IBIS and FIRS.

6.2.1 IBIS

As the target was a prominence, IBIS was used to scan the two lines of H-« at
6562.8 A and Ca 11 IR at 8542.1 A in spectroscopic mode with a non-equidistant
spectral sampling of 27 and 30 wavelength points, respectively; see panels (a) and
(b) of Figure 6.3. Non-equidistant spectral sampling was chosen so as to better-
resolve the wells of each profile in comparison with the core and wings. The expo-
sure time was 80 ms per image with a total cadence of 13 s for a complete scan of
both lines. A circular FOV with a diameter of 95" was sampled with ~ 0.1” pix !
in both x and y. Data were acquired in three separate blocks from 13:59:38 to
15:30:36, 15:30:45 to 15:42:09, and 20:58:53 to 22:18:10 UT, with the gaps be-
tween observations due to weather limitations. The IBIS data were reduced with

the standard data reduction pipeline®. In addition to the standard processing, the

influence of the pre-filter transmission curve on the line profiles was removed. This

Thttp://halpha.nso.edu/index.html
Zhttps://www.nso.edu/wp-content/uploads/2018/05/ibis_tn_005.pdf
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Figure 6.3: The method of pre-filter correction for the H-a and Ca 11 DST observations.
Panels a, c, e, and g show the average profile defined within the white box of Figure 6.2¢c
and the wavelength sampling positions in dashed-cyan, the assumed-rest H-« profile from
David (1961), the correction between (a) and (c), and the resulting average H-a profile with
the correction of (e) applied, respectively. Panels b, d, f, and h are the same as the left
column but for Ca 1T and using the reference profile provided by the Fourier Transform
Spectrometer atlas (FTS; Kurucz et al., 1984).

is achieved by forcing the average quiet-Sun profile, defined over the region bound
by the square box shown in Figure 6.2c, into the shape of a reference profile given
by the tables of David (1961) at u = 0.91 for H-a and the FTS atlas for Ca 11; see
Figure 6.3. The correction required for the average profile to match the reference
profile was then applied to all other spectra across the FOV. For the H-a observa-

tions, this step also provides an absolute intensity calibration.

6.2.2 FIRS

FIRS was used to observe the chromospheric He 1 10830 A line using a 40-micron
wide (= 0.3""), single slit of 75" length that was sampled with 0.15” pix ! along the

slit. A spectral range from 10817 to 10856 A was covered with a spectral sampling
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of 3.85 pm. The exposure time was 125 ms with a total integration time of 20s per
scan step. The Coudé table was rotated such that the slit of FIRS was aligned along
the axis of the prominence. The prominence was scanned with 100 steps of 0.3”
step width with a total duration of 40 min. Data were acquired from 14:41:33 to
15:21:30 UT, no data were taken during the third observing window of IBIS due
to technical issues. The FIRS data were reduced with the standard data reduction
pipeline’. In addition to the standard processing, a two-dimensional Fourier filter
was applied to the data to reduce polarized interference fringes and a de-spiking
routine to capture hot pixels over the FIRS spectra. Prior to the inversion, the data

were re-binned to 0.9” x 0.9” per pixel to improve the signal-to-noise ratio.

6.2.3 Alignment

To ensure comparisons can be made between the various instruments, a robust align-
ment is necessary. For IBIS, the H-a observations were aligned to the synoptic
GONG H-« observations (see also Schwartz et al., 2019). To account for slight
misalignments within the IBIS instrument, the Ca II observations were aligned sep-
arately to the 1600 A passband observations taken by the AIA on board SDO. The
He 1 10830 A observations from FIRS were aligned to the H-a observations of IBIS
as the absorption signatures of each observation are assumed to be morphologically
similar. All alignment was carried out using a 2D cross-correlation algorithm imple-
mented in the IDL coding language; this includes the step for isolating the correct

orientation of each observation.

6.3 Results

6.3.1 Plasma

As previously discussed in Section 1.5.1, the plasma f is defined as the ratio of
plasma pressure to magnetic pressure. Typically, prominences are considered as
structures that adhere to plasma B < 1 as this permits simulations to consider
their host magnetic field (flux ropes) as force-free in all instances. By extension

this suggests that the plasma of a prominence can only respond to the evolution

3https://www.nso.edu/wp-content/uploads/2018/05/firs_soft_manual.pdf
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of the magnetic field. However, the numerous observations of an RTI-like process
occurring within quiescent prominences suggests this cannot be the case (Berger
et al., 2008, 2010, 2011). Furthermore, both simulation and observational studies
of the RTI and its application to prominences have reported values of plasma
that explicitly contradict these assumed conditions within prominence-hosting flux
ropes (e.g., 0.16—1.13 Hillier et al., 2012a; Keppens et al., 2015). Therefore, it
may be possible to indicate, to first order, whether the plasma of a prominence is
capable of undergoing an RTI (-like) process from the measured values of 8 alone.
Unfortunately, estimating 3 using the geometrical method of Hillier et al. (2012a)
is unsuitable as the prominence presented here is observed on-disk.

The observed prominence has previously been studied by Schwartz et al.
(2019) wherein the plasma parameters of the H-a absorption signature were in-
verted assuming a 2.5D NLTE prominence model. Included in the extracted proper-
ties was the plasma pressure at six positions along the prominence’s body. Similarly,
an additional study is currently in preparation by Wang et al. (2020) in which the
He 1 10830 A absorption of this prominence is studied using the HAZEL inversion
code so as to establish the properties of the prominence’s host magnetic field. As
one of these properties includes the magnetic field strength, it is trivial to calculate
the associated magnetic pressure using the relation,

B2

Pmag = 2_}40’ (6.1)

where B is measured in Gauss, and i/ is substituted for 471 when considering cgs.
Using the plasma and magnetic pressures measured in these studies it is possible to
calculate the associated . The relevant results of Schwartz et al. (2019) and Wang
et al. (2020) are presented in Table 6.1 in addition to the resulting B.

The values of the magnetic and plasma pressure calculated for the six positions
within the FOV suggest that the conditions within the prominence vary significantly
from one position to another. Furthermore, the resulting values for 8 appear to vary
by an order of magnitude across these six positions, with the largest values sitting

within the range of values found in previous studies of the RTI. As the focus in
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Schwartz et al. (2019) Wang et al. (2020)
Area Solar (X,Y) Gas Magnetic field Plasma 8
pressure strength
(Arcsec) (dyn/cmz) (G)
fl ~ (-408,-101) | 0.28+43% 7.3 0.13+44%
2 (-404,-98) | 0.204+50% 4.9 0.21+53%
3 (-398,-90) | 0.42+67% 20.4 0.02+67%
f4 (-392,-88) | 0.15+40% 4.0 0.23+45%
5 (-398,-83) | 0.16+£56% 10.2 0.04+57%
f6 (-379,-79) | 0.16+56% 4.5 0.20+59%

Table 6.1: Plasma p and associated errors in the six positions (f1-6) specified in the second
column. The error in the magnetic field measurements is reported by the HAZEL code to
be a constant error of 0.1 G.

this work is to address whether the RTI can be detected in on-disk prominences,
particular interest lies in these larger values of . Nevertheless, it is interesting,
although perhaps unsurprising, that both small and large values of § exist in such
close proximity. This is further evidence that prominences exist as the delicate and
tentative balance of magnetic and plasma forces.

While these values of p are consistent with the understanding that the magnetic
pressure dominates within solar prominences, they are also consistent with the case
studies of the RTI carried out using simulations and observations. Indeed, the range
of values of p that have been established by Hillier et al. (2012a) and Keppens
et al. (2015) cannot be considered exhaustive as neither of these works involves
a parametric study. Nevertheless, as the largest values in Table 6.1 lie only just
within this range it is necessary to explore additional plasma parameters that may

be indicative of an RTI (-like) process having occurred here.

6.3.2 Beckers’ Cloud Model

6.3.2.1 The Model and its Validity

To date, observations of the RTI process within prominences are limited to those
taken such that the prominence is projected above the limb and therefore observed

from the side. In such instances, information about the behaviour of the plasma
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involved within the RTI is extracted through analysis of the associated dynamics
that are projected into the plane of the sky. As a result, any LOS measurements of
the velocity of the plasma contain little, if any, information about the buoyant flows
of the RTT. In the case of the prominence observed here, the problem is reversed and
the orientation of the prominence is such that the motions of any plasma involved
within any potential RTI would have a velocity component significantly aligned
with the LOS. It then follows that if the plasma within the observed prominence
was undergoing an RTI (-like) process, this may be detectable as LOS motions.

Values of the LOS velocity within the observed prominence have already been
isolated using the NLTE H-a modelling of Schwartz et al. (2019). However, as
the method presented by these authors requires careful handling of the background
radiation for each position within the prominence, isolating unique and accurate
solutions is time consuming and it would be impractical to use this method to in-
vert the plasma parameters of the prominence within the entire FOV. The fastest
method of extracting velocity information from spectral lines is to assume that the
entire absorption signature is sourced in a single cloud moving with bulk velocity
as under such assumptions the measured position of the line centre relative to its
rest position provides a value of LOS velocity. However, Chae et al. (2006) have
shown that the line centre method systematically underestimates the ‘true’ velocity
of optically thick material. The authors advocate instead for Beckers’ cloud model
(BCM; Beckers, 1964), which was devised to provide a fast method of inverting
large numbers of optically-thick spectral profiles without sacrificing physical accu-
racy.

The simplifying approximations adopted by Beckers (1964) reduce the number

of dependent variables of the RTE to four,

* constant background intensity - The assumption that the background light
incident across the studied pixel is constant, an assumption that may be less

well-satisfied in more dynamic environments e.g., active regions,

* constant source function - The assumption that the source function does not

vary with height along the LOS,
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» Gaussian-like optical thickness in wavelength - the assumption that the stud-

ied cloud is isotropic along the LOS,
* and a constant LOS velocity.

Each of these parameters may, of course, vary across the FOV. As such, the RTE of

Eq. (3.8) reduces to the form,
I(A) =Ih(A)e™™™ + 8 (1 - e—TW) . 6.2)

where,
_ (my
T(A) =1 \ >/, (6.3)
and Ty is the thickness of the line centre (assumed constant), A and A are as in
Eq. (3.4), and Ap is the Doppler width, otherwise known as the thermal width as in
Eq. (3.3). Beckers (1964) went on to make a further, seemingly arbitrary, simplifi-

cation of Eq. (6.2) to,

C(A) = % _ (ﬁ - 1) 1—exp(—T(A))],  (64)

referred to as the so-called contrast profile. However, by carrying out this addi-
tional step it became clear there were portions of an observation, or even entire
observations, wherein the BCM would not apply. For example, Loughhead (1973),
building on the success of Grossmann-Doerth and von Uexkiill (1971) and Bray
(1973), noted that the application of the cloud model to structures very far from the
disk centre was questionable. Such contrast profiles tend to include large portions
in emission e.g., spicules, mottles, and prominences, producing nonsensical values
of the source function and optical thickness (Cram, 1975). Hence, in addition to
the initial assumptions discussed by Beckers (1964), the cloud model can only be
reliably applied to features that can be assumed to be completely disconnected from
the surface and appear in absorption alone i.e., structures at disk centre.

One of the key assumptions in the model presented by Beckers (1964) is that

the source function (formally dependent on the optical thickness of the cloud) re-
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mains constant with height. Mein et al. (1996) tested this assumption by comparing
the BCM with the outputs of a true NLTE model, showing that the optical thickness
of the cloud was increasingly underestimated as the true optical thickness was in-
creased. Therefore, unsurprisingly the results are clear in that the source function is
not constant along the LOS. Nevertheless, the authors note that the inverted velocity
is overestimated by only 20% and only in the thickest H-« clouds (T > 5).

In conclusion, despite the clear inaccuracy in the assumption that the source
function is constant with height, the inverted velocity has been shown to be rela-
tively insensitive to the optical thickness. Furthermore, the observations presented
in this chapter are of a prominence located close to disk-centre and as there is little
correlation between the linear polarisation of the He 1 10830 A and Si 1 10827 A
observations (cf. Wang et al., 2020), the structure is believed to be significantly
separated from the photosphere below. It is, therefore, assumed that the BCM is a
suitable method for measuring the LOS velocity of the material within the promi-
nence, with the understanding that the error in the inverted velocities varies as a

function of optical thickness.

6.3.2.2 Application of the Model to the Data

The model is constructed assuming a single cloud along the LOS, as is typically
assumed in the application of the BCM, with a uniform background illumination,
Iy, assumed to be adequately modelled by the average profile measured within the
box of Figure 6.2c i.e., Panel g of Figure 6.3. All additional parameters used as
inputs to the BCM are assumed constant along the LOS. The source function, T,
velocity, and line width are permitted to vary across the FOV within the bounds
[0.01,0.4] W m? sr! Hz!, [0,3], [-38,38] km s~ !, and [0.09,0.71] A, respectively,
following the successful application of these ranges within previous works (e.g.,
Alissandrakis et al., 1990; Chae et al., 2006; Kuckein et al., 2016). The BCM is then
only applied to the portions of the FOV containing deeper profiles than the assumed
background, arbitrarily set at 0.58; see the green contour in panel a of Figure 6.4.
The goodness-of-fit of the BCM to the observations is presented in the remainder

of Figure 6.4. Panel b indicates the value of x? for every profile inverted within
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Figure 6.4: 2 fitting of the BCM model to the observations. Panel a; The absorption
structure used to select the region of the FOV for inversion i.e., the green contour outlines
just the prominence. Iy is the average profile from panel g of Figure 6.3, L. is the line core
intensity. Panel b; the x? values across the FOV, saturated between 0 and 25.99. Panels
¢, d, e and f; sample fitting of four positions within the prominence. Red crosses indicate
the measured contrast profile and solid-green line is the BCM fit. x? value indicated in the
bottom-left of each panel.
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Figure 6.5: Examples of bad BCM fits in the positions indicated in the title of each panel.
Red crosses indicate the measured contrast profile and solid-green line is the BCM fit. The
x? value for the fits are shown in the bottom-left of each panel.

the contour; saturated between 0 and 25.99 (P(0.9) for 18 degrees of freedom). The
fitting and associated x? for four arbitrarily-chosen positions within the prominence
are then shown in panels c, d, e, and f of the same figure.

A large number of the pixels inverted using the BCM return x?2 test values un-
der 25.99, but a non-negligible portion of these pixels contain x? values larger than
25.99 (in some positions significantly larger). The initial reason for this is believed
to be due to the sparseness of the wavelength positions sampled in the observations.
Although 27 wavelength points along the H-« line were scanned only 22 were used
for fitting to the BCM. This is because the outermost points scanned were far into
the wings of the profile. Here, the measured signal is significantly influenced by the
prefilter with the result that the photon count in this region was extremely low. An
example profile with an inconsistent wing profile is shown in panel a of Figure 6.5.
However, for the other two profiles shown in the same figure, it is clear that the wing
profiles are not responsible for the failed fit. Rather, it appears there exists a second
absorption signature within some pixels that is incompatible with the assumption
of a single cloud along the LOS. This is explored in more detail in Section 6.5, but
for now the profiles that have failed to fit have been excluded from the following
analysis. The results of the portions of the image that were successfully fitted are
presented in Figure 6.6.

The values of the source function calculated within the contour have already

been established to be physically unrealistic as the source function cannot be as-
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Figure 6.6: Plasma parameters of the observed prominence, inverted using the BCM code.
Panels a, b, ¢, and d; the source function, optical thickness, LOS velocity [km sfl], and
line width [A], respectively, measured across the prominence.

sumed constant along the LOS for a real prominence. This instead represents some
average along the LOS that does not account for the true NLTE nature of the pro-
cessed light; this is also the case for the optical thickness although to a lesser de-
gree. The 2D map of the modelled source function presented in Figure 6.6a has
therefore only been included to facilitate a comparison with previous studies (e.g.,
Chae et al., 2006; Kuckein et al., 2016). The model optical thickness was permitted
to vary between zero and three, although the majority of the points lie within this
bound and towards the lower end, there are a number of saturated pixels indicating
the model was unable to fit as the true optical thickness was presumably above the
limit of three; see panel a of Figure 6.7. The pixels containing the larger optical

thickness values in panel b of Figure 6.6 make a linear shape that traces the body of
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Figure 6.7: Frequency distributions of optical thickness, velocity, and line width within the
prominence as derived using the BCM.

the prominence as seen in H-a absorption (cf. panel ¢ of Figure 6.2), this section of

the prominence is henceforth referred to as the spine (Chae et al., 2006).

As the majority of pixels indicate a small T value, according to Mein et al.
(1996) we may assume the deviation in the modelled velocities is small in com-
parison to that which would be returned from a truly NLTE model. The variation
of the LOS velocity across the prominence in panel ¢ of Figure 6.6 indicates the
majority of the observed material was red-shifted with respect to the average pro-
file. Comparing the magnitude of the modelled velocity to their positions within the
prominence, it is immediately clear that the largest (by dimension) flows appear to
have been located at the ends of the extensions away from the spine of the promi-
nence. By likening the contoured structure to the shape “Y”, these large velocities
are concentrated at the top of such a shape with magnitudes in excess of 10 km s~ 1.
Two additional concentrations of strongly red-shifted velocities are present just to
the left of the spine, one at the bottom and one midway along with the latter con-
taining particularly strong flows of 25 km s~!. The velocities in the spine of the

prominence are measured by the BCM to have been between -10< v <10 km s 1.

Panel d of Figure 6.6 details the variation in the observed profile’s line width,
across the prominence. Interestingly, the regions of larger-than-average red-shifted

velocity that have been highlighted previously appear to coincide with regions of
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larger-than-average line widths. Such broadenings are typically explained as some
combination of local heating, collisions with increasingly dense material, and/or
unresolved Doppler motions. The local heating of the plasma increases the width
of the Maxwellian distribution and as such broadens the observed Gaussian. On
the other hand, the collisional broadening takes the much thinner form of a Lorentz
profile, and as such the effect of collisional broadening is likely negligible in com-
parison with thermal heating. As for Dopper broadening, estimates have previously
been made as to the non-thermal velocities within prominences at the limb (e.g.,
Stellmacher and Wiehr, 2015; Levens et al., 2015), whereas the effect this has on
absorption profiles is seldom explored. Instead, a value of 5—15 km s~ (the ad-
hoc ‘microturbulent’ velocity component e.g., Labrosse et al., 2010) is typically as-
sumed for the non-thermal velocity of the H-a plasma, causing a non-thermal broad-
ening of the order expected for thermal broadening of H-a material at ~ 10,000 K
(Leenaarts et al., 2012). Hence, it is not possible to completely discount the possi-
bility that the non-thermal velocities varied across the prominence without properly
handling the expected thermal width of a H-a absorption profile, especially if these
non-thermal velocities are caused by the Kelvin-Helmholtz instability sometimes
associated with the RTI (see, e.g., Berger et al., 2017). In any case, it can be said
with certainty that line broadening is coincident with red-shifted velocites, an ober-
vation that is consistent with the interpretation that prominence material was being
heated as it propagated to lower altitudes. Hereafter, it is assumed that, as in previ-
ous studies, the microturbulent velocity within the prominence can be represented
by a constant value of 5— 15 km s ~! and the measured variation in line width is then
a consequence of varied heating of the prominence material. Comparatively, there
appear to be regions of red-shifted velocity along the spine of the prominence that
do not coincide with any broadening of the line (e.g., x:-373", y:-75""), in addition
to the case of broadening that coincides with both blue and red-shifted velocities at

(-366", -72"").

According to Kaneko and Yokoyama (2018), the RTI-like plasma packets

within their simulation were initially cool and remained as such during their
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~ 8 km s~ ! descent i.e., there was no apparent heating nor cooling involved. In
the simulation of Keppens et al. (2015), a similar result was presented although
they noted that there was significant mixing of plasma that may make it difficult
to establish temperature variations along the LOS from above. Not to mention, the
authors also reported that the dense fingers in their simulation fell with velocities
of the order 60 km s_l, a value that is far in excess of those measured here. In any
case, according to these works the RTI should appear in these BCM model maps
with a distinct signature in the LOS velocity but an absence of associated heating.
The combination of signatures previously pointed out at (-373", -75") are therefore,
if we continue to associate the line broadening with heating, most consistent with

the results of the previous studies.

As initially stated, the plasma parameters for six positions within the promi-
nence have previously been inverted by Schwartz et al. (2019) using a fully NLTE
2.5D model. The (NLTE) inverted values for the velocity and optical thickness
within these six positions are reproduced here in Table 6.2 alongside the values re-
turned in the identical locations as found using the BCM. Following the analysis
presented by Mein et al. (1996) the BCM method is expected to overestimate the
true velocity values by up to 20%, however the comparison between the NLTE and
BCM methods show significantly differing results. In particular, two of the posi-

tions have completely contradicting directionality in their inverted velocities.

The magnitude of the inverted plasma parameters may vary between the two
methods according to the errors associated with each. Conversely, the explanation
for the dependence of the inverted directionality on the method used is not imme-
diately obvious. However, to address this apparent inconsistency, recall that the
measurement for the velocity is derived as a shift in the line profile and not a direct
quantity (in reality we only ever measure intensity). Ignoring for a moment that the
zero LOS velocity is defined from a profile that is assumed to represent the rest pro-
file, the errors on any measurements associated with these inversions are dependent

on the sparsity of the initial spectral scans. Based on the spectral sampling shown in
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Area Velocity (km s~ 1) Optical Depth T | Line Width AAg, (A)
NLTE BCM* NLTE BCM NLTE BCM

fl 6.02+7%  3.22457% | 2.54+16% 1.85 | 0.35+46%  0.31
2 6.87+5% N/A 20245% N/A | 0.28494%  N/A
f3 | 7.35+10% N/A 1.05+35% N/A | 0.27+26%  N/A
f4 | 1.314+83% -0.691+265% | 3.884+17% 1.90 | 0.34+82%  0.39
f5 | 2.53+37% -1.58+116% | 3.01+12%  3.0° | 0.314+88%  0.29
f6 | 0.1+502% 0.70+261% | 3.89+13% 2.68 | 0.35+44%  0.38

2 The errors presented here are subject to an additional <20% error, as a function of T, according
to Mein et al. (1996).
b BCM saturated suggesting the true optical thickness for this position is actually larger than this.

Table 6.2: Comparison between velocities and optical thicknesses inverted using the NLTE
and BCM methods. N/A represents positions within the BCM model where the fitting failed
and therefore no comparable value exists.

Figure 6.3, the sensitivity of the observations have a maximum® of ~ 1.83 km s,
As such, the change in directionality lies within the errors of the model but the re-
sulting interpretation can only be that the material within such pixels was close to
being at rest.

Unfortunately, it is not possible to compare the interesting and strongly red-
shifted velocities around (-355”, -80") within the BCM maps with that inverted
using the fully NLTE model as no comparable measurements exist. As outlined
by Schwartz et al. (2019), it was believed that the top-right of the FOV contained
the prominence’s footpoint. This was suggested as this section of the prominence
was located at the end of a much longer absorption signature as seen in H-a by the
GONG instruments; see panel a of Figure 6.2. The author’s NLTE model requires
that the magnetic field penetrating the 2D slab be largely horizontal to the surface
whereas if the footpoint was located here then the associated field would be more
vertical (see also Heinzel and Anzer, 2001). This is further evidenced by the work of
Wang et al. (2020) in which their HAZEL inversion shows that the magnetic field

strength increases by several orders of magnitude in this region indicating highly

4Schwartz et al. (2019) took a more practical approach in the calculation of their errors, by
varying the inputs of their model around their best fit values they could directly measure at what
point their assumed model would lie outside the error bars on the intensity. Hence, the authors
achieved a higher sensitivity than permitted from direct inversions such as the BCM.
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concentrated field as would be expected in a footpoint; this is explored in more
detail in the next section. Therefore the NLTE modelling was not attempted in this
region nor indeed anywhere that included strong and likely field-aligned flows.

In conclusion, according to the BCM’s 2D maps of plasma parameters there
were regions within the prominence that harboured velocity and (assumed-) heating
profiles consistent with both the conclusions of previous works and the theoreti-
cal signature of the RTI. Nevertheless, as these measurements are subject to large
uncertainties that can be interpreted as either confirmatory or contradictory to the
occurrence of the RTI, these results are insufficient evidence on their own. Further-
more, the properties presented in the maps of Figure 6.6 are LOS-integrated and
provide no information about the stratification of these properties in height. The
focus of the following section is to therefore reconstruct such height-stratifications
and explore what the parameters are inside any resulting structures potentially as-

sociated with the prominence of interest.

6.3.3 NLTE Inversion of Plasma Temperature in the Low Solar

Atmosphere

As discussed at the start of this chapter, it is unclear whether the material associated
with the RTI in prominences is capable of completely leaving the prominence. It
has been theorised that some form of interchange reconnection may occur at the
pinch point of the falling fingers and the material may successfully fall out of the
prominence as a result (e.g., Liu et al., 2012). For the prominence observed here
the analysis thus far has been inconclusive as to whether an RTI-like process was
occurring within. Indeed, the model of Schwartz et al. (2019) and the HAZEL in-
version of Wang et al. (2020) extracted thermodynamic and magnetic properties
for the prominence that can be considered consistent with the RTI. However, and
as indicated in these works, spectral lines that are sensitive to flows within promi-
nences are complex and can have optical thicknesses above one. For prominences
that contain material with such an optical thickness, the ability to accurately in-
vert the associated plasma properties depends heavily on the assumed geometry

(see, e.g., Heinzel and Anzer, 2001). Although a prominence-like geometry was
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assumed in both Schwartz et al. (2019) and Wang et al. (2020), neither of these
1 -2.5D geometries contained small-scale structures representative of the RTT and
so the LOS-integrated parameters inverted in this way cannot hope to contain clear

indicators of an ongoing RTT process.

In the best case scenario, the observations presented here would be inverted
using a method capable of assuming a general geometry in full 3D. Unfortunately
such an approach does not yet exist and its development lies outside of the scope of
this thesis. Instead, if it were possible to directly detect packets of material leaving
the prominence from its underside this would provide additional evidence towards
answering both questions simultaneously, namely, was the RTI occurring here and

did it completely remove mass from the prominence?

The NLTE inversion methods outlined thus far in this chapter are built with
the primary assumption that the plasma exists within a ‘cloud’ suspended above the
solar surface and with a general geometry believed to be indicative of a prominence.
In each case the RTE is then solved along the LOS, taking into account this geom-
etry and an assumed plasma species, with the resulting spectral profiles synthesised
for comparison with observed profiles. Although this approach has been explicitly
applied to what are, in a sense, prominence ‘atmospheres’, the method may be ap-
plied more generally to any such atmosphere that emits and/or absorbs a significant
amount of light corresponding to a specific species of plasma. Specifically, the solar
atmosphere itself may be modelled in much the same way (for more details, see the

detailed review by de la Cruz Rodriguez and van Noort, 2017).

Radiation within the solar atmosphere, as in prominences, behaves in such a
way that a full 3D representation is required to fully capture the NLTE effects and
this is especially important when considering regions above the solar photosphere.
The low density in the chromosphere and corona means LTE cannot be assumed
as the time taken for material at such heights to average their energies across all
degrees of freedom (cf. mean-free path) is longer than the time it takes for the radi-
ation field to alter the properties of the material (e.g., Beck et al., 2013b). As such,

due to the lack of collisions the energy of the system cannot be evenly distributed
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across all degrees of freedom. This significantly complicates attempts to model the
solar atmosphere in a completely self-consistent way (recall, for example, that the

state-of-the-art NLTE model of Schwartz et al. (2019) has a 2.5D geometry).

With the advent of many new space-borne instruments capable of observing
the solar continuum at many wavelengths, a number of empirical 1D models of
the solar atmosphere have been constructed (see the review by Gingerich and de
Jager, 1968, that led to the formation of the BCA model). Building on the BCA,
the now standard Harvard Smithsonian Reference Atmosphere (HSRA; Gingerich
et al., 1971) claims to accurately (i.e., including NLTE effects) represent the av-
erage evolution of atmospheric parameters through an ‘idealised plane-parallel ho-
mogeneous atmosphere in hydrostatic equilibrium’. Although the model makes no
claims that it accurately models the Sun specifically, such a model is believed to
be representative of the solar atmosphere and indeed the HSRA model was initially
constructed for this purpose. Hence, the HSRA models the T-stratification of solar
parameters such as temperature, plasma density, and electron pressure & density
from —8 < log(T5000) < 1.4 with their NLTE properties intrinsically included (the
subscript 5000 refers to the optical depth as observed at 5000 A>).

With an average atmospheric model chosen it is then possible to, as before,
pass these parameters through the RTE and synthesise the average shape of spectral
lines present within such an average solar atmosphere. If a property of the average
atmosphere is perturbed (e.g., temperature) and re-synthesised as was the case in the
prominence model by Schwartz et al. (2019), then the resulting spectral profiles will
be a different shape to that of the average profile and will have such perturbations
encoded in its new shape. This combination of the HSRA and RTE to synthesise
spectral lines in the lower atmosphere is the basis of the LTE and NLTE methods
of inverting Ca II observations presented in Beck et al. (2013a) and Beck et al.

(2019), respectively, with the comparison between the LTE® and NLTE (LTE plus an

3The choice for this scale to be the reference is arbitrary and was historically set in Gingerich
and de Jager (1968) as continuum measurements above this wavelength were not well constrained
at the time of their study.

6Ca 11 synthesised in LTE using the Stokes Inversion based on Response functions (SIR; Ruiz
Cobo and del Toro Iniesta, 1992) inversion code in forward synthesis mode
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empirical temperature offset) approaches described in Beck et al. (2015). Although
the LTE method (CAlcium Inversion using a Spectral ARchive; CAISAR) has been
applied with great success in multiple studies of low-altitude structures (such as
Beck et al., 2013b, 2014; Grant et al., 2018; Beck and Choudhary, 2019), Beck
et al. (2015) showed how the upper altitude thermal structure of a sunspot light
bridge is better modelled using the NLTE-like formulation (note, however, that the
method used here is not the same as formal NLTE). Therefore, in order to isolate
high-altitude structures, such as material leaving the underside of the prominence,
it is necessary to use the formal NLTE’ approach as in Beck et al. (2019).

The NLTE archive of Ca 11 spectral profiles is generated in Beck et al. (2019)
by first perturbing the temperature stratification of the HSRA model using two sep-
arate methods. The first applies a general temperature offset of between —1000—
4200 K in increments of 20 —40 K to all optical depths equally. The second applies
localised temperature perturbations in the form of a Gaussian with amplitudes A
between 10— 100 K in increments of 10 K, and widths ¢ between 0.2—3.1 log(7)
in increments of 0.1, to positions in log(7) in increments of 0.1. As the heating of
Ca 11 is related to the passing of shocks, the amplitude of the Gaussian perturbation
is scaled with electron pressure (c electron density) in T as Pe . (Pe pe) to en-
sure that the signature of these shocks is preserved in height (in order to conserve
the energy of shocks, the temperature has to increase as the atmospheric density
decreases with height e.g., Solanki et al., 1991; Vecchio et al., 2009; Beck et al.,
2013a). The NLTE method then has the added improvement over the LTE formula-
tion in that these temperature perturbations are realised as possible decreases from
the HSRA average, not just increases. The resulting archive contains ~ 2,000,000
unique temperature stratifications.

The archive of temperature stratifications is then input into the NICOLE code,
hydrostatic equilibrium is forced (see Beck and Choudhary, 2019), and the RTE
solved in NLTE to convert these ~ 2,000,000 temperature stratifications into their

corresponding Ca 1T spectral profiles. Although the LOS velocity contributions to

’Ca 11 synthesised in NLTE using the Non-LTE Inversion COde using the Lorien Engine
(NICOLE; Socas-Navarro et al., 2015) inversion code in forward synthesis mode
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the spectral profiles are neglected due to the resulting size of the archive, Beck et al.
(2019) have previously shown that the lack of velocities within the archive appears
to have only a negligible effect on the inversion. Specifically, provided there are no
significant velocity gradients along the LOS, the shape of the Ca 11 line does not
deform but instead shifts its position in its entirety, an effect that can be taken into
account post synthesis and inversion albeit forfeiting the stratified information. This
does, however, result in the least-squares procedure minimising to similar profiles
from one pixel to the next in regions containing similar thermal structure but varying
slightly in velocity, see Figures 6, 7, and 9 of Beck et al. (2019). Nevertheless, the
authors showed that this effect is most noticeable in the LTE formulation (where the
limited degrees of freedom lead to coupling between atmospheric parameters) and

not so much in the NLTE.

The result of applying the Ca II inversion method developed by Beck et al.
(2019) to the Ca 11 observation shown in Figure 6.2 is a 1000 x 1000 x 95
datacube containing temperature values arbitrarily saturated between 4000 and
8000 K and stratified between —8 < log(Ts000) < 1.4. In geometrical terms this
equates to a range of heights of approximately 1800 > h > —83 km, with re-
spect to the solar photosphere (Gingerich et al., 1971). However, Ca I emis-
sion is only sensitive to the temperature of its surrounding radiation field between
—5.5 < log(T5000) < O (see the response function of Ca 11 presented in Figure 6
of Quintero Noda et al., 2016). Neglecting the values within the datacube that cor-
respond to log(Ts000) < —5.5 sets the top boundary of the inversion at a lower

approximate height of 1.2 Mm.

At the limb observed with SDO/AIA, 1.2 Mm corresponds to a projected height
of almost three (2.8) pixels. Prominences are frequently observed at heights far in
excess of this, for example Wang et al. (2020) assumed this prominence was lo-
cated at a height of 14.5 Mm in their HAZEL inversion using observations from
SDO/AIA. Therefore, it is unlikely that the inversion of the Ca 11 observation pre-
sented in Figure 6.2 would be able to reconstruct the plasma residing in the under-

side/belly of the quiescent prominence. Indeed, unlike in the study by Diaz Baso
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et al. (2019), there is no clear absorption signature of the prominence present within
the Ca 11 FOV. Nevertheless, and as these authors effectively demonstrate, the exact
signature of the presence of a prominence within Ca II observations has not been ex-
haustively explored. Therefore, if a portion of the prominence does extend to lower
altitudes within the FOV e.g., the footpoint speculated to be rooted within the FOV
by Schwartz et al. (2019) or any RTI-related packets of plasma, a corresponding

signature may be present within the temperature inversion.

To minimise the effect of sporadic solutions that vary on the scale of a single
pixel, the cube is smoothed in the horizontal direction by five pixels (cf. Diaz Baso
etal., 2019). This approach also reduces the signature of structures less than 350 km
in diameter and increases those above this threshold. This specific width was cho-
sen as it suppresses the signatures of small scale structures such as spicules whilst
enhancing those of any larger and potentially global structure present (Pereira et al.,

2012).

To first address the more trivial question of the two posed, whether the foot-
point of the prominence is present within the FOV, recall that Wang et al. (2020)
reported on particularly high values of the magnetic field strength at one end of the
absorption structure. Indeed, this is the same end of the absorption structure that
was speculated to have contained the footpoint by Schwartz et al. (2019), and con-
tained the strongly red-shifted flows as derived here using the BCM in Section 6.3.2.
Qualitatively, if the strong LOS flows are field-aligned then their coincidence with
increased field strength is consistent with the interpretation of higher-density mag-
netic field that is also aligned with the LOS and rooted in the co-located surface flux

concentrations i.e., a footpoint.

The high values of field strength above 400 G in this area of the prominence
are far in excess of those typically measured within prominences (cf. Casini et al.,
2003; Labrosse et al., 2010). Assuming for a moment that the magnetic field mea-
sured within this portion of the prominence did connect to the surface polarities then
it would have to pass through the formation height of Ca I11. In addition, although

the response functions of Quintero Noda et al. (2016) note that the response of the
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Figure 6.8: Comparison between Ca 11 thermal (T = 5200, 5300, 5420 K at —log(Ts000) =
5.8, 5.9, 6), H-« absorption structure, and He T 10830 strong magnetic field locations. A
significant portion of the thermal profile appears to trace the shape of the prominence in the
region believed to be a footpoint wherein the offset can be attributed to viewing angle and
associated projection effects. In addition, highest temperatures are co-located with strong
field concentrations (> 400 G) as derived by Wang et al. (2020), indicated by the white
squares that have been enlarged for visualisation purposes.

line-core intensity to temperature perturbations drops to zero at log(t) = —5.5,
perturbations along magnetic field with strengths of ~ 500 G may produce small
signatures within the line-core intensity of Ca I1 up to log(7) = —6. Notwithstand-
ing that the model atmosphere did not contain magnetic field and was primarily
varied in temperature, the existence of any reconstructed thermal structure above
the temperature sensitivity cut-off cannot be related directy to acoustic (thermal)

shocks, but may instead be related to the magnetic field.

To explore this, Figure 6.8 shows the inversion cube as viewed along the z

axis with the temperatures T = 5200, 5300, and 5420 K contoured at —log(7) =
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5.8, 5.9, and 6.0, respectively. The H-a observation is inserted manually at a height
of —log(T) = 5.7 wherein the white contours represent the portions of the FOV that
contained magnetic field in excess of 400 G according to the He 1 10830 HAZEL
inversion of Wang et al. (2020). It is important to emphasise again that the insertion
of the H-a and FIRS observation at —log(s000) = 5.7 has been done for compari-
son purposes alone as the H-a signature is believed to be sourced much higher in the
solar atmosphere. As can be seen in this figure, there is a spatial coincidence (both
location and shape) between the thermal structure below the prominence and the
larger-than-usual field strengths within the prominence. Considering a correlation
existed between these two independent observations, it is a strong indication of an

existing relationship between the two; this is explored in more detail in Section 6.4.

As it has been established that this inversion method is capable of reconstruct-
ing thermal structures that are seemingly prominence related at the upper boundary
of the Ca 11 inversion volume (—log(Ts000) = 6), it is reasonable to continue to
explore whether additional prominence signatures are present at yet-lower altitudes
than this. Figure 6.9 shows the complete cube viewed along its x-y plane from four
perspectives with the size of the z-dimension scaled by a factor of 20 to aid in in-
terpretation. The viewing angles are pointing north, east, south, and west in the
top-left, top-right, bottom-left, and bottom-right panels, respectively. The tempera-
ture thresholds applied to the cube are indicated in the colourbar (4400 —5200 K in
100 K steps).

Contouring the cube at a specific temperature isolates vertically aligned struc-
tures such as those that are shown in Figure 6.9, in addition to a noisy horizontal
structure that has been removed from the top half of the visualisation. This horizon-
tal structure is caused by a non-negligible number of thermal stratifications that are
similar and interpreted as weakly perturbed from some average profile. As the focus
of this work is to study the perturbed structure within these inversions whereas the
horizontal contour traces only this average thermal stratification, it has been ignored
here. This approach is responsible for the resulting coarse structure in —log(Ts000)

and the discretely-coloured temperature contours. It was found that the lower por-
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Figure 6.9: The temperature stratification of the Ca II inversions, rendered across the full
FOV and viewed in the north, east, south, and west direction (a rotation counter-clockwise).
The dimension of the z axis has been scaled up to aid in interpretation. The temperature
thresholds are indicated within the colourbar. The coarse nature of the —log(T5000) strati-
fication is due to the removal of the horizontal structure, at each temperature, that contours
the entire x-y plane. Relatively cool monolithic , and a hot funnel, shapes can be clearly
identified within the FOV.
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Figure 6.10: The LOS velocity of Ca 11 within the FOV. Panel a; the LOS measurement
of the Ca 11 velocity as derived from the NLTE inversion, saturated to 4+ 6 km s~'. Panel
b; the corresponding histogram of the LOS velocities of (a). It is, therefore, unlikely that
plasma shocks are responsible for the monolithic structures present in Figure 6.9.

tion of the cube (—log(T5000) < 2) contained a significant amount of noise that was

difficult to interpret and as such these contours were not removed.

From each viewing angle within Figure 6.9 it is clear that the inversion vol-
ume contains a significant amount of fine structure detail. Most notably the vol-
ume contains a number of monolithic structures in addition to an angled tempera-
ture structure that appears to constrict with decreasing —log(Ts000), appearing as a
funnel-like structure. Beginning with the monolithic structures, they appear to vary
in their dimensions and are seemingly present across the whole FOV. The inten-
sity of Ca 11 (and therefore the temperature structure inverted here) is known to be
strongly coupled to both the passing of shocks and the grouping of magnetic field
such as is the case within the inter-granular network (e.g., Grant et al., 2018; Beck

and Choudhary, 2019).

The sound speed C; of a medium can be defined as,

KT
Co= /1282 6.5)
m

where 7y is the adiabatic index assumed equal to 5/3 for an ideal gas, and m is the
mass of a particle of the material in which the sound wave is propagating (often

assumed as hydrogen (myy) for the solar atmosphere). Setting T > 4 x 103 and as-
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suming m > myy, Cs > 6 km s 1. Hence, the perturbations induced by either plasma

1 in order to shock the Ca 11

flows or magnetic field must be greater than 6 km s™
material and increase its emission (Beck and Choudhary, 2019). Unfortunately,
unlike in the study of Grant et al. (2018), the observations presented here do not
have corresponding magnetic field measurements as the field strength in the quiet-
Sun chromosphere is far too low to produce a non-negligible S/N ratio within such
measurements. Nevertheless, the field configuration that these authors describe as
having been responsible for the conversion of Alfvén waves to magneto-accoustic
waves is not present within the quiet-Sun and so magnetically-induced shocks of
this form (i.e., that perturb the atmosphere in the direction of the LOS) are un-
likely. Therefore, the measurements of the LOS plasma velocity are presented in
Figure 6.10 on their own. Panel a of the figure shows the distribution of velocities
across the FOV as measured using the NLTE method, saturated to + 6 km s~1. A
histogram of the LOS velocities is presented in panel b of the same figure. Accord-
ing to this plot there were no velocities above the 6 km s ! limit within the FOV and
as such it is unlikely that these monolithic structures are a result of transient acoustic
shocks. However, it is important to note that the method of extracting these veloc-
ities is incomplete as unlike with the temperature within the inversion there are no
stratifications in this velocity i.e., it is assumed no velocity gradients exist along the
LOS. This is an example of a case that would be better explored using NICOLE in
a more formal way as in Diaz Baso et al. (2019) and indeed these authors noted a

significant portion of their FOV contained velocities above the 6 km s~ threshold.

Considering, instead, the configuration of the magnetic field within the pho-
tosphere and its relation to these monolithic structures, Figure 6.11 presents the
combination of a HMI observation with the Ca 1I inversion results. Panel a of the
figure shows the photospheric field concentrations as seen by HMI that lie within
the FOV of the IBIS observations. This snapshot has been manually inserted at the
—log(Ts000) = O position in the same way that the H-a observation was in several
previous figures. Panel b of the same figure shows the 7975 —8000 K contour over-

laid on the HMI image. This high temperature contour isolates the temperature per-
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Figure 6.11: Comparison between the photospheric field structure of HMI and the Ca 11
monolithic structures. Left; the region of the HMI FOV restricted to the bounds of the
IBIS observations, saturated at + 100 G, and manually inserted at —log(T5000) = 0. The
upper scale on the colourbar represents arbitrary pixel intensity. Right; the same as the
left-hand panel but with the T=7975—8000 K threshold applied to the inversion cube and
the results overlaid. There is a clear correlation in location between the bottom of the
monolithic structures and the photospheric field concentrations of both polarities. The cyan
box indicates the location of the monolithic structure underneath the belly of the prominence
that does not have a corresponding photospheric signature.

turbations present at the bottom of the inversion cube (—log(T) ~ 0), interestingly
the contours lie directly underneath the previously identified monolithic structures
of Figure 6.9. Indeed, the contours of Figure 6.11 are in fact connected to the afore-
mentioned monolithic structures (This is explicitly shown in the later Figures 6.14
& 6.15). Therefore, the co-incidence between the locations of these hot contours
(i.e., the bottom of the monolithic structures shown in Figure 6.9) and the photo-
spheric polarity concentrations indicate that a clear correlation exists between the

two phenomena. This is discussed in more detail in Section 6.4.

Returning to the second fine-structure isolated within the Ca II inversions, the
top panels of Figure 6.12 are oriented such that the LOS lies along the funnel-like
structure. Here it appears that a complete connection existed between the top of
the volume and the lower levels in the region directly underneath the prominence’s
body. Additional structures that traverse a range of log(Ts000) values were present

within the volume although none of these trace a continuous path from the upper to

211



Chapter 6. The Small-Scale Structure and Motions Underneath an On Disk Solar
Prominence

z

Y X

Temperature (K)
4.4e+03 4500 4600 4700 4800 4900 5000 5100 5200 5.3e+03
| |

R

- Log(tau)

430~
420~
-410
-400

X (Arcsec) 7

Figure 6.12: The temperature stratification of the Ca II inversions underneath the promi-
nence. Top left; The complete inversion cube viewed along the funnel-like structure. Top
right; The portion of the inversion cube that isolates only the funnel-like structure. Bottom;
The same cut-down inversion cube presented in the top-right panel but viewed from the
side. The IBIS H-a + FIRS He 1 10830 observation has been inserted at the top of the cube
as before. Here it appears as though the funnel is associated with the prominence structure
and angled towards the region believed to host the prominence’s footpoint.
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lower levels and are therefore believed to not have been a part of the funnel structure
of interest. The top-right panel of the figure is a subset of the full volume in which
the funnel structure was located. The bottom panel of Figure 6.12 is the same as the
panel in the top-right that has been rotated to show the sub-volume from the side-on.
Interestingly, the rendered temperature structure appears to have been angled from

the body of the prominence towards the suggested footpoint region.

The lower end of this inclined temperature structure then appears to be related
to a series of the previously identified monolithic structures, grouped here on the
right-hand side of the volume shown in the bottom panel of Figure 6.12. As we
have already established that these monolithic structures are above concentrations
of surface magnetic field, if the inclined temperature structure is related to these
pillars then this would suggest the magnetic field of these monolithic structures is
not only vertical in this region of the solar atmosphere. This is discussed in more

detail in the next section.

For the prominence observed here, the majority of the low —log(Ts000) struc-
tures that are oriented vertically and traverse a large T range appear to have been
related to the monolithic structures associated with photospheric polarity concentra-
tions. However, a single vertically-aligned structure present underneath the promi-
nence at (-396,-87) does not appear to have a corresponding photospheric signature,

and is indicated by the cyan box of Figure 6.11.

In Figure 6.13 the structure in question has been isolated from the rest of the
structures within the full inversion volume. The small figure embedded within
shows the position of the vertical structure to have been at the very edge of the
prominence’s absorption signature observed in H-a with IBIS. The rest of the figure
displays the monolith as a function of —log(Ts000). The structure has been success-
fully contoured between 1.5 < —log(Ts5000) < 5.5, the expansion of the monolith
below —log(T5000) = 1.5 is suggestive of a vertical coincidence with some form
of warm, low-chromospheric structure. Of particular interest is the apparent bulged
shape with a diameter of 2.8 Mm present between 2.6 < —log(Ts000) < 4.2 that is

reminiscent of the plasma ‘blob’ structure observed in the corona and drawn in the
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Figure 6.13: The possible detection of an RTI-like structure isolated within the Ca 11 NLTE
inversion. Embedded figure; The location of the monolith overlaid on top of the IBIS/H-a
FOV. The structure of the monolith as a function of —log(Ts000) between 1.5 and 5.5. Note
the bulged shape between 2.6 < —log(Ts000) < 4.2 with a diameter of ~ 2.8 Mm.

cartoon in Figure 2 of Liu et al. (2012). This is explored in more detail at the end of

the next section.

6.4 Discussion

In this chapter the results of multiple inversion methods have been used to corre-
late the structure and dynamics of the plasma and magnetic field within an on-disk
prominence observed at the DST on 29 May 2017. Within this analysis, specific em-
phasis was first placed on whether any RTI-like signatures could be identified along
the LOS, given the frequent observations of these dynamics in prominences at the
solar limb where such motions are projected in the plane of the sky. The chap-
ter then focused on whether such RTI-like dynamics were capable of completely

liberating material from the underside of the prominence’s structure.
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To begin, the combination of the NLTE H-a prominence model of Schwartz
et al. (2019) and the more recent HAZEL He 1 10830 inversion of Wang et al.
(2020) enabled measurements of plasma f at six positions within the spine of the
prominence. Of course, the plasma populations used to infer the plasma and mag-
netic pressures within the prominence differ according to the observations used. In
order to meaningfully combine these measurements of H-a and He 1 10830, it has
been assumed that the volume sampled by each observation is similar with regards
to the magnetic field that permeated it. It is found that the B values extracted for the
prominence observed here varied between 0.02-0.23 and are thus consistent with
previous studies of the RTI, both observations and simulations (e.g., Hillier et al.,
2012a; Keppens et al., 2015). However, the close proximity of these 8 values to the
boundary of those previously established indicates these results are inconclusive on

their own.

Although the NLTE H-a model includes measurements of the LOS veloc-
ity, the sparseness of these measurements, as a result of the involved nature of
the method, renders the approach unfeasible in determining whether an RTI-like
process was occurring within the prominence. Therefore, it was deemed that the
simpler Becker’s cloud model (BCM) was more suited to the process of directly
inverting the full FOV and extracting the optical thickness, LOS velocity, and line

width plasma parameters from the prominence absorption profiles.

Despite the large errors on the derived magnitude of these parameters as indi-
cated in Table 6.2, clear correlations existed between them in the 2D maps of Fig-
ure 6.6. For example, the more optically thick portions of the prominence coincided
with reduced LOS velocity and smaller line widths. The spine of a prominence is
considered the collection of prominence material within the central dips of the asso-
ciated flux rope and it is here that the majority of material associated with a promi-
nence would lie (Zuccarello et al., 2016; Gunér et al., 2018). The magnetic field in
such a region is assumed largely horizontal and in the absence of large-scale oscil-
lations perpendicular to this field’s axis any motions must be largely line tied. In

the case of the prominence here, the viewing angle was such that the majority of the
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LOS was projected perpendicular to the axis with a significantly smaller component
aligned with the assumed-horizontal field i.e., the prominence was close to but not
exactly at disk centre. Hence, the smaller velocities noted in this region, as shown
in Figure 6.6, would be consistent with the interpretation of this region having been
the body/spine of the prominence. Similarly, the less optically thick regions, pre-
viously speculated by Schwartz et al. (2019) to have contained the prominence’s
footpoint, harboured strong LOS velocities of order 10 km s~ in addition to heat-
ing as indicated by the much larger line widths; this is explored in more detail later

on.

Across the spine of the prominence the optical thickness was measured to
have been in excess of one, although in many cases it was significantly greater
and reached up to values of four according to Schwartz et al. (2019). Large optical
thickness values indicate there was sufficient material along the LOS to have atten-
uated the absorption profile in a non-linear fashion (e.g., absorption and re-emission
processes). Specifically, an optically thin absorption profile (in which optical thick-
ness is less than one) is somewhat trivially characterised as an exponential decrease
imposed on an initial intensity assumed to illuminate the underside of the absorb-
ing ‘cloud’ e.g., Eq. (6.2). In the case with optical thickness greater than one, the

incident light is completely processed by the cloud.

The problem of extracting the properties of the plasma within such a cloud
can be equally split between the internal, non-linear radiative transfer and the as-
sumed geometry i.e., the combination of the non-linear attenuation processes and
how much the light is being attenuated in this way. Therefore, by definition, if the
geometry is assumed to have been that which does not accurately describe the ac-
tual topology, the inverted parameters of the cloud will be incorrectly constrained.
The NLTE model of Schwartz et al. (2019) fully models the internal processes ocur-
ring within the prominence plasma, unlike the BCM. However, the magnetic field
within the 2.5D NLTE model is assumed infinitely horizontal in the direction ex-
pected to contain the curvature of the RTI, and may therein misinterpret the true

nature of the observable profiles of such a structure (Keppens et al., 2015; Kaneko
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and Yokoyama, 2018). On the other hand, the BCM assumes no geometry but
suffers from being an overly-simplistic and ill-constrained tool applied to a highly
complex reality (Tziotziou, 2007). Therefore, it is assumed that although the BCM
lacks the formalism available with the NLTE model, the approach remains both suf-
ficient and more practical at extracting and studying the 2D motions of large-FOV

observations whilst adopting minimal assumptions on the geometry involved.

In Section 6.3.3, the assumption of a prominence-specific geometry was re-
moved altogether and the solar atmosphere was instead inverted assuming a plane-
parallel stratification in the related plasma parameters. It was believed that this ap-
proach stood a better chance of probing the nature of the underside of the observed
prominence given the shortcomings of the models that assumed a geometry, whilst
maintaining the physical accuracy of handling the RTE in full NLTE. The tem-
perature of the HSRA model atmosphere was perturbed using 7-scaled Gaussians
to produce ~ 2,000,000 unique stratifications between —1.4 < —log(7) < 8 that
were in turn synthesised using NLTE into Ca II spectral profiles via the NICOLE
code. The comparison between this database of profiles and those observed below
the prominence enabled the reconstruction of the 3D (2D group of 1D stratifica-

tions) solar Ca I1 atmosphere within the FOV.

According to the model of Quintero Noda et al. (2016), the temperature re-
sponse function of Ca II has an upper limit of —log(7) = 5.5, ~ 1.2 Mm. How-
ever, the response of the recorded line intensity was also shown to be sensitive to
perturbations in a photospheric magnetic field of order 500 G up to —log(7) =6,
albeit weakly. As such, it was speculated that such an intensity increase induced
by these magnetic perturbations, a property neglected from the model approach,
would be reconstructed using this model as a weak temperature signal at heights
up to —log(7) = 6. Therefore, as the coherent temperature structures contoured
at —log(7) = 5.8, 5.9, and 6 in Figure 6.8 cannot have been induced by tem-
perature perturbations, they have instead been interpreted as the perturbations in
magnetic field present at these locations. This is additionally consistent with the

measurements of the magnetic field strength measured within the prominence by
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Wang et al. (2020) at altitudes believed to have been far above the inversion vol-
ume. Alternatively, if the temperature structures are not related to the presence
of perturbed magnetic field, they must be the result of the ill-constrained nature
of the model at such heights (recall that the model is perturbed up to a height of
—log(7) = 8). However, such signatures would have presumably been identified
as noise rather than the spatially coherent structures shown here, although this may

explain the other, rather less spatially-coherent structures within the FOV.

The compact temperature enhancements isolated above —log(t) = 5.5 were
then seen to have been related to the monolithic structures contoured and viewed
side-on in Figure 6.9. The additional co-incidence of these structures with the pho-
tospheric polarity concentrations observed with HMI (Figure 6.11) suggested these
monolithic structures were related to the magnetic field of the solar atmosphere
within the inverted volume. Solar flux tubes that penetrate the solar surface, ex-
pand through the chromosphere and into the corona have frequently been invoked
to explain thermal signatures observed using Ca 11 (cf. ‘Umbral flashes’ and their
relation to expanding flux tubes e.g., Solanki et al., 1991; Jess et al., 2010; Beck
et al., 2013b; Grant et al., 2018).

Following Beck et al. (2013b), panel b (d) of Figure 6.14 shows the thermal
structure of the solar atmosphere along the cut defined in panel a (c) of the same
figure. This cut is then averaged across its width to enhance the larger temperature
perturbations before the average profile within the cut is subtracted. The resulting
figure details the locations, shape, and strengths of the temperature perturbations
that both increased and decreased the local temperature within the inverted volume.
The use of the improved NLTE method developed by Beck et al. (2019) over that
of the LTE appears to have resulted in additional thermal structure inverted at all
heights. Similarly, the ability of the NLTE approach to resolve negative temperature
perturbations explains the large decreases in temperature present within panels b

and d (cf. Figure 16 of Beck et al., 2013b).

Comparing with panel d of Figure 6.14, two distinct flux tubes can be identified

in panel b at 30 and 45 Mm, each extending from the photosphere to the top of the
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Figure 6.14: The thermal perturbation structure of inverted flux tubes compared with the
quiet-Sun. Panels b and d The average thermal perturbation structure inverted across the
widths of the cuts shown in (a) and (c) respectively, saturated between 4+ 200 K. The solid-
black line in panel b contours regions of +200 K. The conversion between T and geometrical

height is only approximate and in accordance with the initial model of Gingerich et al.
(1971).

inversion volume at ~ 1.2 Mm (the approximate conversion between optical depth
and geometric height was applied as in Gingerich et al., 1971). Note these structures
are not ubiquitous as demonstrated by their absence from the cut taken in a region
assumed to represent the quiet-Sun. Assuming, therefore, that the temperature en-
hancements here are related to the co-located surface magnetic field polarities, this
would explain the lack of a velocity signature in these areas. Specifically, magneto-
acoustic waves that propagate up the invoked flux tubes may travel much faster in
their propagation direction than the 6 km s~! required to shock the atmosphere,
however the energy deposition and associated perturbation is applied to the wave’s
surroundings in a perpendicular direction to this guide field (e.g., Grant et al., 2018).
Hence, as the LOS of this observation is presumably oriented along the magnetic

field permeating this environment i.e., the magnetic field at this altitude may be as-
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Figure 6.15: Panel b; The thermal perturbation structure of the region directly below the
prominence’s absorption signature, averaged across the width of the cut overlaid on the Ca 11
observation in (a), saturated between + 200 K. The angled feature has been highlighted by
the dashed-black line. As in Figure 6.14 the geometrical height is only approximate.

sumed radial, any velocity variations would be in the plane of sky and therefore not
detected.

Curiously, the thermal profiles in these tubes appear to have decreased in mag-
nitude with height, contrary to the conclusions of previous works that focused on
perturbations to flux tubes (e.g., Solanki et al., 1991; Beck et al., 2013b). The en-
ergy responsible for heating the Ca II material so as to appear in emission in such
structures is believed to be supplied by the photospheric granulation buffeting the
footpoints of the associated network field. According to these previous studies,
such perturbations should propagate up the tube and increase in temperature and a
+200 K contour outlined in solid-black has been included in panel b of Figure 6.14
to further emphasise this seemingly-contradictory behaviour. However, the authors
also noted that the energy source responsible for the heating along the entire tube
remains acoustic, yet somehow facilitated by the presence of the magnetic field - the
exact physical process occuring in such locations remains an outstanding question
(see also Rezaei et al., 2007; Beck et al., 2012). Therefore, as the cause of the heat-
ing in the region of the photospheric polarities lies outside the scope of this study,
these monolithic structures are simply interpreted inline with these previous studies
i.e., the heating in the presence of near-vertical field associated with the footpoints
of magnetic network elements by a currently-unknown source.

The second structure easily identified within the inversion cube was that of the

angled funnel-like feature positioned underneath the prominence’s absorption sig-
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Figure 6.16: The temporal evolution of the inclined structure present within the Ca II in-
version volume. Panel b; The thermal profile underneath the body of the prominence as
observed at 14:44:55 UT. Panels a and c; The same as (b) but + 104 s, showing that the
inclined structure was persistent in time and inconsistent with the interpretation of random
acoustic shocks.

nature according to Figure 6.12. Strikingly, the constriction of the funnel appears
to have been oriented in the direction of the prominence’s proposed footpoint. This
is further evidenced by the average thermal perturbation profile taken in a cut di-
rectly underneath the prominence and presented in Figure 6.15, created using the
same method as Figure 6.14. A dashed line has been included to highlight the in-
clined structure, although the angle of this line is not intended to represent the actual
inclination of the structure it is tracing.

In order to interpret such signatures, first recall that the thermal signatures

within Ca II observations are known to be caused by shocks. Then, in locations co-
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incident with photospheric polarity concentrations, flux tubes have been invoked to
explain the enhanced heating events that occur at ~ 1 Mm and appear constrained
by the associated magnetic topology. In such cases, the expansive nature of these
flux tubes has been shown to facilitate the increased signature of these shocks (sim-
ply, decreased density with height causes an increased temperature with height, a
guiding principle adopted within the perturbations initially applied to the HSRA
atmospheric model, Solanki et al., 1991; Beck et al., 2013b).

One possible interpretation of these heating signatures in Figure 6.15 at alti-
tudes below 1 Mm is that these flux tubes are expanding and forming the magnetic
canopy at lower heights than would be the case in an unstructured atmosphere (e.g.,
Solanki et al., 1991; Solanki, 1993; MacTaggart et al., 2016). The height that this
occurs at, referred to as the merging height iy, is a function of the pressure internal
and external to the flux tube. By extension, the decreased merging height inferred
by the thermal signatures within Figure 6.15 would have therefore been caused by

a larger-than-typical pressure internal to the flux tubes (cf. Beck et al., 2013b).

Alternatively, the apparent grouping of the thermal signatures that have indi-
cated an inclined structure could have been the result of chance. It is possible that
a series of acoustic shocks may have aligned in this snapshot to produce a false
positive (e.g., Cauzzi et al., 2007). As such, this inclination would be a short-lived
signature that dispersed with time. Figure 6.16 presents two more snapshots taken
at both 104 seconds prior to and after the one presented in Figure 6.15 (reproduced
here in panel b). These additional maps indicate that the location and shape of the
inclined structure persisted, albeit with some anticipated variation therein i.e., the
magneto-acoustic waves travelling along these tubes are not stationary but the guid-
ing structure is. The time series obtained at the DST began at 13:59 UT, however
the AO of the telescope was unable to hold a consistent lock on the photospheric
granulation pattern until approximately 14:43 UT. Hence, we cannot study further
back in time than this point. The inclined signature appeared coherent for over 200 s

and so it is suggested that a consistent structure was present at these altitudes that

222



6.4. Discussion

facilitated the inclined heating signature present in Figure 6.16. Such a structure is

most consistent with the previous description of flux tubes.

At this point, it is worthwhile consolidating the structural information extracted
by the inversions thus far. The HAZEL inversion carried out by Wang et al. (2020)
on the He 1 10830 observation indicated that the field within the prominence was
horizontal in the region previously suggested to have contained its footpoint by
Schwartz et al. (2019). The LOS velocity derived by the BCM indicates strong and
correlated flows towards the surface, co-incident with heating, in this ‘footpoint’
region. Assuming that flows within the solar atmosphere are line tied as described in
Section 1.5.1, such agreement between the LOS velocity and line width is therefore
consistent with the interpretation of plasma travelling away from the observer and
to lower altitudes along less-inclined magnetic field. Finally, the Ca II inversion
appears to indicate that some form of structure related to flux tubes was present
at low altitude, with an inclination towards the region speculated to contain the

prominence’s footpoint.

The HAZEL and NLTE H-« inversion results appear inconsistent on the ques-
tion of whether the prominence’s footpoint was within the FOV, however the re-
sponse functions of H-« and He 1 10830 indicate that the spectral lines responsible
for these inverted parameters are formed at different heights and therefore corre-
spond to different volumes (Socas-Navarro and Uitenbroek, 2004; Leenaarts et al.,
2012; de la Cruz Rodriguez and van Noort, 2017). For H-a, the average formation
height appears to be in the region of 1—-1.5 Mm, whereas He 1 10830 is formed
higher up at an average height of 2 Mm. As such, it is perfectly reasonable to
suggest that the H-a material existed on field lines closer to the surface with less-
inclined (to the radial) field whereas the He T material existed higher up and on more

horizontal field.

In addition, recall that the initial fitting of the BCM to the H-a observations
indicated that a large number of positions existed within the FOV wherein the fitting
failed; see Figure 6.4. Panels b and c of Figure 6.5 show two profiles representative

of the large x? band on the left-hand side of panel a in Figure 6.4. Curiously, these
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Figure 6.17: IBIS and SDO/AIA snapshots showing plasma illuminating a possible sec-
ond plasma cloud along the LOS. Panel a; IBIS H-a observation of the prominence at
22:16:30 UT on 29 May 2017 wherein a plasma structure has highlighted an extension
towards northern latitudes. Panel b; SDO/AIA 193 A observation of the prominence at
22:16:28 UT on 29 May 2017 showing the same as (a). Arrows have been used in each
panel to indicate the location of the extension being referred to.

two profiles indicate an additional absorption signature along the LOS that could not
be fitted using the BCM, hence the large values of x? here. The BCM inherently
assumes a single cloud along the LOS, whereas these profiles suggest there may
have been more than one. Furthermore, and as indicated by Wang et al. (2020), the
prominence observed here was a portion of a much larger structure that continued
up into the northern hemisphere. The absorption signature of this portion of the
prominence was absent from the H-«a observations, as in Kuckein et al. (2016), but
was quasi-periodically illuminated by flows as observed in the 193 A passband of
SDO/AIA. One of the most obvious flows occurred at ~ 22:16 UT and has been
isolated and shown in Figure 6.17. If the second absorption profile within the H-a
spectra is indicating that the corresponding plasma resided at a height different to
that of the footpoint, it could have been associated with the more horizontal field

present within the He I plasma i.e., higher up within the prominence.

Based on these results and the associated response functions, a possible ar-
rangement of these observations, in height, is presented within Figure 6.18. Here,

the pressure (magnetic 4+ plasma) of the prominence’s footpoint is suggested to
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Figure 6.18: A cartoon representation of a possible structural relationship held between
the individual observations presented within this chapter. The structure associated with the
He 1 inversion is depicted with a dashed-red arrow and oval. The structure associated with
the H-a BCM inversion is depicted with a dashed-green arrow and oval. The flux tubes
responsible for the heating signature present within the Ca II inversion are indicated with
solid-blue lines. The x-z plane represents the view from side on, whereas the y-z plane is
a cut through the associated magnetic field structure that indicates the prominence domains
within which each different observation lies.

have been responsible for the apparent decrease in the merging height of the under-
lying flux tubes. Likening it to a person sitting on a chair, a study of the cushion
does not resolve the person but rather the response of the cushion to the presence
of the person. Interestingly, this cartoon is somewhat reminiscent of the structure
animated in Martinez Gonzalez et al. (2015), albeit at a far lower altitude; see their

Figure 3.

The independent yet correlated analysis between the location of the increased
magnetic field strength as measured using the HAZEL inversion code by Wang et al.
(2020), the increased LOS velocity in this region as measured with the BCM in Sec-
tion 6.3.2, and the correlation between the location of the photospheric polarities
and the reconstructed thermal profile of Section 6.3.3 at —log(Ts5000) = 6 in com-

bination with the angled thermal structure within the inversion volume, provides a
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confluence of evidence that the footpoint of the prominence was rooted within the

FOV of the ground-based instrumentation.

The final part of this chapter focused on a structure underneath the prominence
that appeared to not have a corresponding photospheric polarity underneath. It was
suggested that such a signature would be consistent with the understanding of the
RTI within prominences as established by studies carried out over the last decade
(e.g., Berger et al., 2008, 2010, 2011; Hillier et al., 2012b,a; Keppens et al., 2015;
Kaneko and Yokoyama, 2018).

However, the density models of the low solar atmosphere (e.g., Gingerich et al.,
1971; Fontenla et al., 1993) are clear in that the prominence observed here, with a
density measured by Schwartz et al. (2019), cannot exist at the altitudes probed
using the Ca II inversion method i.e., sub-1 Mm. For example, according to the
FAL-C model of Fontenla et al. (1993) the ambient atmospheric plasma density
would equal that of the prominence studied here at a height of 2 Mm. Indeed, this
likely explains the absence and rarity of prominence absorption signatures within

Ca II observations, as is the case here.

Yet, and as demonstrated by Diaz Baso et al. (2019), neither the atmospheric
models, nor the associated response functions that have been derived therein, are
completely infallible. To clarify, the authors showed that by not imposing hydro-
static equilibrium within their model atmosphere they could produce an absorption
signature within a Ca II spectral profile from a synthetic prominence suspended at
> 10 Mm. Of course, for the low solar atmosphere a lack of hydrostatic equilibrium
is physically inaccurate (the low solar corona is not infinitely thin nor in the process
of completely diffusing into space) but it is important to highlight that the model
atmospheres are incomplete i.e., they’re not solved in magneto-hydrostatic equilib-
rium, a distinction that may alter the response functions in a similarly dramatic way
(According to Spruit (1976), magnetic field aligned with the LOS can make the at-
mosphere more transparent). In any case, the clear lack of an absorption signature

within the Ca II observation of Figure 6.2 indicates that the associated inversions

226



6.4. Discussion

will not include the same signatures of cool dense material as was observed in He 1

or H-«, or the study by Diaz Baso et al. (2019).

Furthermore, it has just been assumed that flux tubes were responsible for the
heating observed underneath the prominence. Such structures can have diameters as
small as 0.2” in the photosphere, so at a third of the pixel size of HMI it is possible
that HMI observations simply could not resolve the polarity signature of such small
structures (cf. G-Band bright points, Puschmann and Wiehr, 2006). Therefore, the
monolith that has been resolved within Figure 6.13 may simply be the heating of

the atmosphere due to a wave having propagated up a flux tube located here.

If this heating signature is related to the presence of flux tubes, as was in-
ferred for the inclined structure underneath the prominence, then the signature of
this heating should travel at, or around, the sound speed of the environment and
in the direction away from the surface. To explore this, the evolution of the LOS
velocities derived for the H-a and Ca 11 observations within the bounds of the mono-
lith are compared to the temporal evolution of this thermal structure in Figure 6.19,
where the t = 0 s timestep refers to the observation at time 14:43:11 UT. The tem-
poral evolution of the thermal structure presented in panel ¢ has been constructed
as a base difference wherein timestep 0 has been subtracted from the following

timesteps 1 —16.

Immediately contrary to this hypothesis, panel ¢ shows that the thermal sig-
nature detected within the Ca II inversion propagated from the top of the inversion
volume to the bottom (from —log(Ts5000) = 5.5—1). Isolating just the region that
contained this monolith, the average Ca 11 LOS velocity measured within this region
of the inversion is seen to have peaked in panel b with a value of 0.83 + 0.04 km s !
at t = 65 s, immediately before the thermal signature appeared within the inversion
volume in the panel below. Recall that the AA of the line core is solely taken into
account in the measurement of the Ca 11 LOS velocities. This, by definition, cor-
responds to the velocity of the upper-most region of the Ca 1T atmosphere, strongly
indicating that these measurements are related (Quintero Noda et al., 2016; Beck

et al., 2019). Interestingly, the evolution in the LOS velocity inverted from the H-a
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Figure 6.19: Possible detection of an RTI-like structure using the H-« LOS velocities and
the Ca 11 NLTE inversion of both LOS velocity and temperature. Panels a and b; The evo-
lution of the mean H-a and Ca 11 LOS velocity, respectively, measured within the same
bounds as (c). Panel c; The evolution of base-difference Ca I temperature perturbations,
saturated between 0 and +80 K, within a cube surrounding the monolithic structure of inter-
est; see Figure 6.13. The dash-dotted-red line indicates the path of the ’Plasmoid’ from the
H-a —Ca 11 heights. f = 0 s refers to time index 14:43:11 UT.

observations within the same region appears to mimic that of the Ca 1I; see panel a
of the same figure. Furthermore, this velocity enhancement is seen to have peaked

slightly earlier at t = 39 s and with a larger velocity of +3.4 + 0.1 km s~ .

Although the striking similarity in the evolution of the velocity profiles shown
in panels a and b of Figure 6.19 could be coincidental, it more likely suggests a
shared property between the two perturbations. If the perturbations were caused by
the same phenomena then this complicates the suggestion of a single wave having
been responsible. Specifically, any perturbation due to a magneto-acoustic wave
passing along the vertically-aligned magnetic field of the low solar atmosphere
would have been perpendicular to the LOS. If the wave was passing instead along

1

horizontal field then the small recorded velocity signature of ~ 3 km s~ could not
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have been caused by a wave with sufficient amplitude to perturb both H-a and Ca 11,

simultaneously or otherwise.

If these two velocity profiles refer to the same object then this is suggestive of
it having travelled in the direction of the lower atmosphere. Assuming the height
difference between the two layers to have been 500 km (cf. Leenaarts et al., 2012; de
la Cruz Rodriguez and van Noort, 2017) then the object had a velocity of 20 km s 1,

a value much larger than 3.4 km s~!

as measured in the H-a velocity inversion.
However, the Ca 1I velocity estimate is dependent on AA in the line core, whereas
the H-a velocity is more sensitive in the wings of the profile. According to Socas-
Navarro and Uitenbroek (2004), the absorption at such positions within the H-«
spectral line is somewhat unconstrained but is most certainly sourced at a much
lower altitude than its core. Therefore, the velocity of the packet need not have

necessarily been significantly higher than as inverted using the BCM, especially

when also taking into account the errors on such measurements.

Relating these independent measurements taken at different altitudes within
the solar atmosphere (the dashed-red line) tentatively suggests that the signature
was that of a single physical structure of some form, rather than a wave as previ-
ously suggested in relation to the presence of flux tubes. Assuming the stratification
of structures as set-out in Figure 6.18, this ‘plasmoid’ may have been associated
with the underside of the prominence, albeit at a far low altitude than initially spec-
ulated. The assumption of a lower initiation height simultaneously addresses the
unlikely aforementioned scenario whereby a RTI packet from the underside of the
prominence had travelled from a height of some 10+ Mm down to sub-1 Mm. In-
stead, by invoking a prominence wherein the associated magnetic field penetrated
the chromosphere, akin to a bald patch separatrix surface (BPSS; Bungey et al.,
1996) but in the chromosphere, it may finally be speculated that overdensities of
this chromospheric plasma formed an RTI-like packet that fell with a velocity of
10.2 km s~ ! from this already low-lying prominence field (consistent with vgr =
10-15, 60, and 12 km s~ ! as found by Berger et al., 2008; Hillier et al., 2012b;
Keppens et al., 2015; Kaneko and Yokoyama, 2018, respectively). It is similarly
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reasonable to speculate that should this signature have been related to the RTI, this
detection would not be an isolated case but instead suggestive of the likelihood of
detecting similar cases. However, to achieve this a more detailed study of the tem-
poral evolution of all parameters measured or inverted within this chapter would be

required.

6.5 Summary and Conclusion

The structure of a prominence observed on disk on 29 May 2017 has been studied
using a variety of inversion techniques. The combination of the NLTE H-a model of
Schwartz et al. (2019) and the HAZEL inversion study of Wang et al. (2020) enabled
the first inversion measurements of plasma 8 along the spine of a prominence. The
estimated values ranging between 0.02—-0.23 were in line with the previous stud-
ies of the RTI within prominences, suggesting the plasma parameters of material
present within this prominence may have harboured signatures of motions along

the LOS also consistent with the RTI.

Due to the involved nature of the NLTE H-a model of Schwartz et al. (2019),
the BCM was shown to be a sufficient method of inverting the H-a spectral pro-
files so as to measure the evolution of the LOS velocity and line width across the
entire FOV. A second absorption signature within the prominence resulted in the
BCM being unable to invert a significant number of the spectral profiles within the
prominence. Those positions that could be inverted using this method suggested
that the spine of the prominence harboured plasma with small, near-rest velocities
whereas the end of the absorption signature was host to plasma with significantly
larger receding velocities of up to 10 km s~!. These fast flows were also shown to
have coincided with large line widths, in addition to an increase in the magnitude of
the field strength within the prominence material, suggesting that these flows were
along, and heated by, constricting field inclined towards lower altitudes (Wang et al.,
2020). However, the inclination of the field in this region was measured to have been
largely horizontal, an inconsistency interpreted to have been related to the spectral

line’s optically thin nature, and a second absorption signature present within the
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H-a spectral lines. Consequently, the prominence is interpreted to have had at least
two distinct layers, with the upper of the two having field aligned largely with the

horizontal and the lower containing field more inclined towards the surface.

The Ca 11 observation of the chromosphere below the prominence was then
inverted using the novel NLTE inversion technique of Beck et al. (2019) to study
the structure therein. The spatial and geometrical coincidence between: increased
field strength within the He 1 10830 HAZEL inversion, a thermal Ca II structure
present above —log(Ts000) = 5.5 interpreted as magnetically induced, the presence
of Ca II monolithic structures connecting this thermal structure to the bottom of
the inversion volume, and the presence of photospheric polarity concentrations at
the footpoints of these monolithic structures, is used to conclude that a portion of
the prominence’s host magnetic field was rooted within this region. The persistent
structure present within the inversion volume with a shallow inclination from the
prominence’s body and towards the proposed footpoint was then interpreted as the

response of the chromosphere to the pressure of the field hosting the prominence.

Finally, the monolithic structure that was present within the 14:44:55 UT snap-
shot and not coincident with a photospheric polarity was studied with interest in its
relation to RTI-like phenomena. Studying the evolution of the temperature stratifi-
cation and the H-a and Ca 11 LOS velocities in time revealed that this structure was
indeed travelling towards the surface over time. Maintaining the structural assump-
tions outlined thus far, it is speculated that this ‘plasmoid’ may have been sourced
from the underside of the prominence as with the RTI1. However, if the prominence’s
magnetic field was as low-lying as suggested, the exact signature cannot be directly

compared to the RTI previously observed.

In conclusion, this chapter has reported on the study of an on disk prominence
observed on 29 May 2017 using instrumentation at the DST. The wealth of infor-
mation available within the plethora of observations taken has enabled a compre-
hensive study of the prominence’s small-scale properties to be undertaken. Based

on the evidence, and interpretations therein, it has been possible to claim a tentative
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detection of an RTI-like process having occurred underneath the prominence. How-
ever, this study would benefit greatly from the ability to more-consistently relate the
low-altitude Ca 11 inversion to additional spectral lines found within prominences
e.g., Mg 11 h & k, H-a, and He 1 10830. It is the hope of the author that such
tools will be developed within the future that will allow the continued study of such
magnificent and stunning structures within the solar atmosphere, the importance of

which we are only just beginning to understand.
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Chapter 7

Conclusions and Future Work

The solar prominence phenomena have been known to solar physicists for well over
a century (Secchi, 1875). For the concluding decades of the last century their role
in solar eruptions were studied in great detail. However, with the advent of compre-
hensive simulations and a shift in focus to the largest eruptions and their influence
of the near-Earth environment, dedicated prominence studies have seemingly been
left behind. Of course, prominences have received a significant amount of study
within the last two decades, but after it was established that they played a negligible
role within highly energetic eruptions it seems the wider solar physics community
has implicitly assumed this to be true for eruptions at every scale.

The primary focus of this thesis was to address that assumption and discuss the
role of mass within solar eruptions initiated under quieter-Sun conditions. This has
been carried out using a combination of state-of-the-art observations, theory, mod-
els, and RTE inversions. The remainder of this thesis will highlight the advances in
our understanding of solar prominences as a result of the research carried out in this
thesis, before detailing the additional questions raised alongside those that remain

to be understood.
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7.1 General Conclusions

§— Mass-Induced Prominence Stability

Prominences are understood to be suspensions of chromospheric plasma maintained
at coronal heights due to a delicate equilibrium between the magnetic and gravita-
tional forces. At some point this equilibrium gets destabilised and the associated
magnetic field and plasma are ejected out of the solar atmosphere and into the
heliosphere, forming the CMEs that solar physicists aim to one day predict. On
average, solar eruptions take on the order of three days to reach near-Earth space
once ejected. By considering this delicate equilibrium in a simple but comprehen-
sive model, the results presented in Chapter 5, in addition to the timescales derived
by van Driel-Gesztelyi et al. (2003), showed that the eruption of a heavy quiescent
prominence could be delayed by up to two days (see also the conclusions drawn
from Fan (2018), wherein the authors adopted a similar but fully-MHD approach).
Of course, there exist a variety of conditions (active, intermediate, quiescent) in
which the role of mass within the prominence evolution and eruption can be con-
sidered important or not, and this was explored in the same chapter. But a key
conclusion here is that by considering magnetic field and mass values measured
within quiescent prominences, the error on the assumed eruption time can be off, in
time, by as much as 66% of the time it takes for these structures to travel from the
Sun to the Earth.

In conclusion, although these quiescent prominence eruptions may not be the
most energetic and therefore may not create the largest geomagnetic disturbances,
the inclusion of mass within the understanding of their equilibrium criteria is critical

for accurate predictions.
§— Mass-Induced Prominence Destabilisation

The evolution of mass within quiescent prominences has previously been suggested
to have the ability to perturb the delicate balance between the gravitational and mag-

netic forces of a prominence’s host flux rope (e.g., Bi et al., 2014). Chapter 4 of this
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thesis provided additional observational evidence to this effect whilst expanding on
the analysis to include a quantified estimate to this perturbation. This dimensionless
ratio approach was developed further in Chapter 5 wherein it was shown that the re-
moval of mass from the modelled flux rope caused it to increase in height by up to
~ 40% (much like the reversed effect noted in both Petrie et al. (2007) and Hillier
and van Ballegooijen (2013)). Most crucially, this increase in height was shown to
have the potential of leading the prominence’s host flux rope into a torus unstable
region and in turn triggering its eruption.

In conclusion, the evolution of mass within a prominence has been shown to be
of critical importance when considering the stability of the global structure. Indeed,
the end-state of a prominence with evolving total mass depends foremost on the
strength of the surrounding magnetic field, after which serious consideration must

then be given to when and how much mass is drained from the structure.
§— Large- and Small-Scale Structure

In the first two science chapters of this thesis (Chapters 4 & 5), it has been as-
sumed that the flux rope — prominence system could be largely regarded as a single
entity. Of course, structure and dynamics exist on much smaller scales than this
global picture and Chapter 6 focused on how simultaneous observations in multiple
spectral lines enables the study of such structures on both global and local scales.
It was shown that the use of the multiple variations on the Beckers’ Cloud Model
(Schwartz et al., 2019; Asensio Ramos et al., 2008) enabled the mapping of plasma
parameters (both magnetic and thermodynamic) along a large portion of a promi-
nence, leading to the first measurement of the associated plasma B with minimal
assumptions. Observations of the Ca II line were then inverted using the novel
approach devised in Beck et al. (2019) and based on the stratified NICOLE code
developed by Socas-Navarro et al. (2015). The reconstructions of the low chromo-
spheric atmosphere enabled the connection between the structures inferred to have
existed at a large range of altitudes, and facilitated the identification of the observed
prominence’s footpoint; such an achievement would not have been possible using

the cloud models alone. Furthermore, this global picture of the prominence’s foot-
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point allowed the reconciliation of supposedly inconsistent results, the existence
of multiple layers within the prominence, and the speculation of the small-scale
RTI-like structure having been involved with extremely low-lying, chromosphere-
penetrating prominence magnetic field.

In conclusion, solar physics is approaching a state wherein the wealth of infor-
mation available in simultaneous, spectroscopic observations can be used to com-
pare, contrast, and combine multiple layers of the solar atmosphere. Without such
observations, in combination with the stratified inversions, the self-consistent con-
nection between the upper and lower portions of the prominence presented in Chap-

ter 6 would not have been possible.

7.2 Future Work

Prominences exist as structures that appear in both optically-thick and optically-
thin spectral lines. Furthermore, they straddle the chromospheric region of the solar
atmosphere wherein its thermodynamic and magnetic properties scale by up to five
orders of magnitude with height. One cannot forget that they are also relatively cool
structures suspended within the much hotter corona by a complex and ever-changing
magnetic field topology. In conclusion, prominences are marvelous phenomena
that enable solar physicists to explore and test many plasma physics and magneto-
hydrodynamic theories, in addition to those of general radiative transfer and atomic
physics. Consequently, the outstanding studies to be done are extensive and almost
innumerable. Nevertheless, I would like to take a moment to outline a number of
those that I find particularly interesting and which may benefit from the research

that I have carried out in this thesis.

7.2.1 Measuring the Mass of Solar Prominences

The method of measuring the density and mass of solar prominences described in
Chapter 4 (from Williams et al., 2013; Carlyle et al., 2014) uses the opacity of
material along the LOS in comparison with a snapshot that is assumed to repre-
sent the unattenuated background. By definition, this assumes material along the

LOS is responsible for the removal of intensity via photoionisation, and attributes
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all deductions of the intensity, therein, to the existence of suitable material. Al-
though this sounds like a cyclical argument, the key distinction lies in that there
has to be material along the LOS capable of removing photons from the light beam
through photoionisation. By extension, there may be material along the LOS that
is not being sampled as it has already been ionised and cannot, therefore, absorb
the incident photons that then pass through. In such a case, no marker of this ma-
terial’s existence is imprinted on any detector, incorrectly indicating an absence of
material. This ratio of ionised hydrogen or helium to its non-ionised counterpart
is heavily dependent on the temperature of the respective species. If the tempera-
ture changes then so would the ratio of ionisation, complicating the interpretation
of any absorption signature measured within the multiple passbands of SDO/AIA.
This is of particular importance for studies focused on observations that include
erupting prominences, as was the case in Chapter 4. It would be interesting to use
simulations of prominences to both benchmark the associated density measurement
method, but also explore how the temperature of the included plasma affects these

measurements.

7.2.2 The Global & Local Structure of Solar Prominences

Prominences are typically modelled or simulated as largely horizontal plasma struc-
tures embedded within the dips of a magnetic topology widely believed to resemble
a magnetic flux rope. However, such models struggle somewhat at representing the
nature of the plasma that resides within the lower-altitude portions of the magnetic
topology, whether footpoints or barbs (although one such example by Xia and Kep-
pens (2016) does show significant promise). In the case of Chapter 6, the interpre-
tation as to the shape of the thermal structure remains speculative, albeit consistent
with the structure inverted using the additional observations. Understanding the
nature of these regions of a prominence will aid in both the understanding of the
plasma within these regions i.e., mass flows into and out of the prominence, and the
topology of the magnetic field common to prominences and prominence-less flux
ropes alike (Martinez Gonzdlez et al., 2015). As such, additional development of

the NICOLE code (or equivalent) that forms the basis of the NLTE inversion ap-
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proach used in Chapter 6 will advance the study of such low-altitude portions of
a prominence. Specifically, the inclusion of inversion approaches for Mg 11 h&k,

H-a, and He 1 10830 are required.

7.2.3 The Global Stability of Solar Prominences

Chapters 4 & 5 present compelling evidence that the mass of solar prominences
must be taken into account when studying the stability criteria of their host magnetic
flux ropes. In particular, the formulation of the problem adopted in Chapter 5 re-
duces the problem to one comparable to the classic set-up between bar magnets and
current wires that can be easily demonstrated in a classroom. Applying it to the so-
lar environment was achieved by making the extension to flux evolution rather than
explicitly that of the current within the wire, a property dependent on the surround-
ing magnetic environment. Reducing the complex magnetic field of the surrounding
solar corona to the 2D representation used within this model is non-trivial and could
be done in a variety of ways depending on the complexity of this surrounding field.
Considering the importance of the background magnetic field concentration on the
equilibrium, the possible modifications to the methods of handling this background

field must be explored in more detail.

7.2.4 The Predictability of Solar Eruptions

A goal at the forefront of solar physics and the study of solar eruptions lies in the
ability to predict their occurrence. Currently, the state-of-the-art models and tools
used to do this on an operational basis track and measure only the evolution of the
solar magnetic field at the solar surface (as explained in Murray et al., 2018). It was
stated at the start of this thesis, and again many times throughout, that the wider
solar physics community has thus far operated under the assumption that mass pro-
vides a negligible force in the triggering of solar eruptions. Naturally, this explains
why such a metric is yet to exist as a part of the operational monitoring systems.
However, as has been clearly indicated by both the simple model of Chapter 5 and
the more involved model of Fan (2018), such a statement on the role of mass does

not hold across all scales. Furthermore, although the MHD model of Fan (2018)
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may be ideally suited to exploring the finer details of the force balance involved
within prominences, the computational expense required to complete a simulation
run is extreme. Instead, with the additional development outlined in Section 7.2.3, it
would be interesting to see whether the model of Chapter 5 and Jenkins et al. (2019)
could be included within the aforementioned operational forecasting. Specifically,
the current forecasting tools (such as that by Pagano et al., 2019) provide a pre-
dicted time ¢ of an eruption, the model of Jenkins et al. (2019) then provides a At
value that should improve the accuracy of the original forecast. Presumably, such
an extension would be trivial given the computational power required to carry out
the At calculation in comparison with the initial ¢ prediction. This is something that
I expect I would be able to persue as a part of a collaboration and with the assistance

of a summer student or equivalent.
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