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Abstract

This thesis is concerned with studies and analyses for Far-Ultraviolet (FUV), Near-
Ultraviolet (NUV) and Extreme Ultraviolet (EUV) observations of chromospheric
and transition region (TR) dynamic phenomena.

The solar chromosphere is host to a large number of dynamic phenomena and
processes on both large and small spatiotemporal scales. The corona is arguably even
more enigmatic, extending millions of kilometers into space and exceeding temper-
ature of 1 million kelvin. Not only are the behaviour of these layers complex but
the relationship between them is also poorly understood. A multitude of theoretical
models attempt to explain the coronal heating problem but are not unambiguously
proved through observations. While micro-flares and other small-scale, ubiquitous
phenomena have been proposed, a deeper analysis of these small-scale events is
required to provide meaningful constraints on at least some of these models.

The following paragraphs provide a brief summary of the collection of work
presented in this thesis:

Chapter 1 provides an introduction to general theories and solar mechanisms
relevant to the work presented in subsequent chapters. Extensive accounts of ob-
servation, image processing and data extraction methods are provided in chapter
2, particularly those details that could not be included in the studies described in
subsequent chapters.

Chapter 3 presents high-resolution observations and some spectroscopic proper-
ties of chromospheric jets emerging from a bright, penumbral foot-point. Distance-
time plots of images from the Interface Region Imaging Spectrograph (IRIS) and the
Atmospheric Imaging Assembly (AIA) are constructed using a path-tracing method.
From these, plane-of-sky emergence speeds of 23-130 kms−1 are determined from two
discrete data sets. These plane-of-sky speeds are considerably higher than the ex-
pected chromospheric sound speed. Maps of velocity, line-broadening and intensity
are also constructed from the spectroscopic data. The jets exhibit signatures in
observations at several wavelengths in cool and hot channels of IRIS and AIA, sug-
gesting a multi-thermal nature with instances of coronal temperatures. Spectral
analysis of these jets reveal Doppler line-of-sight speeds of ± 10-22 kms−1, facili-
tating true velocity estimates. Full-Width Half Maximum and intensity spikes also
overlap these areas of strong blue-shift. Each jet lasts an average of 15 minutes and
occur 5-7 times over a period of 2 hours. Several physical mechanisms for this phe-
nomenon are discussed, particularly Alfv’en wave shock trains based on the presence
of line-broadening throughout the jet region and the suggestion that the line-of-sight
Doppler movements represent wave amplitudes as opposed to bulk plasma motion.
The close match between this study’s results and those of other jet and spicule
observations are also discussed.

It is imperative that the contribution of microflares to the heating of the corona
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is understood. What is their maximum contribution? This may be constrained by
detecting small-scale brightenings. Detection of these brightenings in quiet regions
is useful as these are the most commonly occurring regions on the solar surface,
and are also less susceptible to large, rapid changes that may disrupt the detection
process. While this study cannot guarantee any distinct conclusions, it can provide
limitations on leading theories that attempt to solve the coronal heating problem,
whereby accurate statistical relationships may be used as a form of constraint by
which plausible theories must comply. Chapter 4 concerns these detections and
limitations by describing and testing a new filtering method on synthetic data and
and demonstrate its application to IRIS time-series imagery in the EUV as a proof-
of-concept. This method is based on spatio-temporal band-pass filtering, adaptive
thresholding and centroid tracking, and records an event’s spatial position, dura-
tion, total brightness and maximum brightness. Average area, maximum and total
brightness, and position are also recorded as functions of time throughout the event’s
lifetime. A synthetic data cube is generated using a real IRIS slit-jaw time series as
the background. A Poisson distribution is added to each pixel based on their mean
intensity as an analog for randomly varying background intensity. ∼ 1280 Gaussian
profiles are superimposed on to the synthetic cube as artificial brightening events
with random distributions of spatial and time positions, amplitude, area, duration,
speed, etc. The band-pass filtering in space and time is achieved via convolutions
with appropriate kernels, while the varying threshold is based on the Poisson noise
model for each spatial pixel. The method yields an event detection rate of ∼ 81%
and a voxel detection rate of ∼ 49% in tests on the synthetic cube. The limits of
this method are then tested by applying it to a very dense, real-world-analog data
cube with ∼ 10, 000 artificial brightenings. The properties of these brightenings are
based on power-law distributions. The power-law distributions and event properties
of these are accurately determined while demonstrating the difficulty of extracting
power law properties from real data due to instrument and method sensitivities.
Applying this detection method to real IRIS QS slit-jaw imaging data spanning 19
minutes over a 54.40′′ × 55.23′′ FOV yields 2997 detections. Additionally, an extra
measure of complexity of each detection is designated by their potential to frag-
ment or merge over time. Therefore the number of distinct regions constituting the
brightening event is recorded over time, and a brightening’s maximum number of
regions over time is recorded. 1340 of these detections either remain un-fragmented
or fragment to two distinct regions at least once during their lifetime, equating to
an event density of 3.96× 10−4 arcsec −2 s−1.

Chapter 5 presents a multi-wavelength analysis based on the results of chapter
4 by applying the same method to an active region (AR) IRIS time series across
multiple channels. Threshold values chosen for 1400 Å in the previous study remain
unchanged while new threshold values are applied to both 1330 Å and 2796 Å. Using
a stringent and statistical event-match criterion, it was determined that 3248 events
occur across each wavelength channel, ≈ 2400 of which remain unfragmented or
fragment only once during their lifetime, yielding an event density of ∼ 1.3 × 10−4

arcsec −2 s−1 within a 90′′ × 100′′ FOV over the course of 34.5 minutes. The char-
acteristics of these detected events are compared between channels and against the
results of chapter 4. A power-law fitting method is also applied to each character-
istic from each wavelength which shows that the events’ average area, maximum
brightness and total brightness obey power laws above some lower bound, while
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their average speed and duration do not. The Appendix provides greater detail of
the methods described in chapters 2-5, particularly any obstacles, limitations or as-
pects not sufficiently explained in the studies of chapters 3-5 due to their published
format.
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13
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1330 Å and (i) 2796 Å. The diagonal red line indicates the derived
power-law gradient using Clauset et al. (2007a)’s method. Vertical
red line indicates the lower bound of the scaling region, above which
the distribution obeys the power law. . . . . . . . . . . . . . . . . . . 116

5.8 Histograms of event duration for (a) 1400 Å, (b) 1330 Å and (c) 2796
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Chapter 1

The Solar Atmosphere

1.1 Introduction

1.1.1 The Sun

A benevolent source of heat and light, it is little wonder that the Sun - a gargan-
tuan sphere of plasma - was perceived as a deity to past civilisations. 5.4 billion
years of age, an average G-type star and capable of turbulent and sometimes violent
outbursts, the Sun is by no means the perfect guardian. While we have come to
know that our star isn’t particularly exceptional, it commands reverence, neverthe-
less. Accounting for over 99% of the Solar System’s mass, dwarfing our host planet
a millionfold, and capable of eruptions which scale from somewhat tumultuous to
extinction-level, the Sun is the dominant body of the solar system. These turbulent
events occur on both large and small scales, ranging from coronal mass ejections
to nano-flares, respectively. These events are facets of the release and transfer,
or conversion, of energy originating from the Sun’s core. Figure 1.1 displays the
large-scale structure of the Sun, notably the chromosphere and corona. These two
layers are closely linked, made quite apparent by their ethereal appearance during
a total solar eclipse, as can be seen in figure 1.2. The temperature atop the pho-
tosphere lies in the few 103 K range. Based on our experience of terrestrial sources
of heat, one would expect the temperature of the Sun to decrease as a function of
height. However, progressing from the photosphere to the complex chromosphere,
we find a temperature increase to the 104 K range. This counter-intuitive increase
in temperature continues to the corona – the tenuous outer atmosphere – reaching
temperatures of one to a few 106 K over the very small distance range called the
transition region (TR). This is known as the coronal heating problem, a mystery
of astrophysics over the past 130 years. Several theories have attempted to explain
this problem, primarily based on the conversion of magnetic or oscillatory energy to
thermal energy as it rises from the chromospheric and photospheric layers through
the TR.

1.1.2 The photosphere

The photosphere is the deepest layer from which light is radiated and is defined this
way as opposed to a solid surface. Below this layer lies the convective zone whereby
the plasma becomes opaque. 4500-6000 K define typical photospheric temperatures
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Figure 1.1: Schematic of the solar internal structure and atmospheric layers. Image
credit: NASA (nasa.gov)

which then increases with depth, along with density, towards the core. Figure 1.3 de-
scribes a 1D stratified temperature-height distribution of the solar atmosphere from
the photosphere (left) into the corona (right). Figure 1.4 depicts Wedemeyer-Böhm
et al. (2009)’s schematic of the lower QS atmosphere including its many regions,
magnetic field interactions and sites of several magnetic phenomena. Covering the
first few hundreds of kilometers of figure 1.3, the photospheric surface consists of
a complex, granulated structure which are represented at the photospheric layer in
figure 1.4 and can be seen in figure 1.5. This nexus of cells is separated by dark lanes
characterising the ‘overturning’ of the hotter central substance of each granule to its
cooler periphery via convection from the internetwork of proposed ‘supergranules’
below the photosphere (Odert et al., 2005). This process of emergence, radiation
of energy and subsequent disappearance below the photospheric surface is constant,
with each granule replaced by another. Bright spots often form in between these
1000 km-wide cells and are caused by the concentration of magnetic flux as a result
of magnetoconvection (Keller et al., 2004).

The photosphere is also host to sunspots - regions of dark plasma relative to
the surrounding area. These regions are concentrations of magnetic field flux which
inhibit convection, resulting in a reduced surface temperature, several examples of
which can be seen in figure 1.6. These regions are linked to several photospheric
and chromospheric phenomena and will be discussed further shortly.

1.1.3 The chromosphere

The chromosphere lies just above the photosphere covering the next few thousand
kilometers of figure 1.3 and the largest portion of figure 1.4. This ‘ball of colour’
bridges the relatively cool photosphere to the fiercely hot TR and corona in the form
of spicules, extending from its mostly-homogeneous depths to its highly energetic
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Figure 1.2: Image of the corona and chromosphere in visible light during solar eclipse
totality. chromospheric plasma appears red due to the strong contribution from the
Hα 637.4nm emission line. Image credit: NASA (nasa.gov)

and complex canopy. The chromosphere is typically defined as the layer within which
non-photospheric gas (or gases that lie above regions in which convection dominates)
possess temperatures below ∼ 104 K (Solanki, 2004). However, this simplistic defi-
nition imprecisely captures the complexity of this layer, particularly its temperature
gradient moving outwards. Chromospheric temperatures decrease gradually from
the inner photospheric boundary before spiking sharply to over 30,000 K at the
TR boundary. This counter-intuitive phenomenon extends into the corona and is
not yet fully understood. The chromosphere is host to numerous energetic events,
such as flares, spicules, small-scale magnetic canopies, and large-scale flows (most of
which are illustrated in figure 1.4), and demonstrates both periodic and non-periodic
structural variations.
Intricate magnetic field configurations within this layer link structures from photo-
spheric footpoints and flux tubes to coronal loops via the TR which can be seen
by the thickest black lines of figure 1.4. The low-chromosphere component of these
magnetic fields are concentrated within the boundaries of a network of supergran-
ular flow cells, seen in figure 1.7. These magnetic field lines are generally highly
non-radial: bending strongly before reaching the corona (such as marker ‘D’ in
figure 1.4) based on Berger et al. (1999)’s study of ‘moss’ - bright chromospheric
material at coronal temperatures - whereby their patterned nature contrasts with
the location of magnetic flux from the photosphere below. Myriad small-scale phe-
nomena exist in the chromosphere. These include (but are not limited to) spicules,
Ellerman/IRIS bombs, fibrils, arch filaments, and jets. These small-scale events
are poorly understood, difficult to study and observe, and are often inconsistently
categorised due to their variety, rarity, their small size, their different observable
characteristics in different wavelengths, and observational limitations. A number of
space-based instruments are capable of observing the chromosphere and its complex
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Figure 1.3: Temperature-height distribution and density profile of 1D stratified
atmosphere from (left) photosphere to (right) corona. Atmospheric layers and their
corresponding particle densities are labelled. Figure from Aschwanden (2005).

Figure 1.4: Wedemeyer-Böhm et al. (2009)’s simplified schematic of the lower QS
atmosphere (dimensions are not to scale) and the large-scale magnetic canopy con-
sisting of magnetic field lines (black lines). Field lines with footpoints in the inter-
network (sub-canopy) region are shown as dashed black lines. The red dot-dashed
line represents a hypothetical surface where sound and Alfvén speeds are equal. La-
bels C and D are relevant for the generation of type-II spicules (see text for details).
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Figure 1.5: High resolution image of the photospheric granulation taken by DKIST.
Hot plasma rises to the ‘surface’ at the bright centre of cells before cooling and
sinking below the surface into the dark lanes via convection. Image credit: National
Solar Observatory (NSO)/National Science Foundation (NSF)/Association of Uni-
versities for Research in Astronomy (AURA).
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Figure 1.6: Solar and Heliospheric Observatory image of the solar photosphere with
several sunspot complexes visible. Image credit: SOHO/NASA
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Figure 1.7: A segment of Peter (2001)’s SUMER full-disk scan from 28 January
1996 showing the TR at 60,000 K as seen in the C iii (977 Å) emission line. The
patchy pattern is the chromospheric network with a typical cell size of 20,000 km.
A prominence can be seen above the limb on the left.

events including (but not limited to) the Solar Ultraviolet Measurements of Emitted
Radiation (SUMER; Wilhelm et al., 1995), the Extreme ultraviolet Imaging Tele-
scope (EIT; Delaboudinière et al., 1995) and the Coronal Diagnostic Spectrometer
(CDS; Harrison et al., 1995) aboard the Solar and Heliospheric Observatory (SOHO;
Domingo et al., 1995), the TR and Coronal Explorer (TRACE; Handy et al., 1998)
and AIA aboard the Solar Dynamics Observatory (SDO; Pesnell et al., 2012a), and
IRIS.

1.1.4 The transition region

The TR is a tumultuous, dynamic and non-uniform site of atmospheric physical
transitions between the chromosphere and the corona and is represented by the
sharp rise in temperature seen in figure 1.3 from 104 K to > 106 K. This thin region
mostly emits in FUV, primarily by C iv, O iv and Si iv ions. Since the beginning of
the space age, many spacecraft have launched with the purpose of investigating this
region, including (but not limited to) SOHO/SUMER, TRACE and EIS/HINODE.
Radiative energy transfer within this region is extremely complicated: a sharp gra-
dient with height between partially and fully ionised Helium; spectral emission and
absorption differences due to variations in plasma opacity; and changes in the mag-
netohydrodynamics of the system along steep (almost discontinuous at solar scales)
gas pressure and temperature gradients. Considering that the corona is filled with
the magnetic field, and the concentration of low-chromospheric magnetic field lines
at network boundaries, suggests that only a small fraction of the solar surface is
magnetically connected to the corona (Peter, 2001). Gabriel (1976a) suggested that
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the TR is confined to funnels anchored to this chromospheric magnetic field network
(as figure 1.4 depicts). A rapid expansion is expected at about 3000 km above the
photosphere, implying a canopy morphology with approximately horizontal mag-
netic fields extending into the corona (Solanki & Steiner, 1990). Spectral emissions
of these funnels observed at the lower TR are far larger than those predicted by
models, leading to the proposition that a relatively cool, small network of loops lie
below the funnels (Dowdy et al., 1986) as can be seen at marks ‘A’ and ‘B’ in figure
1.4, providing the bulk of the C iii, Si iv and C iv emissions above small bipoles at
lower temperatures (Peter, 2002; Porter et al., 1987).

Applying a single Guassian fit to the C iv 1548 Å line profile of inter-network
TR regions suggested that these regions are heated by a different mechanism to
both the small loops at the base of the TR and the coronal funnels (Peter, 2000),
whereby acoustic shocks propagate upwards through the coronal loops, generating
the canopy morphology (Carlsson & Stein, 1997).

Although complex, this layer is of great diagnostic value for studying the coronal
heating problem and is fundamental in understanding the energy transfer from lower
atmospheric layers to the hot corona. However, while the basic model of exchange
of material between the chromosphere, TR and corona is well understood (e.g. the
temperature catastrophe ‘evaporation’ of Helium), the transportation of energy from
lower layers to the corona remains a contentious topic. One problem is to structurally
connect the large-scale features of the corona and the underlying chromosphere and
photosphere - this is often done indirectly (e.g. Morgan & Habbal, 2007a,b; van
Driel-Gesztelyi et al., 2012), or using simplified magnetic models that neglect the
complexities of the lower atmosphere.

1.1.5 The corona and the heating problem

The corona has perplexed for thousands of years. Extremely dim relative to the
solar disk, this aura of plasma extends millions of kilometres into space, revealing
itself directly only during total solar eclipses as is shown in figure 1.2. Prior to
Bernard Lyot’s conception of the coronagraph, details of the corona’s composition
were revealed only through spectroscopy. It was assumed that coronal temperatures
would be lower than that of the photosphere; an intuitive and rational conjecture.
However, the discovery and correct interpretation of the Fe ix and Ca xiv spec-
tral lines (Grotrian, 1939; Edlén, 1943) demonstrated the true temperature of the
corona to exceed one million Kelvin (K) (Swings, 1943), as can be seen at the
highest region above the photosphere in figure 1.3 following the abrupt increase in
temperature through the TR. This implies an initially unreasonable conclusion; the
corona – more tenuous (10−12 times photospheric density) and further from the core
than the photosphere – is in fact at temperatures approximately 200 times that of
the photosphere. This hot and tenuous plasma is confined to closed magnetic flux
tubes (coronal loops), or expands within open flux tubes (that extend beyond a few
solar radii thus expanding out into space), that permeate this region of the solar
atmosphere, anchored to the underlying photosphere (Reale, 2010).

Several solar phenomena remain unanswered, enigmatic and obscure, none more
so than the coronal heating problem. Chromospheric temperatures are approxi-
mately twice that of the photosphere, while typical coronal temperatures exceed 1
Mk (Abhyankar, 1977, see figure 1.3), with different coronal regions exhibiting differ-
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ent average temperatures (e.g. Morgan & Taroyan, 2017a). The large discrepancies
between the energy budget of the quiet chromosphere (4 × 106 erg cm−2 s−1) and
corona (3× 105 erg cm−2 s−1), as well as their corresponding active regions (2× 107

erg cm−2 s−1 and 107 erg cm−2 s−1, respectively), adds to the challenge (Withbroe
& Noyes, 1977; Withbroe, 1988). The exact mechanism(s) responsible for heating
coronal plasma and that can explain the puzzling jump in temperature from the
chromosphere to the corona remains, on the whole, unknown.

Several large-scale pheonomena have been considered to contribute towards the
temperature of the corona but discriminating among them proves difficult as the
corona is energetically linked to other atmospheric regions, forming a highly cou-
pled system which allows the transfer of mass and energy to and from these layers
via the TR. Owing to the different plasma properties between the corona and the
chromosphere (Mandrini et al., 2000) and inhibited thermal conduction across the
corona’s magnetic field lines, proposing a single effective global heating mechanism
proves difficult (Parnell & De Moortel, 2012). Energy losses from the corona do
nothing to lessen the complexity of the heating problem, considering that radiative
and conductive losses are approximately an order of magnitude less than that of the
chromosphere (Withbroe & Noyes, 1977).

Withbroe & Noyes (1977) suggest that there is little variation between chromo-
spheric QS regions and coronal holes, proposing that it is reasonable to assume that
the heating mechanism of chromospheric and coronal QS regions and coronal holes
are the same, and that the two are intimately linked in this regard. Additionally,
photospheric driving of the magnetic field as well as their complex geometry and
topology are a global phenomenon.

It is therefore clear that coronal heating, whatever the mechanism, must be
treated as a highly coupled system, and therefore any meaningful attempt at ex-
plaining the mechanism(s) responsible for the corona’s temperature must apply to
the whole solar atmosphere at every scale.

Current computers are not advanced enough to produce models on all scales,
and current imaging telescopes have neither the required spatio-temporal resolution
nor the sensitivity to observe at the ‘kinetic’ scale (Parnell & De Moortel, 2012).

It is widely accepted that the primary and ultimate source of energy fueling the
corona is the mechanical displacement of footpoints and magnetic field lines (i.e.
the churning of magnetic plasma) in and below the photosphere. Depending on the
timescale, these displacements result in two fundamental types of heating mecha-
nisms: the generation of wave phenomena (with varied methods of energy transfer
over short time scales) or quasi-static stressing of the magnetic fields (Klimchuk,
2006), leading to magnetic reconnection (over long time scales).

The dissipation of acoustic waves are a mechanism for energy transfer. However,
such waves must overcome several obstacles if they are to be considered a viable
theory for coronal heating. The first of these obstacles is that these waves must
be generated at or below the photosphere. The second is that the the waves must
transport a sufficient energy flux across solar layers into the corona, and the third
is that, once the wave has transported this energy, the energy is then efficiently
converted into heat. Solar convection at and below the photosphere generates a
mixture of upward propagating waves with a > 107 erg cm−2 s−1 energy flux (Narain
& Ulmschneider, 1996) which is sufficient to heat the corona and overcomes the first
of these obstactles.
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Figure 1.8: Hesse & Cassak (2020)’s simplified two-dimensional schematic of opposed
magnetic fields (white lines) reconnecting within the shaded rectangle in the centre.
Ambient plasma (light blue circles) move in to this region and are then heated and
accelerated outward.

Alfvén waves are magnetohydrodynamic (MHD) waves ubiquitous in the solar
atmosphere and are generated via solar convection in the photosphere and chromo-
sphere (Tomczyk et al., 2007). These waves are efficient carriers of energy over large
distances (Hollweg, 1978, 1984) and are believed to overcome several obstacles en-
countered by slower acoustic waves (such as reflection and refraction within the TR
due to the rapid increase in density/temperature; Hollweg, 1984) via vorticity and
compression (Goossens et al., 2012), overcoming the second obstacle, although they
are not without their own obstacles (Wentzel, 1976). These MHD waves are believed
to propagate into the corona, dissipate and convert their energy, which results in
the heating of plasma. Several recent studies provide observational evidence for the
signature of these waves in plasma behaviour (e.g. De Pontieu et al., 2007b; Jess
et al., 2009; Morgan & Hutton, 2018). However, the intrinsically weak dampening of
Alfvén waves makes it difficult to overcome the third obstacle without considering
additional dissipation mechanisms, such as resonant absorption and phase mixing.
This phenomenon will be discussed further shortly.

Magnetic reconnection - in its many forms and manifestations - is also a viable
mechanism for coronal heating. Typically, magnetic reconnection describes when
oppositely directed magnetic field lines break and cross-connect, changing and re-
arranging the magnetic topology of the plasma, as can be seen in figure 1.8. This
results in the conversion of stored magnetic energy into plasma kinetic and thermal
energy and thus the acceleration of plasma, particles and mass (Mart́ınez-Sykora
et al., 2009). These accelerations are believed to often manifest as energetic solar
events ranging from the largest of scales (flares, coronal mass ejections) to the small-
est (spicules and micro/nano-flares). An example of a large-scale energetic event
that interacts with the corona is a coronal loop - an enormous, braided group of
magnetic field lines within which hot plasma flows to upper layers of the solar atmo-
sphere (Archontis et al., 2005) - as a result of reconnection driven by the emergence
and/or cancellation of magnetic flux. In addition to the emergence/cancellation pro-
cess, magnetic reconnection can also occur in the chromosphere due to small-scale
movements of magnetic footpoints (Longcope, 1998; Aulanier et al., 2007).
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A proposed consequence of this small-scale magnetic reconnection is the dissi-
pation of energy from current sheets. The slow convection of magnetic footpoints
could lead to the braiding or sheering of magnetic field lines or loops that continu-
ally dissipate energy and subsequently reform (Parker, 1972). The nano-flare theory
proposes that these sheering/braided magnetic fields continually result in an ocean
of small-scale flare-like events. While the energy output of these nano-flares is nine
orders of magnitude less than those of large flares (1024 and 1033, respectively; Lin
et al., 1984), these events could heat the corona quasi-statically if they are ubiquitous
within the solar surface. This phenomenon will be discussed further shortly.

While a variety of suitable theoretical models have been proposed describing
plasma-heating or plasma-transfer mechanisms, several of these models lie short of
fitting to observed data or a basis on observable variables Aschwanden (2001). It
is unlikely that any one of these mechanisms alone can successfully explain coronal
heating. However, assessing their individual importance and plausibility, as well as
placing constraints on those that are insufficient, is important.

1.1.6 Regions of the atmosphere

Active regions

Many energetic solar phenomena are the result of disturbances or interactions
between very strong and/or complex magnetic fields. Such clusters of magnetic
activity are known as active regions (ARs) and emit strongly in X-ray and EUV.
ARs are typically caused by magnetic flux entering the corona from the solar interior
below and the size of an AR is proportional to the rate of this flux (Phillips, 1995).
Instabilities within an AR can lead to magnetic reconnection and a subsequent,
intense burst of energy, often in the form of solar flares, coronal mass ejections
and/or high-energy X-ray/EUV photons.

AR locations and frequency are also strongly related to those of sunspots. Sunpsots
are temporary pheonomena caused by the concentration of magnetic field flux within
ARs, which can be interpreted as the photospheric magnetic networks in figure 1.4.
This concentration of flux inhibits the convection of hot plasma from below, causing
a reduced surface temperature relative to the surrounding plasma and resulting in
a district darkening, several examples of which can be seen in figure 1.9. These
sunpsots consist of two parts: the umbra and penumbra, where the magnetic field
lines are approximately vertical (normal to the solar surface) and more inclined, re-
spectively. While not all ARs produce sunspots, a sunspot is a clear visual indicator
of an ARs location and often appear in pairs of opposite magnetic polarity. Sunspots
display rotation, changes in size as well as fragmentation. However, in most wave-
lengths, the centre of the umbra seems fairly quiet. Fourier-transformed/-filtered im-
ages reveal that this is far from true, whereby periodic pulses and wave-like behaviour
is ubiquitous within the umbra, penumbra and the plasma surrounding the sunspot.
These sunspot oscillations can range from several seconds (Jess et al., 2008) to over
an hour (Demchenko et al., 1985), although this is mostly dominated by the umbral
photospheric response to 5-minute p-mode global oscillations (Thomas et al., 1982).
Wave phenomena such as these magneto-acoustic oscillations are generated through
the continual convective churning of plasma at the photospheric surface and mani-
fest as the chromospheric phenomenon of running penumbral waves (Christopoulou
et al., 2000; Tziotziou et al., 2006). These wave have been shown to propagate to
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Figure 1.9: Image of an active region with several sunspots, the largest of which
have clearly defined penumbrae. Credit: Royal Swedish Academy of Sciences -
Göran Scharmer and Mats Löfdahl.

distances exceeding ∼ 15 arcsec (or ∼ 10000 km) from the outer edge of the penum-
bra. This suggests that the waves have enough energy to overpower ubiquitous QS
p-mode oscillations (Kobanov & Makarchik, 2004) and are also believed to be linked
to several distinct chromospheric phenomena, such as jets and spicules.

Coronal Holes

Coronal magnetic fields often expand to great heights above the solar ‘surface’,
some of which do not fall back and remain ‘open’. These regions of open magnetic
field lines are known as coronal holes and appear darker in X-ray and EUV imag-
ing than the surrounding corona due to a lower temperature (reaching as low as
4 × 105 K compared to typical ∼ 106 K coronal temperatures Leonard & Morgan,
2014). Coronal holes are also far less dense than the regions of closed magnetic field
lines which is a direct result of the outflow of material from the Sun (channeled
from photospheric granules below Tu et al., 2005) along these open magnetic field
lines, through the relatively ‘thin’ atmospheric region, into the interstellar medium.
These regions thus have the largest solar wind kinetic energy fluxes (i.e., the highest
speeds Noci, 1973) and contribute to the ‘fast’ solar wind, reaching speeds of up to
800 kms−1 (Cranmer, 2012). The association of the large coronal holes with the fast
wind is well established, and has been confirmed by several observational studies
(e.g. Li et al., 1998; Morgan & Habbal, 2005). The boundaries of large polar coronal
holes are host to longitudinally-extended and long-lived filaments (or prominences),
called the polar crown filaments. The latitudinal extent of the polar coronal holes,
and their associated crown filaments, show a strong correlation to the distribution
of low-density coronal hole flows and their neighbouring high-density streamers (e.g.
Morgan & Habbal, 2010).
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Figure 1.10: Full disk 193 Å image from AIA showing a large coronal hole associated
with ‘open’ coronal magnetic field lines, from which the solar wind flows out at a
faster rate. Credit: NASA/AIA.

While large coronal holes exist at the solar poles, they also occur at lower lat-
itudes. These coronal holes vary in size and population in strong accordance with
the solar cycle, and drift towards the poles but with no distinct difference in trend
between northern/southern hermispheres (Heinemann et al., 2019) and a decrease
in size/population occurs as the Sun heads towards solar maximum, and vice versa.
An example of a particularly large coronal hole can be seen in figure 1.10 whereby
the region is evidently darker than the surrounding corona in AIA’s 193 Å channel
due to the lower density and temperatures. Diagnostics using observations in the
EUV confirm that coronal hole temperatures are lower than coronal regions associ-
ated with the quiet Sun (QS) or ARs (e.g. Morgan & Taroyan, 2017a; Morgan &
Pickering, 2019a; Pickering & Morgan, 2019a; Saqri et al., 2020).

Quiet Sun

QS defines the region of the solar surface outside of coronal holes, ARs, plages
or sunspots. The magnetic fields of this region exhibit activity on a broad spatial
scale, including the magnetic network of intense kilogauss fields as well as solar inter-
networks - a collection of small-scale flux concentrations between these intense fields.
Once smoothed over small spatial regions, however, the magnetic field of this region
is typically far weaker than those of more active regions (Morgan & Taroyan, 2017a).
In the corona, these regions also manifest in a more narrow temperature range
compared to ARs (Chitta et al., 2013) and possess intensities that are relatively
more spatially uniform and time invariant when averaged over large spatial areas
(Brooks et al., 2009). QS magnetic fields are observed to evolve in a coherent way,
interacting with each other as they are advected by the horizontal photospheric
flows. These interactions of fields and flux merge or cancel (depending on polarity)
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and result in massive topological changes and therefore give rise to a wide range of
energy release and energetic events (Parnell, 2002). QS diagnostics prove difficult
with current instrumentation due to its weak magnetic field (weak polarization),
and relatively weak signal (low signal to noise). The characterization of these fields
and observing the layer’s evolution are of significant interest as QS regions dominate
large regions of the solar atmosphere over most of the solar cycle. Understanding the
coupling of the atmospheric layers in the QS is important, and provides a ‘baseline’
to understand more complex regions such as ARs (Bellot Rubio & Orozco Suárez,
2019).

1.2 Spicules

Spicules are dynamic streams of plasma found in the chromosphere. These highly
energetic spikes can reach lengths of over 2.5 Mm, reach speeds of over 200 kms−1

and can last for several minutes (Pereira et al., 2012). Spicules have been found to
physically link the chromosphere to the corona which may facilitate the transfer of
energy and mass (Beckers, 1972; de Pontieu et al., 2007).

Hollweg (1982) first proposed that spicules can be generated by a train of re-
bound shock fronts repeatedly impacting the TR from below. These shock trains
are a nonlinear development of oscillations of the solar atmosphere at its natural fre-
quency, with an initial impulse at the photospheric surface (Rae & Roberts, 1982).
An initial Alfvén wavefront displaces plasma upwards before eventually falling due
to gravity, compressing atmospheric material below it. This compressed material
then rebounds; a process which repeats several times, giving rise to the oscillating
wake (Stein & Schwartz, 1972). These repeating wavefronts steepen into a shock
train channelled along magnetic field lines. The shock train’s repeated impingement
results in an approximately constant upward velocity of the TR and the heating of
chromospheric material (Hollweg et al., 1982a), as can be seen in figure 1.11.

Recent studies have revealed that there are two distinct types of spicule phenom-
ena - type-i and type-ii. Observations of type-i spicules suggest that they behave
similarly to mottles and disk fibrils (Rouppe van der Voort et al., 2007) insofar as
they limited to 100-500s lifetimes, transverse velocities of 10-30 kms−1 and follow
parabolic, ballistic motions and decelerations (Anan et al., 2010). These spicules
typically occur in regions of strong, highly inclined magnetic field lines such as at
on the far right-hand side of figure 1.4. Both simulations and observations sug-
gest that magnetoacoustic shock waves are a likely driving mechanism for these
spicules (Heggland et al., 2007; Mart́ınez-Sykora et al., 2009). De Pontieu et al.
(2004) suggest that p-mode oscillations - resonant, globally-occurring acoustic oscil-
lations within the photosphere - leak energy into the chromosphere along magnetic
field lines (Pereira et al., 2012). P-modes become evanescent before reaching chro-
mospheric heights and typically cannot propagate upwards. Classical temperature
minima and acoustic cut-off frequencies at these heights also restrict propagation.
However, non-verticality of rigid flux tubes can lead to significant tunnelling and
propagation along inclined magnetic field lines (Gabriel, 1976b), examples of which
can be seen in De Pontieu et al. (2005)’s simulated plasma velocity diagram in figure
1.12. Those p-mode oscillations that overcome evanescence by travelling along flux
tubes (inclined from the vertical by ∼ 40◦) steepen into magnetoacoustic shocks
within the chromosphere. The shocks then drive plasma upwards (represented by
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Figure 1.11: Hollweg (1982)’s proposition for the TR’s trajectory (solid curved lines)
and of the shock front trains (dashed curved lines) that drive the TR upwards.

white regions, while black represent downward velocity) as spicular flows and ex-
cursions of the TR (solid white lines), followed by the propagation of shocks into
the corona above with subsequent heating. Additionally, while these spicules often
follow parabolic and ballistic trajectories and are therefore subject to gravity, the
gravitational component along the chromospheric part of the magnetic field line is
greatly reduced, allowing the propagation of magnetoacoustic waves to overcome
gravitational constraints (Rae & Roberts, 1982).

Type-ii spicules are typically shorter in length (< 6Mm), duration (< 100s) and
slower (phase velocities of 10-45 kms−1) than their type-i counterparts (Sekse et al.,
2012), although there are instances of very large (> 10Mm) and very fast (40-150
kms−1) type-ii spicule activity (Mart́ınez-Sykora et al., 2018). Additionally, rather
than following a parabolic trajectory whereby the jets rise and subsequently fall,
type-ii spicules appear to fade away at the end of their lifetime without any observed
downfall (de Pontieu et al., 2007). Spectroscopic analyses of Rapid Blueshifted
Events - which are believed to be the on-disk counterpart to these spicules (Lan-
gangen et al., 2008) - suggests that type-ii spicules are heated to at least TR tem-
peratures (Rouppe van der Voort et al., 2009). Magnetic reconnection is a viable
candidate for the driving mechanism of this type of spicule. Moore et al. (2011)
have demonstrated that these spicules behave similarly to filament eruptions Ster-
ling et al. (2010) whereby emerging bipolar magnetic fields (EBMFs) reaching out of
the photospheric surface explosively reconnect with the ambient unipolar networks
within the low chromosphere, forming a large angle to the emerging field (Nishizuka
et al., 2008), as can be seen at mark ‘D’ in figure 1.4. The resultant snapping of
magnetic field lines slingshots a jet of plasma upwards, manifesting as a type-ii
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Figure 1.12: De Pontieu et al. (2005)’s vertical velocity simulations in which pho-
tospheric oscillations leak into the chromosphere along rigid magnetic flux tubes
inclined by ∼ 40◦ from the vertical. These oscillations steepen into magnetoacoustic
shocks within the chromosphere. The shocks then drive plasma upwards (as spicular
excursions) into the corona above. See text for details.
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Figure 1.13: Falconer et al. (2003)’s schematic depicting the production of MHD
waves and Type-ii spicules by EBMFs and magnetic reconnection. The bottom
thick-black line represents the photosphere. The polarity of the magnetic flux is
depicted as plus and minus signs. Black arrows represent Aflvén waves manifesting
as Type-ii spicules. Red and blue curves are newly reconnected and non-reconnected
field lines, respectively. See text for further details.

spicule, accompanied by Alfvén waves and MHD waves (Moore et al., 2010). This
can be seen in figure 1.13 whereby the EBMFs on the left and right are undergoing
burst reconnection associated with standard and blowout X-ray jets, respectively,
symbolised by the black Xs. The black arrows represent Alfvén waves travelling
along the newly reconnected chromospheric field lines (shown in red) while the grey
arcs represent the MHD waves travelling across ambient, non-reconnected field lines
(shown in blue). Three-dimensional models based on this type of flux emergence
have proposed that the ambient field lies open and may extend to and couple with
the corona (Moreno-Insertis et al., 2008).

Mart́ınez-Sykora et al. (2011) have proposed an alternative mechanism whereby
field gradients and a complex nexus of strong electric currents impose a Lorentz
force on chromospheric material. The resulting pressure gradient drives material in
the form of spicules along magnetic field lines into the corona, accompanied by a
substantial kinetic energy flux. These strong electric currents impose Joule heating
on the rising chromospheric material, resulting in the evaporation of the spicule as
it rises into the corona. This proposed mechanism alone should express the possible
significance of small-scale events in coronal heating. Additionally, waves modes
other than Alfvén waves have been observed in spicule phenomena, such as kink and
sausage waves observed by Jess et al. (2011) and Morton et al. (2011). These MHD
waves can be generated by longitudinal-to-transverse conversion following initial
magnetoacoustic oscillations at the photospheric surface. Such waves can result in
the transverse oscillation of spicules as the waves propagate longitudinally along the
spicule axis. Unlike Alfvén waves, these modes are subject to dampening effects from
resonant absorption with the surrounding plasma. In particular, sausage modes are
subject to compression and rarefaction. However, scenarios in which dual modes
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exist (such as that of Jess et al. (2011), whereby both kink and sausage modes are
present), wave damping, or amplification can be affected depending on compressible
and/or in-compressible types.

1.3 The nano-flare model

Recent advances in observations have opened a window into chromospheric and coro-
nal activity at fine spatial and temporal scales, enabling detailed study of small-scale
structures and energetic events. Tangential discontinuities are regions with a large
magnetic field gradient. Known as plasma current sheets, they appear ubiquitous
within the chromosphere and photosphere (Viticchie et al., 2006), generated by in-
teractions between neighbouring magnetic fibrils. Large electric currents dissipate
due to resistive instabilities, resulting in the movement of flux tubes and/or breaking
of magnetic field lines (Bowness et al., 2013). This process of magnetic reconnection
is illustrated in figure 1.14 (Yokoyama & Shibata, 2001) and represents a widely-
accepted model of flare activity based on several simulation studies (Petschek, 1964;
Shibata, 1996). The X-point forms as a result of reconnection, ejecting streams
of plasma both upward and downward. The upward streams (or jets) are signifi-
cantly heated by slow-mode shocks as they flow into the corona, while the downward
jets collide with the reconnected loops (inner black magnetic field lines) and form
fast-flowing MHD shocks. These shocks dump a significant amount of energy into
the lower chromosphere via heat conduction (Tsuneta, 1996), a large proportion of
which is released into the corona as heat via chromospheric evaporation (Hansteen
et al., 2015; Klimchuk, 2006).

Large flares are easily observable across all wavelengths, often discharging > 1033

ergs of energy (Hannah et al., 2011), while micro-flare (Schadee et al., 1983) energy
output lies at the lower end of this range. The basis mechanism for flare-like events
is magnetic reconnection. However, the “standard model” of solar eruptions neces-
sitates an enormous current sheet in order to account for substantial energy release
(Shibata, 1999). While numerous MHD models confirm this idea, they neither ac-
count for the significant portion of flare energy released as energetic particles nor
the full range of flare energies, particularly when considering that most small flares
do not erupt at all (Cargill, 2013).

Lu & Hamilton (1991a) demonstrate similar results with an avalanche model
(Bak et al., 1987) - whereby a distribution of energetic reconnection events can
drive neighbouring magnetic field sites to become unstable; a chain reaction of re-
connection events. This implies that the enormous current sheet model is not a
necessity for explaining flares - perhaps the flaring regions can be considered as a
distribution of small current sheets. Single, small-scale energy dissipation is com-
mon while simultaneous eruptions - manifesting as larger flares - are relatively rare
(Vlahos & Georgoulis, 2004). These small-scale dissipations - considered by some as
the “elemental event” from which all flaring phenomena manifest and first proposed
by Parker (1988) - are known as nano-flares. These events release approximately one
millionth of the energy typical of large flares within a 1024 − 1026 ergs range, with
relatively recent EUV observations providing evidence for this (Aschwanden et al.,
2000; Hannah et al., 2008). The Nano-flare model of coronal heating suggests, while
individually not very energetic, that a large number of rapidly occurring nano-flare
events emulate the effect of steady heating of the corona, whereby slow heating rate
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Figure 1.14: Schematic illustration of the flare reconnection model based on
Yokoyama & Shibata (2001)’s simulation results. Thick solid lines represent mag-
netic field. MHD shocks emanate from the X-point, releasing magnetic energy.
Reconnection jet collides with loops and releases heat. Heat conduction along field
lines into dense chromosphere causes plasma evaporation (see text).
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Figure 1.15: Plot of thermal energy distributions for solar flares adapted from Han-
nah et al. (2011), obtained from different instruments, periods of solar cycle and
observation periods.

changes resembles quasi-static evolution (Klimchuk, 2006). While observational and
theoretical evidence exists to support bulk heating of chromospheric plasma (some
of which flows into and maintains the corona’s high temperatures) there is still some
debate as to whether this is possible through nano-flares alone (Aschwanden et al.,
2007; Klimchuk & Bradshaw, 2014a; Testa et al., 2014a).

It is argued that nano-flares may be detectable as small EUV or X-ray “bright-
enings” with particular distributions of energy output. These brightenings or small
flare-like events occur across large energy ranges and spatial scales. The energy
distribution of flare-like events are found to be well-defined by a power law shape
(Crosby et al., 1993a; Parnell & Jupp, 2000; Benz & Krucker, 2002) of the form
dN/dE ∝ E−α where E represents the flare energy and dN represents the num-
ber of flare-like events that occur within a [E,E + dE] energy interval (Hudson,
1991a). Examples of these power-law distributions along a thermal energy scale can
be seen in figure 1.15. The thermal energy distribution is shown for micro-flares
with RHESSI (Hannah et al., 2008) and Yohkoh/SXT Shimizu (1995) alongside
EUV nano-flares with TRACE (Aschwanden et al., 2000) and SOHO/EIT (Benz &
Krucker, 2002).

A shallow power law (α > 2) would indicate that coronal heating is dominated
by events below detectable limits i.e. nano-flares (Guerreiro et al., 2015). Obser-
vations of small-scale brightenings are often contradictory, reporting values of α
from 1.3 to 2.6 (Aschwanden et al., 2016). However, this discrepancy is likely due
to a disparity in the type of observation, detection method and solar cycle phase
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(Crosby et al., 1993a; Sako et al., 2013; Shimizu, 1995). Some promising work has
been made with synthetic nano-flares and Monte Carlo simulations, yielding power
law indices of ∼ 2.4 (Viticchie et al., 2006) and 1.82 ≤ α ≤ 1.90 (Jess et al., 2019),
respectively. Statistical spectroscopic studies of M-class stars suggests power-law
indices as high as 3.45 (Dillon et al., 2020). A comprehensive, long-period study
is evidently required for systematic and statistical analyses of small-scale brighten-
ings of different regions of the solar atmosphere. However, some studies suggest that
such an analysis cannot provide any meaningful insight into the distribution and be-
haviour of small-scale events (Parnell, 2004; Parenti et al., 2006; Cargill et al., 2012)
as most measurements are considered at temperatures and densities well removed
from initial flaring conditions following a cooling cycle. Regardless, such power-law
distributions can provide significant insight and will be discussed further in chapter
2.

1.4 Fan-shaped Jets

Fan-shaped jets (FSJs), (“Peacock” Jets; Robustini et al., 2016) are a rarely ob-
served phenomenon typically appearing as thin strands of apparent plasma motion.
These jets typically occur within ARs and manifest as Hα surges. FSJs demonstrate
parabolic trajectories with strong initial accelerations followed by deceleration due
to gravity and an eventual reversal of direction, returning to their origin. Asai et al.
(2001) demonstrates that these phenomena are recurrent with a mean lifetime of 10
minutes and can extend to 15-20 Mm at over 40 kms−1. These are of similar mag-
nitude to Roy (1973a)’s initial findings albeit with far faster speeds of 175 kms−1.
Regardless, these speeds are an order of magnitude greater than the typical ∼8
kms−1 chromospheric sound speed (Anderson & Athay, 1989). Their multi-thermal
nature is clear, as signatures of these jets have been observed in both IRIS FUV
and AIA EUV channels (Hou et al., 2016a). Figure 1.16 shows Reid et al. (2018)’s
observations of these jets at the edge of a sunspot. Reid et al. (2018)’s study shows
signatures in the 211 Å channel, suggesting that these jets reach temperatures typ-
ical of the corona.
Magnetic reconnection is commonly attributed as the FSJ’s driver, typically as a
product of the submergence of magnetic fields via convection (Lagg et al., 2014).
Light bridges are often associated with FSJs (Yang et al., 2015) as they are often a
hotbed for jetting activity (Asai et al., 2001; Robustini et al., 2016), which suggests
that FSJs may be formed as the results of shearing between horizontal and vertical
photospheric magnetic field lines between light and dark penumbral fields (Jiang
et al., 2011; Robustini et al., 2018). However, jets evidently demonstrate a wide
range of behaviour, as these light bridge jets are typically observed at < 15 kK,
rather than > 104K (Roy, 1973a; Robustini et al., 2016). Recent IRIS observations
reveal that jets are ubiquitous within TR network regions, some of which overlap
with coronal holes and QS regions, whereby the QS jets appear slower and shorter
in length than their coronal hole counterparts (Narang et al., 2016; Kayshap et al.,
2018). Examples of these jets can be seen in Huang et al. (2019)’s 1330 Å network
region image. Hollweg (1982)’s proposes that jets can exhibit energy flux of 104-105

ergs cm−2 s−1. This is of significant interest if these jets can extend to and interact
with the corona - with studies that compare jet behaviour to that of spicules (de
Pontieu et al., 2007; Pereira et al., 2014), they may very well contribute to the heat-
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Figure 1.16: Example of a FSJ observations in (left) Hα −0.814 Å wing, (right) line
core and (right) +0.814 Å wing. Figure adapted from Reid et al. (2018).

ing of the corona (Mart́ınez-Sykora et al., 2017a). As FSJs are one of the primary
interests of the work done in chapter 3, a more in-depth analysis of these jets can
be found there as well as further discussion of proposed driving mechanisms.

1.5 Magnetohydrodynamic waves

MHD waves transport and dissipate energy through conductive plasma, changing
magnetic fields and thus heating the surrounding medium. Specifically, dispersion-
less Alfvén waves (Alfvén, 1947) can be transmitted upwards into upper atmospheric
layers (Hollweg, 1978). Their relatively low frequency allows them to overcome
evanescence through resonant absorption (Ionson, 1978), phase-mixing (Heyvaerts
& Priest, 1983) and other resistive processes - processes otherwise impossible for
acoustic waves - before becoming shock waves and dissipating their energy as heat
to the surrounding plasma. Efficient dissipation of energy can be achieved if, for
example, an incoming Alfvén wave is resonant with oscillations of the local plasma
(resonant absorption; Ionson, 1978; Ofman et al., 1998; Grant et al., 2018). Addi-
tionally, Heyvaerts & Priest (1983) describes phase mixing in which Alfvén waves
with different speeds travelling along neighbouring magnetic field lines gradually
(and sometimes rapidly) become out of phase. This results in increasingly large
transverse field line gradients and therefore small-scale motions, which in turn en-
hance the dissipation of energy as heat.

Hollweg et al. (1982a) suggest that Alfvén waves can drive chromospheric gas
upwards, manifesting as spicules. As previously mentioned, these Alfvén waves can
steepen non-linearly into a “train” of shocks in the chromosphere. These shocks sub-
sequently impinge on the TR, moving it and the underlying chromosphere upward
(Hollweg, 1982).

Recent evidence clearly demonstrates the ubiquity of wave activity within several
atmospheric layers (Arregui, 2015), such as the oscillations of various magnetic and
plasma structures (Cirtain et al., 2007; Okamoto et al., 2007; McIntosh et al., 2011).
These findings have renewed interest in the wave heating theory as a solution to the
coronal heating problem (Cargill & de Moortel, 2011). Building on previous simu-
lation research of spicule formation with an Alfvén wave driver (Kudoh & Shibata,
1999), Jess et al. (2009)’s implicit observations of torsional Alfvén waves within
the photo-chromospheric boundary estimate a global average energy flux of of 240
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Figure 1.17: Exaggerated view of a magnetic flux tube between the photosphere and
chromosphere undergoing torsional Alfvénic perturbations. These Alfvénic displace-
ments are torsional oscillations perpendicular to the direction of propagation and
magnetic field. These motions churn the plasma, resulting in red- and blue-shifts,
intensity increases and FWHM oscillations (Jess et al., 2009).

Wm−2, more than twice that necessary for Alfvén waves to heat the localised corona.
These derived results are based on the presence of Doppler shifts along the line of
sight due to the proposed torsional oscillations of Alfvén waves within flux tubes
(Erdélyi & Fedun, 2007). These oscillations lead to non-thermal line broadening of
line profiles and therefore generate full-width half-maximum (FWHM) oscillation
observations (Zaqarashvili, 2003). This can be seen in figure 1.17 whereby Aflvénic
displacements are torsional oscillations perpendicular to the direction of propaga-
tion which also result in intensity increases (De Pontieu et al., 2015). Relatively
recent SOHO and TRACE studies also demonstrate these quasi-periodic oscilla-
tions of Doppler shifts and intensities in coronal loops (Kliem et al., 2002; Wang
et al., 2002). This suggests that these Alfvén waves effectively churn the plasma as
they propagate (Curdt & Tian, 2011) but demonstrate little discernible line-of-sight
plasma motion. Such observations are discussed further in the work of chapter 3.

This renewal of interest in wave heating not only concerns Alfvén waves but
other wave phenomena also, such as magneto-acoustic waves. Penumbral jetting
phenomena are believed to be the results of p-mode wave leakage (Hansteen et al.,
2015). Yang et al. (2015) conjectures that these p-modes flow from the photosphere
to the chromosphere along sufficiently inclined magnetic lines, bypassing the nor-
mally untraversable barrier into the more tenuous chromosphere. The chromosphere
filters out upward-propagating disturbances with periods that are longer than the
local acoustic cutoff period. This cutoff period generally depends on the inclina-
tion of the magnetic field lines (Suematsu, 1990). Due to the curved geometry of
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Figure 1.18: Examples of sufficiently configured non-vertical magnetic field lines
for the leakage of p-modes from the photoshpere to chromoshpere. Adapted from
Hollweg (1982)’s study on spicule formation.

penumbral field lines - such as those in figure 1.18 or that of mark ‘D’ in figure 1.4
(as sunpots are networks of magnetic field activity) - a fall-off of the acoustic cut-
off period due to a progressively reduced gravitational influence allows p-modes to
tunnel through lower layers and subsequently steepen into magneto-acoustic shocks
(De Pontieu et al., 2004), although there is still some debate as to the feasibility
of this driving mechanism (Murawski & Zaqarashvili, 2010; Robustini et al., 2016).
Such scenarios are also discussed in the work of chapter 3 as a potential driving
mechanism of penumbral fan-shaped jets.

1.6 Conclusions

Together, the corona, TR and chromosphere offer an enormous variety of phenom-
ena over various spatio-temporal scales. These solar layers are host to a large
variety of small-scale events - whether they be plasma motions, MHD waves or
other complex magnetic interactions. Several of these small-scale events are the
subject of discussion in this thesis, some of which appear to be ubiquitous while
some seem rarer. While a variety of suitable theoretical models have been dis-
cussed in this chapter concerning the heating of the corona via plasma heating or
plasma transfer mechanisms, several of these models fall short of fitting to observed
data. There are very few comprehensive, homogeneous multi-instrument studies of
small-scale structures/events that encompass and distinguish large regions of the
chromosphere/TR/corona. Such a survey demands automated methods for detec-
tion and analysis often beyond those currently used in solar astronomy, but may be
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established in other fields.
Multiple spacecraft have observed the sun’s atmosphere, providing an unprece-

dented degree of insight into solar mechanics, of which AIA (aboard SDO) and
IRIS are the focus of this thesis. However, more work is to be done, and greater
insights are attainable with a new generation of instruments, for example: the Eu-
ropean Space Agency’s Solar Orbiter (Müller & St. Cyr, 2013; Rodŕıguez-Pacheco
et al., 2020), primarily focusing on particle injection, transport and acceleration;
the Parker Solar Probe (Fox et al., 2016) which observes the corona and solar wind
and provides data on the magnetic field and acceleration mechanisms associated
with both; the Daniel K. Inouye Solar Telescope (DKIST Rimmele et al., 2020) -
the largest ground-based solar telescope focusing on the imaging and spectroscopic
analysis in the visible to near-infrared wavelength range, and; the the proposed Eu-
ropean Solar Telescope (EST), the design of which will allows simultaneous imaging,
spectroscopy and spectropolarimetry.

It is necessary that observational studies should provide constraints on models
that hope to solve the coronal heating problem on a global scale. The following
chapter will present the capabilities of the SDO and IRIS instrument, their im-
plementation in the work of chapters 3-5, the methods used to observe small-scale
phenomena, and an overview of certain data processing techniques for extracting
information. The goal of this collection of studies is to contribute to solving the
coronal heating problem by providing meaningful constraints on models. The hope
is to achieve this through comprehensive processing techniques over large surveys of
small-scale events, combined with multi-instrument/channel observations and sub-
sequent statistical analyses.
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Chapter 2

Observations

2.1 Introduction

This chapter characterises the methods of observing the solar chromosphere, TR,
and lower corona. Sections 2.2.1 and 2.2.2 describe the instruments and observa-
tories from which the data used in this work is retrieved. While a multitude of
wavelengths of the electromagnetic spectrum are suitable for diagnostic analyses of
the chromosphere and TR, observations in this work are limited to EUV, FUV and
NUV imaging, as well as FUV/NUV spectroscopy. Several data processing tech-
niques and procedures are described in detail in section 2.3 for their use in chapters
3-5, including more basic techniques required to ensure that data is ‘science-ready’.
Section 2.3.1 provides a brief summary of creation of level-2 IRIS data of which is
used chapters 3-5. Section 2.3.2 describes standard IDL calibration and reduction
procedures used for EUV, FUV and NUV imaging data. Section 2.3.3 demonstrates
the need for image alignment using a local correlation tracking method before data
analysis can begin. Spectral analysis requires a unique set of calibration steps, quite
different from those used for imaging data, which are described in section 2.3.4 and
used in chapter 3. A summary of precursory detection methods influential in the
method used in chapter 4 is presented in section 2.3.5, while section 2.3.6 provides
an introduction to power-law distributions and their significance for the work in
chapter 5.

2.2 Instruments

2.2.1 EUV Instruments - SDO/AIA

Launched on February 11th, 2010, NASAs Solar Dynamic Observatory (SDO) mis-
sion is to study the solar atmosphere to develop an improved scientific understanding
of the Sun-Earth system. SDO’s instruments are capable of multi-wavelength, si-
multaneous imaging, full disk magnetic field measurements and EUV spectroscopy
and spectrometry. This diagnostic potential is attributed to the suite of instruments
on-board, namely the Atmospheric Imaging Assembly (AIA; Lemen et al., 2012a),
the Helioseismic and Magnetic Imager (HMI; Hoeksema et al., 2014) and the Ex-
treme ultraviolet Variability Experiment (EVE) (EVE; Hock et al., 2010). These
instruments provide tremendous insight into solar atmospheric composition. The
AIA instrument is the source of some EUV imaging data used in this work. AIA
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Figure 2.1: Cross section of telescope 2 from the AIA assembly. Telescope 2’s
Aperture filter is also shown. Each telescope has their own guide telescope and
primary/secondary mirror system. Image from Lemen et al. (2012a).

images the solar atmosphere across ten wavelength channels; 94 Å, 131 Å, 171 Å,
193 Å, 304 Å, 335 Å, 1600 Å, 1700 Å and 4500 Å. Table 2.1 list these channels
together with their corresponding primary emission ion(s), the typical atmospheric
layer in which they are observed, and their logarithmic characteristic temperature
(temperature at the peak response). AIA images are captured on 4096× 4096 CCD
detector with a pixel size of 0.6 arcsec. EUV observations are typically collected with
a 12 second cadence. The UV AIA observations (1600 Å and 1700 Å) are collected
with a 24 second cadence, while the 4500 Å channel images are collected once every
hour (Lemen et al., 2012a). The AIA instrument consists of four telescopes, each of
which have a primary/secondary mirror and filter wheel system, as can be seen in
figure 2.1. Three of the four telescopes rely on filter wheels for selecting observation
wavelengths. The fourth telescope uses an aperture blade to select between wave-
length channels, as can be seen in figure 2.2, whereby telescope 2 is the telescope
which includes the aperture blade, which is also shown in figure 2.1. Lemen et al.
(2012a) provide a full description of the AIA design. An example of AIA EUV
images (accessed using IDLs READ SDO procedure) are shown in figure 2.2, whereby
this work focuses primarily on AIAs 171 Å, 211 Å and 304 Å channels which are
shown in figure 2.3. The temperature diagnostic potential of these channels range
from ∼ 104− ∼ 106 K, and are often used for temperature diagnostics (e.g. Morgan
& Pickering, 2019a; Pickering & Morgan, 2019a).

2.2.2 FUV and NUV Instruments - IRIS

Observations from HINODE (Kosugi et al., 2007) and ground-based instruments
such as the Crisp Imaging Spectropolarimter (CRISP; Scharmer, 2006) at the Swedish
Solar Telescope (SST; Scharmer et al., 2003) and the Interferometric Bidimensional
Spectrometer (IBIS; Cavallini, 2006) at the Dunn Solar Telescope (DST; Dunn,
1969) fail to capture the fine-scale structure and dynamics of the “interface region”
- the intimately reticulated chromosphere and TR - due to their inadequate obser-
vational cadence. The Interface Region Imaging Spectrograph (IRIS; De Pontieu
et al., 2014), launched on June 13th 2013, is the solution to observing these thermal
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Figure 2.2: Diagram of the wavelength channels within each of AIAs four telescopes.
Telescope 2 uses an aperture blade while the remaining three telescopes use filter
wheels. The “UV” in telescope 3 denotes the filter wheel for both 1600 Å and 1700
Å. Image from Lemen et al. (2012a).

Figure 2.3: Examples of full-disk solar images observed by AIA on 2014/10/25
15:00UT for EUV channels (top left to bottom right) 131Å, 171Å, 193Å, 211Å,
304Å, 335Å, 94Å, and all channels combined. These images have been processed
with multiscale Gaussian normalization (MGN; Morgan & Druckmüller, 2014) that
balances image contrast locally on multiple scales in order to enhance finer scale
structures. All seven EUV AIA channels contribute to the composite image (bottom
right), with the temperature response of each channel between 0.05 and 7.0 MK
specifying that channel’s contribution to the red, green, and blue colour channels of
the output image.
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Channel (Å) Primary Ion(s) Atmospheric Layer Temp. (log T )

94 Fe xviii flaring corona 6.8

131 Fe viii, xxi TR 5.6, 7.0

171 Fe ix quiet corona, upper TR 5.8

193 Fe xii, Fe xxiv corona, flaring plasma 6.2, 7.3

211 Fe xiv active region 6.3

304 He ii chromosphere, TR 4.7

335 Fe xvi AR 6.4

1600 C iv, continuum TR,upper photosphere 5.0

1700 Continuum photosphere 3.7

4500 Continuum photosphere 3.7

Table 2.1: List of wavelengths observed by AIA as well as their corresponding pri-
mary ion(s), source regions and characteristic temperatures. 171 Å, 211 Å and 304
Å highlighted as wavelengths relevant to this work.

evolutions at small scales with its pixel spatial scale of 0.167 arcsec, and spatial
resolutions of 0.33 and 0.4 arcsec for FUV and NUV observations respectively, and
a baseline slit-jaw imaging cadence of 5s. IRIS’s slit-jaw imager is capable of simul-
taneous data capture across two TR wavelength channels (C ii 1335 Å and Si iv
1400 Å), one chromospheric line (Mg ii k 2796 Å) and one photospheric passband
continuum (2830 Å) over a 175′′×175′′ field of view (FOV). These capabilities allow
IRIS to observe highly-dynamic plasma evolution at fine spatio-temporal resolu-
tion across a wide range of temperatures, from photospheric (∼ 5000 K) to coronal
(> 106 K). IRIS also possesses a spectrograph - a 0.33-arcsec-wide and 175-arcsec-
long slit - for 20s raster scans covering two FUV passbands of 1332-1358 Å and
1389-1407Å as well as one 2783-2835 Å NUV passband (see table 2.2) including
lines formed in the same range of temperatures as those observed by the slit-jaw
imager. An example of a 1400 Å IRIS slit-jaw image can be seen in figure 2.4 (left)
alongside the spectral data of a single coordinate (right), showing the C ii peaks at
≈ 1334.5 Å and ≈ 1335.7 Å. A schematic view of both the slit-jaw imager and the
spectrograph are displayed in figure 2.5 whereby incoming light from the science
telescope is filtered by various FUV/NUV mirrors. These instruments working in
tandem provide enormous diagnostic potential, and significant advantages over other
spectrographs and imaging assemblies in terms of both resolution and data quality
i.e. the Extreme ultraviolet Imaging Spectrograph (EIS; Culhane et al., 2007) and
the Solar Ultraviolet Measurements of Emitted Radiation (SUMER; Wilhelm et al.,
1995)) instruments.
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Figure 2.4: Examples of (left) IRIS 1400 Å slit-jaw image and (right) IRIS C ii
spectra with the 1334.5 Å and 1335.7 Å peaks clearly visible.

Figure 2.5: Schematic view of paths taken by light entering the Cassegrain Science
telescope. Light received by the FUV spectrograph (dark blue), NUV spectrograph
(orange), FUV slit-jaw (light blue) and NUV slit-jaw (purple) (De Pontieu et al.,
2014).
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Ion Channel (Å) Temp. (log T ) Passband

Mg ii wing 2820 3.7–3.9 NUV

O i 1355.6 3.8 FUV 1

Mg ii h 2803.5 4.0 NUV

Mg ii k 2796.4 4.0 NUV

C ii 1334.5 4.3 FUV 1

C ii 1335.7 4.3 FUV 1

Si iv 1402.8 4.8 FUV 2

Si iv 1393.8 4.8 FUV 2

O iv 1399.8 5.2 FUV 2

O iv 1401.2 5.2 FUV 2

Fe xii 1349.4 6.2 FUV 1

Fe xxi 1354.1 7.0 FUV 1

Table 2.2: IRIS Spectroscopic range and corresponding thermal coverage. C ii and
Si iv channels highlighted as wavelengths relevant to this work. Adapted from De
Pontieu et al. (2014).

Passband Name
Centre
(Å)

Width (Å)
Pixel
scale
(”)

Temp. (log T )

Glass 5000 5000 broad 0.1679 -

C ii 1330 1340 55 0.1656 3.7–7.0

Mg ii h/k 2796 2796 4 0.1679 3.7–4.2

Si iv 1400 1390 55 0.1656 3.7–5.2

Mg ii wing 2832 2830 4 0.1679 3.7–3.8

Broad 1600W 1370 90 0.1656 –

Table 2.3: IRIS slit-jaw channels and their corresponding ion, central wavelength
and range, pixel scale and thermal coverage. C ii, Si iv and Mg ii h/k channels
highlighted as wavelengths relevant to this work. Adapted from De Pontieu et al.
(2014).
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2.3 Data processing

This section describes several data processing and reduction methods, particularly
details that are omitted from the work described in chapters 3-5 due to their re-
stricted published format. A deeper look at the contents of chapters 3-5 can be
found in the Appendix.

2.3.1 Level 2 IRIS data

Raw IRIS spacecraft telemetry, having been converted to image files, is denoted as
level 0 data. Subsequently, level 1 data is produced by a reorientation of level 0
data. For example, for the spectral data the wavelength dimension is set to increase
from left to right. However, level 1 data remains uncalibrated and must undergo
several procedures before advancing to level 2 data.

Dark Current/Offset

The IRIS instrument experiences a residual signal even when the telescope shut-
ter is closed. These ‘dark’ signals arise primarily from thermal energy within CCDs
after exposure, and must be subtracted from observations. Monthly observations
are taken with the shutter closed to measure these dark signals around which a dark
field model is generated and constantly updated. Calibrations use this model rather
than using daily dark readings. In some cases, this thermal energy can damage CCD
pixels causing them to report extremely high count rates relative to their surround-
ing pixels. The dark model dataset therefore can be used as a threshold from which
consistently ‘hot’ pixels can be tracked over time and, if necessary, ‘de-spiked’.

Despiking

Systematically distinguishing between cosmic rays or spikes and real, high-energy
features requires a sophisticated algorithm approach. IRIS uses the AIA DESPIKE

and EIS Heritage algorithms adapted for the instrument’s optics, the detector’s
characteristics and the unique caveats of IRIS data. Typically, a spiked pixel is
compared to the median of its surrounding pixels. If the spiked pixel lies above a
particular threshold - usually some multiple of the surrounding median (but can be
based on various other sensitivity parameters) - then the spiked value is replaced
by the surrounding median value. Unfortunately, these algorithms are not flawless
and an additional outlier suppression is necessary before conducting the analyses in
chapters 3-5. This will be discussed further in section 2.3.2.

Flat-field and FUV background

The IRIS apparatus is not immune to typical optical difficulties, such as elec-
tronic gain variation (affecting the responsitivity of photo-sensors within the CCD),
loss of peripheral vignetting or simply dust on optical surfaces (which can affect
both the spectrograph and slit-jaw imager). Additionally, imperfections in the spec-
trograph slit can cause variations in intensity along the spatial dimension. Flat-field
calibration can improve image quality by characterising instrument variation and
compensate for these artefacts, particularly those affecting FUV spectrograph sen-
sitivity. However, the FUV spectral channels also experiences some ‘parastic’ light
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within the IR-visible range expressed as a uniform background intensity. This back-
ground interferes with flat-field calculations and therefore must be removed before
flat-field calibration.

Geometric Calibration

IRIS spectrograph channels are subject to spatial and spectral warp. Extrinsic
spatial coordinates are determined in terms of the intrinsic detector coordinates and
made rectilinear with respect to the detector’s pixel grid. Together with known spec-
tra as a reference, these geometric calibrations can compensate for various sources
of distortion, including (but not limited to) thermal flexure of the instrument or a
rotation/dislodging of a CCD relative to the optical path. The reference spectra
for the NUV and FUV spectrograph differ, whereby NUV uses photospheric neu-
tral lines while the FUV uses deuterium lamp spectra and a wavelength correction
based on flare spectra neutral lines. Additional spectrograph calibration as well as
the relevant IDL procedures for the above calibration procedures will be discussed in
section 2.3.4. Several other procedures are available or are being developed in order
to improve calibration such as stellar cross-calibration with other UV-bright stars
and NUV slit-jaw deconvolution. However, these are not implemented in this work.
Deconvolution of the slit-jaw images would be especially relevant to the studies of
chapters 4 and 5, and is an improvement we would hope to implement in the future.

Level 2 data

IRIS Level 2 (L2) files are calibrated, “science-ready” FITS files distributed to
end-users by the Lockheed Martin Solar and Astrophysics Laboratory (LMSAL)
website and are accessed by using the READ IRIS L2 standard IDL Solarsoft proce-
dure. The following types of FITS data are available:

• “Sit-and-stare” data - observations where the IRIS telescope is fixed on a par-
ticular region and tilts in order to maintain this FOV during the observation.

• Raster data - observations where the telescope will scan a region of interest
(particularly useful for spectal observations), extending the FOV along one
spatial axis.

These FITS files are designed to allow easy access to the data and metadata (e.g.
observation date, types of calibration, exposure time, etc.). L2 data are a series of
arrays (individual ‘frames’ or images) across the observation period, each of which
are assigned an observation ID for ease of access. L2 data comes in two forms:
slit-jaw observations or spectrographic observations.

For slit-jaw L2 files, the FITS structure comprises of one primary Header-Data
Unit (HDU) - where science data (the series of arrays) are saved - and two extensions,
whereby additional metadata - such as the observational ID mentioned previously
- are saved. The FITS structure of spectroscopic data is slightly different, whereby
the primary HDU contains a header while the science data and metadata are saved
in the extensions, whereby each spectral window is assigned its own extension.
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2.3.2 Standard IDL procedures

Helio-cartesian plotting

Accurately plotting data - whether it be IRIS or AIA - according to its field of view
- whether for reference or cross-instrument alignment - is a necessary process for any
body of observational analysis. For this purpose, we use the Solarsoft World Coor-
dinate System (WCS) IDL procedures (Thompson, 2002, 2010). The Heliocartesian
spatial coordinates may be determined using the FITSHEAD2WCS and WCS GET COORD

procedures, while their time coordinate is converted to a convenient format using
the ANYTIM2UTC procedure with appropriate keywords.

Empty margins

While IRIS L2 data have been calibrated to the point where they are “science-
ready”, additional processing is sometimes required depending on the type of re-
quired analysis. As described above, IRIS L2 FITS files are a series of arrays (images)
captured over the period of observation, therefore the FITS files may be manipu-
lated as though they are data cubes (see figure 2.6). These data cubes are typically
accompanied by ‘empty’ margins of unusable data. These missing margins can have
adverse effects upon data analysis if not addressed.

The values of these margins are typically set to -200 in IRIS slit-jaw images.
After generating a binary mask (whereby spuriously high values or values equal to
zero are set to ‘false’), the values of each x-pixel are summed over both other axes,
and the same is then done for each y-pixel value. Any coordinate corresponding to
a x- and/or y-pixel value above a particular threshold is also set to ‘false’ within
the mask. These ‘false’ margins may then be removed completely (for aesthetic
purposes) or simply ignored by global procedures through labelling pixels within
the margins as missing data (e.g. not-a-number (NAN), subsequently ignored in
functions that determine the median, mean or standard deviation of a particular
FOV). An example of the transition from an unmodified frame to a margin-free
frame can be seen in figure 2.7. The issue of empty margins does not affect AIA
data since in normal operations the full solar disk, and off-limb regions, are imaged.

Spurious pixels

The IRIS DUSTBUSTER procedure may be used to remove dark regions that lie
within the data’s FOV i.e. not at the edges. This procedure, as well as others like it,
use the local mean or other statistical measures of the region’s surrounding area and
replace spurious pixels with the local mean. These are typically used for cosmetic
purposes and risk introducing artefacts into the data sets and it was therefore decided
that such ready-made procedures would not be used for basic calibrations in this
work. These spurious pixels are instead ignored during any calibration steps or data
extraction.

Empty frames

IRIS data sets are sometimes subject to empty frames scattered throughout the
data cube. A simple mask can be used to determine the location and subsequently
remove these frames, if needed. This is done by using the FINITE function to
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Figure 2.6: An example of the first few frames of an IRIS data structure.

Figure 2.7: An example of empty margin removal. (left) The red lines encompass
these empty margin which can either be (right) entirely removed or ignored using
IDL’s default “not a defined number” argument.
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determine whether or not a given element of an image (or frame) is finite or not. A
binary map is constructed for each frame whereby 0 represents a finite value while
1 represents a non-finite value. Any frames consisting of very little to no elements
represented by 0 are removed.

The removal of a handful of frames amongst hundreds would, intuitively, mini-
mally affect the overall data cube. However, removing these frames hinders analysis
of temporal evolution of some features i.e. if a frame is removed from within an
event’s lifetime then some information about their temporal evolution is lost. In
this work, we chose to simply perform an extensive search for IRIS data that did
not possess any moments of ‘bad seeing’. This was particularly important for the
work in chapters 3 and 5 whereby spatio-temporal co-alignment must not be subject
to missing frames of data. Additionally, procedures for subsequent frame alignment
used in the work of chapter 3 (discussed shortly) are rendered unusable without first
removing these empty frames.

Cadence skips

IRIS observations are occasionally subject to irregular cadence. It was found
that several promising IRIS data sets possessed a constant cadence except for in-
frequent frames with large time gaps. These gaps are typically due to calibration
procedures, or switches between observation channels. This presents a similar prob-
lem to that of missing frames - simply ignoring large time gaps interferes with any
meaningful spatio-temporal analyses. Instead, if the data cube is sufficiently long
and the time skip occurs early/late enough into the data set then this frame plus all
preceding/subsequent frames as completely ignored. Such a choice was made for the
work in chapter 5 as such IRIS data sets - consisting of several wavelength channels,
a large FOV, long duration and constant cadence - are few and far between. In this
example, a time skip occurs in the 18th out of 137 frames, therefore frames 0-17 are
removed leaving a data cube consisting of 119 frames.

2.3.3 Fourier Local Correlation Tracking

It is necessary, particularly if raster data images are used, to co-align each frame
before performing further analysis. This is achieved by applying a Fourier Local
Correlation Tracking (FLCT) method, outlined by Fisher & Welsch (2008), in order
to determine sub-pixel-resolution shifts. This correction method is used throughout
each chapter of work and its sequence is as follows:

1. Fast Fourier Transformation (FFT) – whereby an image’s signal is converted
from its original spatial and temporal domain to the frequency domain – is
performed on two images, S1 and S2 within the data cube, producing frequency
domain images s1 and s2, respectively

2. A convolution of these sub-images is generated as C(δx, δy) = F−1(s∗1s2)
whereby F−1 denotes an inverse FFT and the asterisk denotes the complex
conjugate

3. The shift that maximises the value of C(δx, δy) is determined to pixel-resolution
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Figure 2.8: A simple example of sub-pixel shifts between frames of an arbitrarily-
chosen IRIS data set. These (left) x- and (right) y-shifts may then be used to re-align
images.

4. Subsequently, a 2nd-order Taylor expansion is performed on |C(δx, δy)| around
the location of the maximised shift in order to determine the shift to sub-pixel
resolution

Our IDL implementation of FLCT is tested using an arbitrary IRIS FITS slit-jaw
image (denoted as S1) with its duplicate that has been intentionally shifted along
its x- and y-axes (denoted as S2). For this particular example, the coordinate shifts
were set to (6.25, -1.75). The code determined a (6, -2) pixel-resolution shift and a
(6.22333, -1.70058) sub-pixel shift. This slight discrepancy between the suggested
shift and the actual shift is due to the nature of producing a shifted image, whereby
interpolating the original image with respect to the required shifts produces a new
image with missing values at the edges. Rectifying this requires clipping these empty
margins from the shifted image, which would naturally result in an output modified
in dimension size. While attempting to perform FLCT on an arbitrary data cube,
it became apparent that data cubes could suffer from frames in which there was
too much missing data. This hindered the FLCT process, whereby the code was
unable to produce a convolution between one frame and its subsequent ‘empty’
frame. Fortunately, this can be easily checked manually, and does not appear to be
typical of most IRIS data sets. It does not affect the datasets selected for this work.

The FFT methodology may be applied to a DO Loop whereby a convolution of
the transformed ith and i+1th images are produced, along with the x- and y-axis
shifts, for N-1 iterations (whereby N is the total number of images). An example
of sub-pixel shifts along the x- and y-axes of an arbitrary data cube are shown in
figure 2.8. These shifts allow for the co-alignment of each frame and its subsequent
frame via interpolation.
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2.3.4 IRIS spectroscopic data

Primarily, spectral line positions are affected by two major components; orbital vari-
ation and temperature changes. Orbital variation relates to the change in spacecraft-
Sun distance over the course of an orbit and the velocity of the IRIS spacecraft as
it passes over a region that it’s observing, as well as solar rotation. This has the
same effect on both NUV and FUV spectra. Temperature variation causes spec-
tral line positions to drift quasi-periodically during the spacecraft’s orbit. This is
inversely correlated between FUV and NUV lines but can be evaluated using the
Ni iii 2799.474 NUV line. These caveats can easily be corrected by using the So-
larSoft IRIS ORBITVARR CORR L2 and IRIS PREP WAVECORR L2 procedures, respec-
tively. These routines measure the wavelength position of five neutral lines (3 NUV,
2 FUV) with reasonably well-known rest wavelengths and line cores. By modifying
the theoretical central wavelength according to these known neutral lines, the orig-
inal data can then be interpolated with appropriate line shifts. Examples of these
corrections can be seen in figures 2.9 and 2.10, and is relevant for work in chapter
3. The SolarSoft IRIS AUTO FIT procedure generates data arrays in convenient for-
mat for further evaluation by creating WINDATA structures from the IRIS spectral
data. The WINDATA structure can be extended to fit the spectral data to Gaus-
sian functions. These structures are typically very large. This can be avoided by
either specifying a specific spectral region when calling IRIS GETWINDATA prior to
fitting or by using the EIS TRIM WINDATA procedure following the fitting. The final
procedure - EIS GET FITDATA - is used to extract specific spectral data, whether it
be Line of Sight velocity, FWHM line-broadening, or intensity depending on the
user-specified keyword. IRIS NONTHERMALWIDTH may also be used in order to esti-
mate only the non-thermal line-broadening component by specifying the element,
ion and instrument-specific FWHM. Radiometric calibration must also be consid-
ered to convert IRIS’s default Data Number (DN) counts to physical flux units;
IRIS GET RESPONSE can read in IDL structures to achieve this crucial step for any
meaningful spectral energy output analysis.

2.3.5 Precursory Detection Methods

This subsection provides details on antecedent event detection methods and their
influence on the filtering/thresholding method used in chapters 4 and 5 for detecting
brightening events. Detecting small-scale, short lived events within a large region,
be it QS and more so within ARs, proves difficult with the naked eye, let alone
with an automated algorithm. Previous works have implemented a wide variety of
automatic detection methods with varying success. Some examples include:

Henriques et al. (2016)

Henriques et al. (2016) examine a QS region and attempt to relate coronal and
TR heating signatures or rapid excursions (RE) to chromospheric transients. Their
observations are taken at disk centre in order to limit structure overlap typically
encountered in limb observations. Running-difference cubes are generated for all
Hα (SST), 304 Å (AIA) and 171 Å (AIA) observations. With a 10s cadence, these
running-differences are computed from the difference between the mean of the three
central adjacent frames (30s) and the mean of two frames positioned 20s before and
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Figure 2.9: An example of IRIS PREP WAVECORR L2’s wavelength correction proce-
dure using well-defined, strong (top) NUV and (bottom) FUV lines. The red dashed
line represents the corrected data.

after the three central frames (based on typical 50s lifetime of REs). Binary maps
are then generated using a series of thresholds, whereby the first threshold detects
pixels above the mean plus 1.5σ (whereby σ represents one standard deviation).
The second mask then selects only the detections from the previous thresholding
that have at least one pixel above 1.9σ. Subsequent erode and dilate operators
with varying pixel diameters are then applied to the mask in order to remove very
small regions, and reduce the number of overlaps between adjacent regions. Each
connected region is labelled as a single event in both space and time. Detections
that are inadequately sized or too short are subsequently filtered out. A cross-
channel match is considered true if detections overlap by at least 100 SST pixels.
Additionally, in order to account for a lack of statistical significance or larger event
overlap, a smaller overlap threshold is considered equal to the filling factor of the
particular wavelength map only if the event consists of less than 2000 SST pixels.
Similar processes of a two-step threshold and removal of inadequate detections are
implemented in the work for chapters 4 and 5.

Sekse et al. (2012)

Sekse et al. (2012) employ a routine for the automatic detection of rapid blushift
excursions (RBE) using high-quality time sequencing. The intention is to expand
on their previous work (van der Voort et al., 2009) using SST Hα and Ca ii 8542 Å
observations connecting RBEs to Type-ii spicules. Sekse et al. (2012) extend their
automatic RBE detection routine to determine accurate lifetimes and transverse
motions for a much larger statistical sample. Their intriguing background removal
involves subtracting the opposite wing position for Ca ii or subtracting the far blue-
wing images for Hα, creating Doppler maps and differencing images, respectively.
Any structures in these maps and images shorter than ∼ 725 km (or 17 SST pixels)
are ignored to limit the number of false detections, such as those of small intergranu-
lar lanes. Their algorithm attempt to construct ‘chains’ of single events over several
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Figure 2.10: An example of orbital variation of line positions from (top) thermal
component of the orbital variation in NUV and (bottom) the total orbital variation
for FUV and NUV lines. respectively.
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time frames representing the temporal evolution of RBEs. Their stringent criterion
necessitates a 30% overlap between one event and another in the subsequent time
frame within a 3-pixel distance from any of the first event’s pixels. This criterion
is extended such that the overlap must be checked along both temporal directions
due to large variations in RBE length. The algorithm also accounts for moments of
bad seeing by using all events from the next time as well as the frame after that,
allowing for a ‘jump’ in the ‘chain’ of events. The concept of determining transverse
motions ancillary to standard statistical event properties is integrated into the work
for chapters 4 and 5.

Nelson et al. (2017)

Nelson et al. (2017) determine morphological properties and spatial positions of
small-scale umbral brightenings in Ca ii H line-core time-series and provide sug-
gestions for formation mechanisms. The dynamic background of their region of
interest introduces several complexities to feature detection of small, short-lived
events. They define several sub-regions within their FOV and determine their mean
and standard deviation. Binary 2′′×2′′ box maps are created surrounding each event
within these sub-regions, whereby each pixel below the sub-region’s mean plus 3σ
are set to zero. Deducing the statistics of a sub-region background for detecting
events is a valuable diagnostic tool and is implemented in the work for chapters 4
and 5. Further details can be found in Appendix C.2.

2.3.6 Power-law extraction

Power-law frequency distributions follow and can be mathematically expressed by
the power-law function

p(x) = Ax−α (2.1)

where p(x) denotes the probability distribution of some quantity x (which can typ-
ically represent event magnitude), A denotes an overall scale, and α denotes the
power-law exponent (Sornette, 2006). This relationship suggests that a relative
change in one quantity, x, results in a proportional relative change of the other
quantity, p(x).

Many natural and man-made phenomena follow power-law distributions - or some
corresponding approximation - including solar phenomena such as the duration,
volume and frequencies of large flares (Newman, 2005), and in particular their energy
or spectral flux (Li et al., 2016; Rajhans et al., 2021), an example of which can be
seen in figure 2.11 which shows Ryan et al. (2016)’s frequency distribution of peak
flare flux using the Geostationary Operational Environmental Satellite (GOES).

Formal power law functions are defined by the relationship described above over
a continuous range of real numbers (Milojević, 2010) which may take any value.
However, empirical distributions are restricted to certain defined and separate val-
ues. Such distributions are defined as “discrete”.

More frequently than not, empirical distributions exhibit systematic deviations
from a power law on log-log plots. Some examples include double power-law plots
whereby different exponents apply to two separate data ranges (Csányi & Szendrői,
2004), a Lomax distribution whereby large values of x obey a power law but distri-
bution of small values of x tend towards a constant (Glänzel, 2007), distributions in
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Figure 2.11: Ryan et al. (2016)’s frequency distribution of flare peak flux obtained
by GOES. The flux distribution only obeys a power law above a lower-bound “roll-
over” flux value.

which the small values of x obey a power law but then become a decreasing expo-
nential function for larger values of x (Newman, 2005), and log-normal/power-law
distribution (Milojević, 2010) where large values of x obey a power law but a log-
normal distribution describes smaller values of x with some maximum peak value.
This last example can be seen in figure 2.12. Such a distribution describes typical
energy flux or intensity detections of solar events, whereby the lower-end deviation
from a power law can be attributed to observational bias (Li et al., 2013), possibly
due to insufficient cadence for resolving individual events (Parnell & Jupp, 2000).

Determining whether empirical distributions obey power laws, therefore, is a
difficult task and can be subject to bias. The most common method is to fit a his-
togram plot of the data on logarithmic scales to a straight line, typically constructed
using least-squares regression. However, it is evident from most log-log plots, partic-
ularly those resembling figure 2.12 that the gradient of such a straight plot changes
dramatically based on the choice of plot limits - too low of a lower x-limit and the
gradient becomes too shallow, and too high of a lower x-limit results in a loss of
empirical data points and therefore a loss of accuracy. Additionally, the type of
fitting and behaviour of the distribution’s “tail” can affect the gradient of the plot
as well, with such an example shown in figure 2.13. These tails are the result of
large statistical fluctuations relative to the binning sample number when generating
the histogram. It is also worth noting that simply plotting a straight line - while
necessary - is not the only condition required to describe a power-law relation; some
distributions can mimic this behaviour without obeying strict power laws. This is
discussed briefly in chapter 5 and in detail in Appendix F.

The literature on extracting power-law exponents from empirical data is exten-
sive. Some examples include Milojević (2010)’s application of logarithmic binning
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Figure 2.12: Examples of a Log-normal/power law composite deviation from a per-
fect power law distribution. A log-normal distribution describes small x-values while
large x-values obey a power law. See text for details.

Figure 2.13: A log-log histogram plot with a clear power-law distribution and a
noisy “tail” at larger values of x. This is due to the number of samples in the bins
becoming small giving rise to statistical fluctuations. See text for details. Adapted
from Newman (2005).
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to reduce signal noise towards the tail-end of larger values, Wang et al. (2015)’s use
of an asymmetric Laplace distribution to determine a lower-bound above which the
data obeys a power law (see chapter 5 and Appendix F for further discussion), and
Aschwanden & Freeland (2012)’s empirical turnover correction term, whereby the
distribution converges at some lower-bound. There are also myriad examples of the
use of a Bayesian approach to determining the maximum likelihood estimator for
power-law exponents (Bauke, 2007; Ryan et al., 2016; Farhang et al., 2018). In par-
ticular, this work makes use of Clauset et al. (2007a)’s method for fitting parametric
maximum likelihood models to empirical data. This method is used in the work of
chapter 5 and is discussed therein. Greater detail can be found in Appendix F.

2.4 Conclusions

It is clear that the chromosphere and TR are saturated with distinct, energetic phe-
nomena. Their interwoven relationship with each other as well as their intimate
relationship with the corona are not only a subject of great debate but an invalu-
able source of information. Observations of the fine structure of the chromosphere,
the small scale of jets, nano-flares, spicules, wave propagation, etc., and the mass
supply to the corona and solar wind present significant challenges. IRIS is one of the
most effective instruments for observing these solar layers in FUV and NUV chan-
nels, not only for its high image-capture spatial and temporal resolutions but for its
capacity for simultaneous spectroscopic observation, providing a large scope for ther-
mal analysis. Such observations have already demonstrated that chromosphere/TR
events can reach coronal temperatures with significant energy output. In addition,
AIA is highly effective for observing the low corona in EUV, primarily in several
highly ionised Fe channels. Like IRIS, AIA facilitates temperature analyses as well
as studies of solar dynamics. Together, AIA and IRIS data provide huge diagnos-
tic potential across a multitude of spectral channels and spatio-temporal scales. A
range of observation and data extraction techniques are listed in this chapter and
implemented in the following three chapters. Several image processing techniques
have been utilised for standardization and stabilization of NUV, FUV and EUV
imaging and spectal data. Of these, the FLCT method is used in each study of this
thesis, providing stable conditions from which valid small-scale changes and events
may be discerned.

Building on the list of methodologies discussed in section 2.3.5, a filtering method
is developed, tested and applied to IRIS time series data in chapters 4 and 5, suc-
cessfully detecting small-scale events as well as a broad array of their properties such
as their average area, duration, maximum/total brightness, and average speed. The
strengths and limits of this method are discussed therein. Statistical methods of
determining power-law exponents of event distributions have been discussed. The
application of a Bayesian approach for calculating a maximum likelihood estimator
will be used in the work of chapter 5. The analyses in this thesis are an important
step towards providing meaningful constraints on coronal heating theories, for with-
out empirical observations of this region and its phenomena, particularly those on
the smallest of scales, the coronal heating problem may remain a problem for some
time.
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Chapter 3

IRIS and AIA imaging/spectral
jet analysis

Multi-wavelength imaging and spectral analysis of jet-like phenomena in a solar
active region using IRIS and AIA†

This chapter (as a paper of the same name) was peer-reviewed and published in the Astro-
physical Journal in July 2020 (Humphries et al., 2020)
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3.1 Abstract

High-resolution observations of dynamic phenomena give insight into properties and
processes that govern the low solar atmosphere. We present an analysis of jet-like
phenomena emanating from a penumbral footpoint in active region (AR) 12192 using
imaging and spectral observations from the Interface Region Imaging Spectrograph
(IRIS) and the Atmospheric Imaging Assembly (AIA) on board the Solar Dynamics
Observatory. These jets are associated with line-of-sight Doppler speeds of ± 10-22
km s−1 and bright fronts that seem to move across the Plane-of-Sky at speeds of
23-130 km s−1. Such speeds are considerably higher than the expected sound speed
in the chromosphere. The jets have signatures that are visible both in the cool
and hot channels of IRIS and AIA. Each jet lasts on average 15 minutes and occur
5-7 times over a period of 2 hr. Possible mechanisms to explain this phenomenon
are suggested, the most likely of which involve p-mode or Alfvén wave shock trains
impinging on the transition region and corona as a result of steepening photospheric
wavefronts or gravity waves.
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3.2 Introduction

The chromosphere is host to a menagerie of dynamic phenomena, including (but
not limited to) spicules, jets, shocks and magnetoacoustic waves. These phenomena
are interesting as their formation within this physically complicated region, as well
as their interaction with other atmospheric layers, particularly the transition region
(TR) and corona, are not well understood.
Fan-shaped jets, “Peacock” Jets (Robustini et al., 2016) or “light walls” (Yang
et al., 2015) are an example of rarely observed chromospheric phenomenon. These
jets are typically observed over sunspot light-bridges (Asai et al., 2001) with a mean
lifetime of 10 minutes and some intimation in TR and coronal temperature obser-
vations. First observed and analysed by Roy (1973a), fan-shaped jets can extend to
7-50 Mm with driving velocities up to 175 km s−1, an order of magnitude greater
than the typical ∼8 km s−1 chromospheric sound speed (Anderson & Athay, 1989).
Their multi-thermal nature is clear, as signatures of these jets have been observed in
both Interface Region Imaging Spectrograph (IRIS) FUV and Atmospheric Imaging
Assembly (AIA) EUV channels (Hou et al., 2016a).
Magnetic reconnection is commonly attributed as the fan-shaped jets’ driver, typi-
cally as a product of the submergence of magnetic fields via convection (Lagg et al.,
2014) or rapid perpendicular changes between light and dark penumbral fields (Jiang
et al., 2011). This seems like an appropriate energy release mechanism for emergence
speeds in excess of 100 km s−1 (Louis et al., 2014). Conversely, it has been suggested
that type-i spicules driven by magnetoacoustic p-mode shocks can manifest as jets
(Hansteen et al., 2006; Zhang et al., 2017). These spicules typically display upward
speeds of 20-25 km s−1 (Sterling & Hollweg, 1988), which are of comparable mag-
nitude to velocity ranges of jets observed in Ca ii H lines (Shibata et al., 2007).
Tian et al. (2018) have observed two distinct types of surges above a sunspot light
bridge which they determine to be: type-i spicules, which are short-lived (approx.
500 s), and type-ii spicules, which are impulsive (initial speeds of 50-400 km s−1).
These phenomena have been shown to reach heights of nearly 10 Mm (Beckers,
1972). Zhang et al. (2017) suggests that these type-i spicule observations are the
result of p-modes or slow-mode magnetoacoustic waves propagating towards the
chromosphere from below. Considering these jets’ proximity to the active region’s
sunspot, p-modes could be related to the driving mechanism of running penumbral
waves and/or umbral oscillatory events (Rouppe van der Voort et al., 2003), which
have been observed to exhibit recurrent behaviour on time scales of 3-5 minutes
(Priya et al., 2017). For example, penumbral waves are produced by photospheric
magnetoacoustic activity steepening into shocks at the chromosphere (Felipe et al.,
2010) and are primarily observed in Ca ii line cores with three-minute periodicities
(Havnes, 1970; Felipe, T. & Esteban Pozuelo, S., 2019).
Hollweg (1982) proposed that spicules or spicule-like structures can be generated
by a train of rebound shock fronts repeatedly impacting the TR from below. These
shock trains are a nonlinear development of oscillations of the solar atmosphere at its
natural frequency, whereby the initial impulse takes place at the photosphere (Rae
& Roberts, 1982). Plasma falls due to gravity after having been displaced upward
by an initial Alfvén wavefront. The falling material compresses the atmospheric
material below it. This compressed material then rebounds, a process which repeats
several times, giving rise to the oscillating wake (Stein & Schwartz, 1972). These re-
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Figure 3.1: HMI intensitygram (left), AIA 304 Å (center) and IRIS 1330 Å (right)
(data set B) reference images of the region of interest. The blue rectangle in the
HMI and AIA images denotes the IRIS field of view from data set B.

peating wavefronts steepen into a shock train that is channelled along magnetic field
lines. Hollweg et al. (1982a) elaborated on Hollweg (1982)’s proposition, suggesting
that the shock train’s repeated impingement results in an approximately constant
upward velocity of the TR and the heating of chromopsheric material. Appreciable
TR and chromospheric motions still occur due to acoustic-gravity waves (driven by
Alfvén waves) even when considering radiative losses (Mariska & Hollweg, 1985).
In section 2, we describe the observational data from AIA and IRIS of recurrent
fan-shaped jet phenomena at a sunspot’s edge. In section 3, we outline our data
analysis methods and the subsequent results. We discuss these results in section 4,
and suggest plausible mechanisms to describe the jets’ dynamics.

3.3 Observations

We analyse two data sets from AIA (Lemen et al., 2012a) and IRIS (De Pontieu
et al., 2014) centred on AR 12192. They took place on 2014 October 25th at 14:58:28
UT (data set A) and at 21:00:00 UT (data set B). At that time, the AR was located
at the South-West corner of the solar disk (approximately at X = 400′′, Y = −315′′).
Data set B includes spectroscopic data from IRIS. We have analysed the C ii and Si
iv lines in detail. Figure 3.1 shows this AR as a large sunspot complex observed by
the Heliosismic and Magnetic Imager (HMI; Scherrer et al., 2012a), AIA, and IRIS,
where the AIA and IRIS images are taken from data set B.

The IRIS slit-jaw image data from set A are a large sit-and-stare observation of a
flare within the AR, with a 9.4 s temporal cadence, a 0.33′′pixel−1 spatial resolution
and a 121′′ × 128′′ field of view. The data consist of two data cubes in the 1330 and
2796 Å channels centred on ∼ X = 355′′, Y = −303′′.
The IRIS slit-jaw image data from set B are a large, dense raster of the AR’s sunspot,
with a temporal cadence of 66 s, a spatial resolution of 0.17′′pixel−1 and a 309′′×181′′

field of view. The data consist of three data cubes in the 1330, 1400, and 2796 Å
channels centred on ∼ X = 400′′, Y = −315′′.
The IRIS spectroscopic data have a temporal cadence of 6.5 s, a spectral binning
of 0.1 Å, a spatial resolution of 0.17′′ and a 120′′ × 119′′ field of view (centred on
X = 400′′, Y = −315′′).
The IRIS data sets were processed using standard procedures to account for the

65



Figure 3.2: AIA 304, 211 and 171 Å images of the region of interest. The green
square denotes the IRIS slit-jaw field of view from data set A. The red dotted path
denotes an example of a traced jet trajectory used to plot time-distance graphs.
An animation of this figure is available. The video begins on 2014 October 25 at
approximately 14:58:00. The video ends the same day around 17:45:00. The real-
time duration is 75 s.

effects of thermal drift, solar rotation, and orbital velocity, saturation due to cosmics,
and radiometric calibration.
The AIA data from set A have a 12 s temporal cadence and a 0.6′′pixel−1 spatial
resolution. The region of interest covers a 269′′ × 269′′ area. The AIA data consists
of three data cubes in the 304, 171, and 211 Å channels, each of which are centred
at ∼ X = 394′′, Y = −322′′.
The region of interest is shown in Figure 3.2 and consists of a sunspot with a nearby
pore separated by a bright footpoint. Figure 3.3 shows the IRIS slit-jaw images
of the region according to the green box from Figure 3.2. The fronts emerge from
this bright footpoint and protrude across the pore. These fronts are clearly visible
emanating from the footpoint, as can be seen in Figure 3.4. Throughout the time
series, numerous fronts can be seen emerging from the footpoint before falling back
to the source.

3.4 Analysis Methods and Results

3.4.1 Spectroscopic Data

The IRIS data from set A were a sit-and-stare observation where the spectroscopic
slit did not scan over the jets - the position of the slit can be seen in Figure 3.3.
It was therefore necessary to turn to set B’s raster IRIS data for spectroscopic
analysis. This spectroscopic set B data is used to construct maps of the region of
interest according to Doppler/line-of-sight (LoS) velocities, intensities, and FWHM
broadenings. These maps are constructed according to the slit position as it moved
across the AR during the raster in a similar way to Bamba et al. (2017). Figures
3.5-3.7 show velocity, FWHM, and intensity maps with progressively smaller fields
of view. Figure 3.5 shows velocity maps of the region according to the C ii 1334
line. These velocity maps demonstrate Doppler behaviour, whereby redshift occurs
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Figure 3.3: IRIS 1330 and 2796 Å slit-jaw images from data set A of the region
of interest (corresponding to the green box from Figure 3.2). An animation of this
figure is available. The video begins on 2014 October 25 at approximately 14:58:35.
The video ends the same day around 18:00:00. The real-time duration is 34 s.

Figure 3.4: IRIS 1330 Å slit-jaw images from data set A showing the progression of
a jet front, indicated by the blue arrows. The tip of the arrow indicates the position
of the jet front.
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Ion/λ Formation Region LoS speed LoS speed

Temp. (inset 1) (inset 2)

(Å) (logT ) (km s−1) (km s−1)

C ii 1334 4.3 TR -5.2±4.2 -11.8±4.3

C ii 1336 4.3 TR -5.6±4.5 -12.7±4.7

Si iv 1394 4.8 TR -6.9±4.8 -15.3±4.9

Si iv 1403 4.8 TR -8.4±4.8 -16.7±4.9

Ion/λ Intensity Intensity FWHM FWHM

(inset 1) (inset 2) (inset 1) (inset 2)

(Å) (mÅ) (mÅ)

C ii 8000±5000 16000±6000 166±50 215±35

C ii 13000±8000 26000±9500 195±50 236±40

Si iv 1394 8000±6900 20000±10000 183±40 234±40

Si iv 1403 3700±3400 10000±4800 181±41 236±42

Table 3.1: Comparison of IRIS spectroscopic ions analysed in this study, their for-
mation temperatures, corresponding atmospheric regions and spectroscopic results.
Intensities are measured in erg cm−2 s−1 sr−1. N.B. “Inset 1” denotes the region
according to the purple box from Figure 3.5, and “Inset 2” denotes the region ac-
cording to the brown box from Figure 3.5. Formation temperatures and solar layers
are from De Pontieu et al. (2014) and Lemen et al. (2012a).

near the footpoint and blueshift occurs near the top of the front protrusions. These
red- and blueshifts are also clear in the C ii 1336 data (not shown) and less so in
the Si iv 1394 (not shown) and Si iv 1403 (not shown) data. Insets 1 and 2 are
chosen as areas for diagnostics due to the presence of this Doppler blueshifted area
in the velocity maps of each spectroscopic ion, the results of which may be seen in
Table 3.1. These values are determined by the mean velocity values within each
inset region. The mean Doppler shift range of insets 1 and 2 are -0.9 to -13.2 km
s−1 and -7.5 to -21.5 km s−1, respectively, whereby minus values represent blueshift.

Bifrost simulations show that Doppler shifts of single-Gaussian fits for C ii 1334
and C ii 1336 are well correlated with the LoS velocity at unity optical depth, with
a Pearson Correlation of 0.88 and 0.83, respectively (Rathore & Carlsson, 2015).
Therefore these measured shifts provide appropriate values for velocity measure-
ments.
Figure 3.6 shows FWHM spectral broadening maps for C ii 1336 Å. Spectral broad-
ening coincides with the position of bright fronts. They are most prominent in C ii
and less so in Si iv (not shown). Patches of strong broadening activity overlap with
strong Doppler blueshift at the insets. The mean FWHM spectral broadening in C
ii is 118 mÅ in inset 1 and 181 mÅ in inset 2. For Si iv we find 244 mÅ and 181
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Figure 3.5: C ii 1334 Doppler velocity maps gained from data set B, showing in-
creasing detail from left to right: (a) - full spectral field of view; (b) - green box from
(a); (c) - inset 1 (purple box from (b)). The brown box denotes inset 2; a region of
12 pixels focused on the jet fronts.

Figure 3.6: C ii 1336 FWHM maps gained from data set B. See Figure 3.5 for
definitions of coloured boxes.
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Figure 3.7: Si iv 1394 Intensity maps gained from data set B. See Figure 3.5 for
definitions of coloured boxes.

mÅ, respectively. Bifrost simulations suggest that FWHM broadenings of the C ii
1334 data are larger than those determined with a single-Gaussian fitting due to the
flattened top of the C ii 1334 profiles, as opposed to broader double-peak profiles.
Therefore, single-Gaussian fits may be used as an approximate, lower-limit diagnos-
tic of FWHM broadenings for C ii 1334 (Rathore et al., 2015). It is unclear if the
maps (as a stitched-together image of the region of interest) of FWHM broadening
follow a single front as it evolves or if FWHM broadening occurs across the entire
path as a jet emerges from its footpoint.

Intensity maps are also constructed, examples of which can be seen in Figure 3.7
for Si iv 1394. It is clear that there are sharp intensity spikes within the bright front
region, particularly within insets 1 and 2, coinciding with the Doppler blueshifts
from the velocity maps. Table 3.1 shows that intensity values for insets 1 and 2 are
lowest for Si iv 1403 (not shown). While these intensity data are not analysed in
this study, they may be exploited in a future study, providing minimum values of
energy output via radiative losses, for example.

The IRIS raster moves across the region, capturing spectroscopic slices of data at
each moment. The velocity, intensity, and FWHM maps combine these into spatial
images, but there is a time dependence to the sequence. It seems likely that the
regions of redshift and blueshift are momentary snapshots in which at least one of
the fronts is moving away from and towards the observer, respectively. From the
data set B slit-jaw images, the slit lies above (or nearly above) the bright footpoint
and the source of the fronts at 22:29, or 5800 s from the beginning of the observation,
and overtakes the fronts at 22:35, or 6300 s from the beginning of the observation.
This separation of 7.7 minutes between the moment of return and the moment of
emergence lies within the range of durations of the most prominent fronts from
Figure 3.8.

3.4.2 Imaging Data

The jets can be clearly seen as brightenings in the 211, 304, 171, 1330, and 2796
Å data set A images and videos, as well as the 1330, 1400, and 2796 Å data set B
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Figure 3.8: AIA and IRIS time-distance graphs of (top-to-bottom) 304, 211, 171,
1330 and 2796 Å set A data according to the red path from Figure 3.2, with their
respective over-plotted footpoint light curves. Intensity values are measured in data
number (DN) units. Position values are measured in Mm. White dotted lines
indicate parabolic fitting according to jet ascensions. Diagonal dotted lines represent
traced gradients of initial velocities: Magenta= 128 km s−1; Green= 71.6 km s−1;
Yellow= 56.5 km s−1
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images and videos. Brightenings are also apparent at the footpoint of the fronts,
located at the edge of the sunspot penumbra. These footpoint brightenings appear
to be recurrent.
Figure 3.8 shows time-distance graphs constructed along the red dotted path drawn
in Figure 3.2 for the 304, 211, 171, 1330, and 2796 Å channels of data set A. The
path is traced by using a handful of initial points followed by spline interpolation to
create a 100-point path. Values found for each of these 100 points are determined
using a local average of the surrounding pixels within a 2 pixel radius. Figure 3.9
shows time-distance graphs constructed in a similar fashion to those of 3.8, but for
the 1330 and 2796 Å IRIS data of set B. Data set B took place 6 hr after set A and
therefore required a new time-distance path to be plotted. A similar path length
was used, but it was found that set B’s jets were far shorter than those observed
in set A. Therefore, it was decided that the distance axis for Figure 3.9 should be
reduced accordingly.

The jets are evident in data set A’s time-distance graphs and are somewhat
visible in data set B’s time-distance graphs. These jets appear as bright fronts
which emerge from the footpoint with some initial speed, reach a point of maximum
protrusion and then return to the footpoint. The absence of initial data of set B’s
time-distance graphs is due the raster moving over the path; no data are available
along the path’s coordinates until the raster’s field of view begins to pass over the
path. Additionally, in order to account for IRIS’s orbital velocity, Fourier Local
Correlation Tracking (FLCT, Fisher & Welsch, 2008) methods were used to re-align
each raster image. The nature of the raster, in which it moves over the time-distance
path, affects the resolution of the time-distance results. This is the reason for the
“blurry” effect in Figure 3.9, rather than any resolution differences between IRIS
and AIA images.
Only the bright front leading the jet emits in particular wavelengths, while a dark
wake trails behind, seen as the dark area beneath the jet curves in data set A’s
time-distance graphs. These dark wakes appear to be as dark as - if not darker than
- areas unrelated to the jets. Conversely, the area beneath the jets appear bright
in set B’s time-distance graphs. Numerous fronts are present in the graphs with
apparent durations of 500-1000 s.
Figures 3.8 and 3.9 also include light curves for each of these channels according
to the mean intensity from a 2× 2 pixel region around the footpoint corresponding
to the first point of the path (see Figure 3.8). These light curves show recurrent
footpoint brightenings that seem to consistently (but not always) occur before the
emergence of the rising bright fronts, but can also brighten in the absence of a rising
bright front and, in the latter case, seem somewhat unrelated.
The diagonal dotted lines are manual tracings of the fronts as they emerge, providing
estimates of their emergence speeds. The range of these diagonal lines for both the
set A and set B time-distance graphs are outlined in table 3.2. It appears that the
fronts maintain this initial emergence speed for some time before slowing down near
the point of maximum protrusion. The fronts then collapse back to their point of
origin. The descending portion of the fronts appear to have a less severe gradient,
implying a slower return speed. This will be discussed shortly.
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Figure 3.9: IRIS time-distance graphs of 1330, 1400 and 2796 Å set B data with
their respective over-plotted footpoint light curves. These graphs were produced in
a similar manner to those from Figure 3.8. Intensity values are measured in DN.
Position values are measured in units of Mm. Diagonal dotted lines represent traced
gradients of initial velocities as references: Magenta=23.5 km s−1; Green=38.5 km
s−1; Yellow=39.5 km s−1
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Ion/λ Formation Region TD PoS

Temp. Speeds

(Å) (logT ) (km s−1)

Fe IX 171 5.8 quiet corona, upper TR 56.5− 128.3

Fe xiv 211 6.3 AR corona 56.5− 128.3

He ii 304 4.7 chromosphere, TR 56.5− 128.3

C ii 1330 (A) 4.7 TR 56.5− 128.3

C ii 1330 (B) 3.7-7.0 TR 23.4− 39.5

Si iv 1400 3.7-5.2 TR 23.4− 39.5

Mg ii h/k 2796 (A) 3.7-4.2 chromosphere 56.5− 128.3

Mg ii h/k 2796 (B) 3.7-4.2 chromosphere 23.4− 39.5

Table 3.2: Comparison of IRIS and AIA imaging Channels, Their Formation Tem-
peratures, Corresponding Atmospheric Regions and PoS speeds. “A” and “B” de-
note the corresponding data sets. N.B. The ion and wavelength column denotes
each channel analysed, as well as its corresponding dominant ion. “TD” denotes
“time-distance”.

3.5 Discussion

The results outlined in section 3.4, particularly the time-distance graphs, are simi-
lar to those of Reid et al. (2018) and Robustini et al. (2016). The jets develop as
bright fronts emanating from a footpoint with temperature signatures ranging from
20,000 K to near 2 MK. These fronts may be interpreted as adiabatic plasma heat-
ing due to a density increase as the jet strikes upper layers of the solar atmosphere.
However, these bright fronts are also present during the jet fall phase. The fronts’
life-time and frequency are comparable with the jets reported by Reid et al. (2018).
However, we find the fronts protruding a longer distance, i.e. 15-25 Mm compared
with the 8 Mm value reported by Reid et al. (2018). This could be due to projec-
tion effects or a greater inclination with respect to the photospheric normal of the
magnetic field lines along which the fronts move. The fronts’ evolution also matches
previous reports, i.e., emerging with some initial speed, continuing with a similar
speed until reaching maximum protrusion before returning to, or near to, the foot-
point. Dark wakes are also evident in Reid et al. (2018), particularly in the 131, 171,
193 Å channels, and faintly in the 335 Å channel. These wakes appear darker than
the background intensity in coronal bandpasses. These dark wakes are likely cool
chromospheric material that simply emits far less in these passbands in comparison
to the bright fronts, but may still be dense enough to obscure the LoS. Anzer &
Heinzel (2005) suggest that these dark wakes are caused by an increased density
of hydrogen and singly ionized helium that absorbs hot emissions from behind the
event along the LoS. However, this study also demonstrates 1330 and 2796 Å jet
signatures, whereby the 2796 Å time-distance data lacks these dark wakes. It could
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simply be the case that the wakes are an injection of chromospheric material that
only emit in the Mg ii line. It appears that these jets share similarities with spicule
phenomena, namely an overlap of Figures 8 and 9’s jet lifetime (500–1000 s) with
that of type-i spicules (Suematsu et al., 1982). Additionally, Hansteen et al. (2006)
and Mart́ınez-Sykora et al. (2017b) have demonstrated, using one-dimensional and
three-dimensional modelling, respectively, that the top of spicules follow parabolic
profiles in time, suggesting that type-i spicules typically display quasi-ballistic mo-
tion consisting of upward motion followed by downward motion (Shibata & Sue-
matsu, 1982), which would seem to coincide with the time-distance results. Set B’s
jets are evidently shorter and emerge at slower speeds than their set A counterparts.
This will also be discussed below.

3.5.1 Asymmetries & peculiarities

The gradient of the bright fronts’ ascension phase appears steeper than their ini-
tial gradient of descent, e.g., at times 4500, 6300, and 8000 s in Figure 3.8. This
is evident from the white dotted parabolic trajectory plots. These parabolas were
constructed according to plotted points along the jets’ ascension phase with the
descending half of the parabola plotted symmetrically around the vertex. If the
ascending wave were to reflect at the wave front then the gradient of the descent
would be more similar to that of the ascent. In that case, it is possible that the jet’s
ascent is wave-driven but that the wave pulse will have propagated further up into
the atmosphere. This would make the descent a mixture of ballistics and the atmo-
sphere’s dynamics, whereby the atmosphere contracts to re-establish equilibrium.
A small decrease in gradient during ascension phases is also visible at the 4500 and
8000 s arches. While the time–distance graphs in this study represent plane-of-sky
(PoS) trajectories and velocities, it is plausible these drops in speed during ascen-
sion are an indicator of ejected material decelerating faster than solar gravitational
deceleration alone, provided that the jets’ motion consists of more than its LoS
component. Roy (1973b) suggests that a perturbation in the potential field induces
a braking force, opposing the jets’ emergence, assuming a horizontal magnetic field
through which the perturbation tries to move. However, it is perhaps more likely
that the fronts undergo a field-aligned motion and that some bulging of structures
may occur due to transverse pressure imbalances. This could lead to magnetic pres-
sure and tension forces sufficient to oppose the motion of the jets (Kohutova &
Verwichte, 2017).
Additionally, jets appear brighter in 304, 211, 171 and 1330 Å during their ascension
phase than their descending phase. Yang et al. (2015) have also observed this phe-
nomenon in light bridges above a sunspot. Light wall oscillations do share similar
characteristics to this study’s jets, such as their duration and oscillation velocity -
3.9 minutes and 15.4 km s−1, respectively - which is of comparable magnitude to
the line-of-sight Doppler results from table 3.1. However, these light walls appear
to be distinct phenomena with maximum lengths of 3.6 Mm, as well as Yang et al.
(2015)’s IRIS data suggesting that the top and bottom of the wall appear brighter
than the body.

While this study’s jets are their own distinct phenomenon, they share several
similarities with those of spicules, notwithstanding this study’s maximum height
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results. The following paragraphs highlight these similarities with both type-I and
type-II spicules, even if these similarities are limited and/or split between spicule
categorisations. In particular, their average duration of 5-15 minutes (similar to
that of type-i spicules; Sterling & Hollweg, 1988) and the proposed rapid heating
of type-ii spicules to TR temperatures (De Pontieu et al., 2007) plausibly correlate
with this study’s time-distance results. Tian et al. (2018)’s results show that their
type-ii surges can occur in quick succession on timescales of a few minutes, as is the
case with the large jets in Figure 3.8. They also found that the type-ii phenomena
can remain absent for several hours and that significant footpoint brightenings ac-
company these high-reaching surges. This may explain the discrepancy between the
speed and length results from set A and set B’s time–distance graphs; the maximum
footpoint intensity during data set B for each channel is at least 1.7 times fainter
than their data set A counterparts. Specifically, the maximum footpoint brighten-
ings of the set A 1330 and 2976 Å data are 2.54 and 1.73 times brighter (in DN)
than their set B counterparts, respectively. The jets for set B are also shorter in
extent and have relatively shorter duration than those of set A. Furthermore, the
jets of set A show higher initial speeds than those of set B. Determining estimates
of the set B jets’ speeds is difficult due to the spatiotemporal aspect of the scan and
the nature of the IRIS raster data; having to coalign these moving frames produces
blurry time–distance graphs that inhibit accurate gradient plotting.
Magara (2010) suggests that these type-ii spicules occur due to magnetic recon-
nection between a horizontal magnetic flux tube above the light bridge and the
background penumbral field. It seems possible that a similar mechanism could oc-
cur between the magnetic field lines of a sunspot’s umbra and its penumbra (as is
the case in this study’s observations). Additionally, this may also explain why the
density of the area beneath set B’s time–distance arches appears bright compared
to those of set A. This discrepancy is most likely due to data set B predominantly
exhibiting type-i spicule-like activity occurring more frequently along the drawn
path. Magnetic reconnection can also account for the multi-thermal nature of this
study’s jets: Vissers et al. (2015) suggest that photospheric gas is heated beneath the
chromospheric footpoint to momentarily reach temperatures and ionization stages
associated with the TR and corona in a similar manner to Vissers et al. (2013)’s
spectroscopic observations of Ellerman bombs.
The Doppler shifts (-11 to -17 km s−1) are of a comparable magnitude to those
of type-i spicules. This is also of a comparable magnitude to the velocity values
obtained from data set B’s time-distance graphs (∼20-40 km s−1). As previously
suggested, the LoS Doppler shifts may not represent real plasma flows; Zaqarashvili
& Erdélyi (2009) observed Doppler shifts in spicules and suggested that these shifts
may correspond to the spicule axis moving transversely due to wave propagation
within the spicules, as opposed to the actual movement of matter along the spicule
axis. It is therefore possible that the Doppler shifts represent the amplitude of
waves traveling along and within the jet region. A more detailed analysis may help
interpret these results. As a final note on this study’s peculiarities, Section 3.3’s
2796 Å video reveals that the nearby umbra demonstrates wave-like brightenings
activity. These brightenings are typically accompanied by oscillations in the sur-
rounding penumbra. These penumbral waves may be linked to the nature of the jet
phenomena and a similar methodology to that of Reid et al. (2018) may be used in
a subsequent study to determine if such a relationship is present.
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3.5.2 Physical Mechanisms

Hollweg (1982) demonstrated that shock trains can move the TR upwards with
speeds of 16 km s−1, with speeds as large as 50 km s−1 at the top of spicules. The
general tendency for bulk flow speed to increase with height may account for an
increase in Doppler shifts with height (Beckers, 1972) which correlates with Hollweg
(1982)’s small or downward velocities near the bottom of the spicule, presumably at
the footpoint. This seems to match with the results of this study, whereby blueshifts
of up to 18 km s−1 occur near the jets’ maximum height while redshifts tend to occur
at the footpoint. Whether this study’s Doppler maps show the jets’ bulk flow speed,
the amplitude of waves within the jets, or momentary snapshots (due to the nature
of raster data) of actual LoS motion is currently unclear. Regardless, a proposed
energy flux of 104-105 ergs cm−2 s−1 (Hollweg, 1982) is paramount if these jets in-
teract with the corona in a similar fashion to spicules. Additionally, if these shock
front trains are considered to be bi-directional (Pasachoff et al., 2009) then a smaller
descension gradient (i.e., a slowed return to the footpoint) could be an indicator of
gas pressure or some constantly erupting driving force opposing a gravitationally
induced return of material (Reid et al., 2018), which may explain the slowed descent
speeds seen in Figures 3.8 and 3.9.
Figures 3.6 and 3.7 demonstrate that both line broadening and emission intensity
increases occur along the entire region of jet activity, following the trajectory of
the jets. De Pontieu et al. (2015) propose that magnetoacoustic shocks traveling
along the LoS can result in nonthermal line-broadening and intensity increases of
TR material within regions in which magnetic fields are parallel to the LoS. Olluri
et al. (2013) also conclude that at least some of the TR nonthermal line-broadening
in the presence of shocks with strong velocity gradients (as is the case in data set
A’s time–distance graphs in 3.8) are caused by slow-mode magnetoacoustic shocks.
Simulations by Kudoh & Shibata (1999) suggest that spicule formation (a manifesta-
tion of lifting of the TR), nonthermal broadening of emission lines, and even coronal
heating are a consequence of Alfvén waves (produced within the photosphere) prop-
agating to the corona. This interpretation may explain the presence of intensity and
nonthermal broadening within this study’s region of interest with little Doppler shift
activity, whereby these Alfvén waves effectively churn the plasma as they propagate
but demonstrate little discernible LoS plasma motion.
More recent work also demonstrates that these rebound shocks can be achieved
with a single initial pulse (Kuźma et al., 2017; Murawski & Zaqarashvili, 2010).
Murawski & Zaqarashvili (2010) find that an initial, 30 km s−1 velocity-amplitude
Alfvén pulse - potentially generated due to solar convective motion of magnetic flux
tubes (Roberts, 1979) - leads to typical type-i spicule properties such as velocities of
25 km s−1 and lengths of 7 Mm. Low-chromopsheric Alfvén speed estimates assume
a density of 1015cm−3 and a 100 G magnetic field strength, yielding a value of 10
km s−1 (Shibata, 1997). However, while the Alfvén velocity requirement is rather
high for low-chromospheric speeds, umbral magnetic field strength is at least one
magnitude greater than Shibata (1997)’s assumption (Norton et al., 2013).
These single-initial-driver models appear to reproduce similar phenomena to this
study’s jets and are thus worth consideration. However, models of a periodic initial
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driver have also recreated spicule properties, such as the leakage and channeling of p-
modes along magnetic field lines (De Pontieu et al., 2007a). A falloff of the acoustic
cutoff period due to a progressively reduced gravitational influence allows p-modes to
tunnel through lower layers and subsequent steepening into magnetoacoustic shocks
(De Pontieu et al., 2004). This results in an upward motion of chromospheric plasma
at ∼20 km s−1 (Pontieu et al., 2005). Yang et al. (2015) also use this interpretation
as the mechanism resulting in their light wall properties.
While these magnetoacoustic precursors seem auspicious insofar as they produce
similar velocities to this study’s LoS velocities, Robustini et al. (2016) suggests that
such a shock-driven initiator is an unlikely mechanism for the PoS acceleration of
these jets, particularly for speeds in excess of 170 km s−1 during data set A. However,
they may still indirectly result in sufficient jet acceleration as shock waves are often
related to quasi-periodic magnetic reconnection (Hillier et al., 2016; Zhang et al.,
2017).

We have investigated recurrent fan-shaped jets protruding from a bright penum-
bral footpoint. These jets occur near-simultaneously with brightenings within their
footpoint. The jets appear as bright fronts in AIA’s 304, 211, and 171 Å channels
as well as IRIS’s 1330 and 2796 Å channels. A darkness is left in the wake of these
brightenings in all channels bar 2796 Å, which is most likely caused by optically
thick or cool plasma along the LoS. The maximum length of these jets range from
∼12-26 Mm with initial PoS speeds of ∼23-130 km s−1. The LoS blueshift veloc-
ities of the jet fronts range from ∼-1 to -20 km s−1. FWHM results suggest that
broadening occurs over the entire jet region, suggesting that the LoS results may
represent the amplitude of waves traveling along the region as opposed to the actual
movement of material. These results are similar to previous reports of fan-shaped
jets but also share similarities with spicule phenomena. Several physical mechanisms
are proposed as the initial driver of these phenomena.
These channel-specific dark wakes, falling bright fronts, and interesting spectro-
scopic results warrant further investigation of the multithermal nature of these jets.
Spectral diagnostics of the jet parameters, such as energy, electron density, and
temperature using optically thick chromospheric lines, will be considered avenues
for analysis for a subsequent paper.
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Chapter 4

A method for detecting
chromospheric brightening events

Detecting and characterising small-scale brightenings in solar imaging data†

This chapter (as a paper of the same name) was peer-reviewed and accepted for publication
in Solar Physics in August 2021 (Humphries et al., 2021)
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4.1 Abstract

Observations of small-scale brightenings in the low solar atmosphere can provide
valuable constraints on possible heating and heat transport mechanisms. We present
a method for the detection and analysis of brightenings, and demonstrate its appli-
cation to time-series imagery of the Interface Region Imaging Spectrograph (IRIS)
in the extreme ultraviolet (EUV). The method is based on spatio-temporal band-
pass filtering, adaptive thresholding and centroid tracking, and records an event’s
spatial position, duration, total brightness and maximum brightness. Spatial area,
brightness, and position are also recorded as functions of time throughout the event’s
lifetime. Detected brightenings can fragment, or merge, over time - thus the num-
ber of distinct regions constituting a brightening event is recorded over time, and
the maximum number of regions are recorded as Nfrag, which is a simple mea-
sure of an event’s coherence or spatial complexity. A test is made on a synthetic
datacube composed of a static background based on IRIS data, Poisson noise and
≈ 104 randomly-distributed, moving, small-scale Gaussian brightenings. Maximum
brightness, total brightness, area, and duration follow power-law distributions, and
the results show the range over which the method can successfully extract informa-
tion. The test shows that the recorded maximum brightness of an event is a reliable
measure for the brightest and most accurately detected events, with an error of 6%.
Event area, duration, and speed are generally underestimated by around 15% and
have an uncertainty of 20 − 30%. The total brightness is underestimated by 30%,
and has an uncertainty of 30%. Applying this detection method to real IRIS quiet-
sun (QS) data spanning 19 minutes over a 54.40′′×55.23′′ field of view (FOV) yields
2997 detections. 1340 of these detections either remain un-fragmented or fragment
to two distinct regions at least once during their lifetime (Nfrag≤ 2), equating to
an event density of 3.96× 10−4 arcsec −2 s−1. The method will be used for a future
large-scale statistical analysis of several QS data sets from IRIS, other EUV imagers,
and other types of data including H-α and visible photospheric imagery.
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4.2 Introduction

Despite large advances in observation, numerical models, and theory, the heating of
the solar atmosphere remains an open question. The current question is perhaps not
what are the mechanisms for heating, but rather which of the several proposed mech-
anisms dominate, and are different mechanisms active in different regions? There
are observational and theoretical reasons to support the bulk heating of plasma in
the chromosphere, some proportion of which flows into the corona to maintain high
temperatures, although the debate has not been settled (Aschwanden et al., 2008;
Klimchuk & Bradshaw, 2014b). The movement of kilogauss flux tubes creates stress
and reconnection at small-scale current sheets - this is the nano-flare model of heat-
ing (Parker, 1988; Hansteen et al., 2006). Brightenings, or small flare-like events,
can be observed in imaging and spectroscopic data. They occur at a huge range of
energies and spatial scales, and large events occur less frequently than smaller flares.
Fitting the energy distribution of observed small-scale brightenings to a power law
provides an estimate of the energy available at unresolved scales (Crosby et al.,
1993b; Hudson, 1991b; Lu & Hamilton, 1991b) and may give constraints on heat-
ing mechanisms. However, published results give a range of power laws which are
inconclusive (Vilangot Nhalil et al., 2020; Aschwanden & Parnell, 2002).

Previous works have implemented a wide variety of methods for automatically de-
tecting brightenings. Henriques et al. (2016) use binary mapping, detection thresh-
olding and subsequently a detection filter based on characteristics such as length and
duration. Sekse et al. (2012) attempt to determine whether events in neighbouring
frames belong to the same chain of events based on a frame-by-frame pixel density
overlap. Work has also been done with filtering long-time intensity trends from
detections in order to determine the true brightness of white-light flares (Mravcová
& Švanda, 2017), running central median methods for resolving fine-scale dynamics
(Plowman, Joseph, 2016), and the inference of background data and other properties
from small boxes/cubes surrounding each brightening (Nelson et al., 2017). There
are few instances of comprehensive, homogeneous multi-instrument studies of small-
scale structures/events conducted over very large data sets that also encompass and
distinguish large regions of the chromosphere/corona. Some examples include Hou
et al. (2016b)’s spectral analysis of over 2700 AR Si iv dots, Nelson et al. (2013)’s
large study of 3570 Hα Ellerman Bombs observations, and Tian et al. (2014)’s 176
multi-instrument penumbral dots study.

The goal of this study is to present an efficient brightening detection and char-
acterising method, tested on synthetic data, that will be used for a large future
study. Section 2 describes the filtering and data extraction method, using its ap-
plication to synthetic data to aid the method description. Section 3 analyses the
results of its application to synthetic data, and the optimisation of certain method
parameters. The application of the method to IRIS observations of a QS region is
also discussed, along with some preliminary results. A summary and description of
future application of the method is given in section 4.
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4.3 Method

4.3.1 A synthetic datacube

A datacube of synthetic data is created in order to test the method, and to facilitate
the description of the method. For this purpose, this datacube is deliberately kept
simple, with a low number of bright points to avoid overlap, and with properties
(brightness, area, and duration) that facilitate detection. The background image
for the synthetic datacube is created from a real IRIS slit-jaw observation time
series. Details of the QS observations are given in section 4.4.3. We take the mean
intensity over time at each spatial pixel over the whole data set in order to create
a background image, shown in figure 4.1a. This image is then replicated 120 times,
forming a datacube over time of size [352, 348, 120], a size typical of IRIS slit-jaw
datacubes, and corresponding to the real datacube presented later. For each pixel,
a random time series is created from a Poisson distribution based on that pixel’s
mean intensity. Thus the synthetic data has a background intensity which varies
randomly over time due to Poisson noise. ∼ 1285 brightenings are added to the
datacube. These have Gaussian profiles of intensity in space and time, with random
distributions of spatial and time position, area, and duration, some of which can
be seen in figure 4.1b. The spatial x and y Gaussian standard deviations (i.e.
approximately half of the full width at half maximum) range from 0.5 to 3 (i.e.
∼ 3 − 12 pixels), and their temporal Gaussian standard deviations vary from 1 to
4 (i.e. durations of ∼ 6 − 24 frames). These ranges are based on detected bright
points in the real data. The Gaussian amplitudes (or brightness) are also set at
random, with a distribution between 10 and 30 times the standard deviation of
the datacube over time. Random linear motions are imposed to these brightenings
ranging from 0 to 10 pixels over the bright point’s lifetime - loosely corresponding
to the motions we see and detect in the real data. Figure 4.1b shows a frame from
the datacube after the addition of Poisson noise and several Gaussian brightenings.
These four components - a static smoothly-changing background, Poisson noise,
random Gaussian brightenings and random linear motions - provide an appropriate
analogue to real QS IRIS data.

4.3.2 Band-pass filtering

The first step of the detection method consists of a band-pass filter in space and
time. The filtering is achieved by convolution with appropriate kernels along each
dimension of the datacube. The kernels are formed using IDL’s DIGITAL FILTER
function (Walraven, 1984). Considerable efficiency can be achieved by applying con-
volution to the datacube S with vector kernels in the two spatial and one temporal
dimension sequentially, rather than convolving once with a 3-dimensional kernel.
The filtered cube F is defined as

S ′ = S ∗ α(x)
S ′′ = S ′ ∗ β(y)
F = S ′′ ∗ γ(t),

(4.1)

where α(x), β(y) and γ(t) are the x, y and t kernels respectively. Note that in
this work the x and y kernels are identical, although there may be instances where
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Figure 4.1: A simple representation of the creation of a synthetic datacube and the
detection of a brightening therein. (a) shows a frame from the mean background
of the synthetic data. (b) is the same as (a) but with Poisson noise and Gaussian
brightenings added. (c) is image (b) following the filtering method. (d) is the same
as (b) with a brightening highlighted by a red plus. The plus represents the position
of maximum amplitude for this brightening.
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Figure 4.2: A demonstration of the filtering and thresholding method, showing slices
through the datacube passing through a bright point across the x (left), y (center),
and time (right) dimensions. Unfiltered synthetic data is shown in black. Filtered
results are shown in red, and the blue line denotes a threshold value that enables
detection of the narrow synthetic brightenings (see text). The vertical dashed line
shows the position of the maximum brightness of the bright point.

different band-pass parameters may be appropriate (e.g. for data close to the limb).
We avoid this complication in this study by choosing data that is close to disk center.

The most important parameters for these filter kernels are the low and high fre-
quency values controlling the band-pass, flow and fhigh. Increasing the flow value
reduces the power of slow temporal variation and spatially smoothly-changing fea-
tures, whilst decreasing the fhigh value reduces the power of high-frequency temporal
variations (i.e. background noise). Figure 4.1c shows a frame of the datacube follow-
ing filtering, with flow = 0.09 and fhigh = 0.40. These values correspond to temporal
frequencies of 0.005 s−1 and 0.02 s−1, respectively, as fractions of the Nyquist fre-
quency over the temporal domain. These values also correspond to 0.271 arcsec−1

and 1.20 arcsec−1 (as fractions of the Nyquist frequency), respectively, over the spa-
tial domain. which also correspond to spatial wavenumber values, k, of 1.70 and
7.55 arcsec−1, respectively. We further illustrate the filtering effect in figure 4.2 on
a slice of the datacube signal which passes through a bright point. Three slices are
shown, corresponding to cuts across the x, y, t dimensions. The unfiltered signal is
shown as the black line. The red line shows the data following a convolution with a
band-pass filter kernel with flow = 0.09 and fhigh = 0.40 (in units of fractions of the
Nyquist frequency), showing effective dampening of the slowly changing background
and high-frequency noise. The blue line shows a varying threshold parameter which
is described in the following subsection: any red points above the blue threshold are
detected as a candidate brightening event. The selected brightening event is made
prominent by the filtering, and is clearly above the threshold. It is worth noting that
the flow parameter is by far the most sensitive to change, resulting in very low de-
tection numbers (i.e. a high number of FN results) when increased above a value of
∼0.95 and a spuriously high number of detections (i.e. FP results) when decreased
below ∼0.85. The choice of the flow and fhigh frequencies affects the results, and
will be discussed later in the context of optimising the method’s performance on the
synthetic datacube.
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4.3.3 Thresholding for initial detection

We estimate a threshold which is based on the Poisson noise model for each spatial
pixel, thus the threshold varies over the field of view, but remains constant over
time. Whilst the Poisson noise level is equal to the square root of the mean signal
over time, we wish to define a threshold based on the filtered, rather than original,
data. We therefore calculate a threshold numerically. A datacube is generated in the
same manner as the synthetic data above, but without the addition of bright points
- so a static background with time-varying Poisson noise. This cube is then band-
pass-filtered over all dimensions as described above. A spatially-varying threshold
(Thigh) is then defined as the standard deviation over time, σ, of the filtered datacube
multiplied by a constant. This constant is discussed in the following section.

The red cross in figure 4.1d indicates a particular region from 4.1c that is above
this threshold. This is considered as a detection, or a candidate brightening event.
This event corresponds to the bright point shown in figure 4.2. Following threshold-
ing, candidate brightenings that are smaller than 25 voxels or last less than 5 frames
are discarded. For each detected event, we take the extended surrounding region
and apply a lower threshold - Tlow - such that any voxels within this local region
that are above Tlow and which contain the original bright points detected using Thigh,
are defined as the final detected bright point: thus the small region identified using
Thigh is grown to a larger region using Tlow. This two-step process using an initial
high threshold then a lower threshold enables effective isolation of separate bright
points and increases the number of voxels which more accurately matches the total
brightness of that bright point.

For each detected region, the following information is recorded:

• The duration of the event.

• The volume, defined as the number of all voxels contained in a brightening
event.

• The background brightness, defined as the median brightness of the voxels of
the extended region surrounding the bright point which are below Tlow.

• The maximum brightness, or the count at the brightest voxel minus the esti-
mated background intensity.

• Total brightness, or the counts minus the background count summed across
all the bright point voxels.

• The maximum brightness at each time step.

• The total brightness at each time step.

• The spatial centroid of each region during each time frame, weighted by the
counts at each voxel.

• Nfrag. Many detected brightenings in real data do not maintain a single, co-
herent region over time - single regions can fragment into two or more regions,
or several isolated regions may merge. This is either real, a consequent of
noise, is due to some parts of a brightening becoming faint and falling be-
low the detection threshold, or is due to the complexity of the underlying
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‘static’ structure affecting the detection method. For each brightening event,
the number of fragments per time step is recorded, and the maximum number
of fragments over the event’s lifetime is recorded as value Nfrag. For example,
if an event remains unfragmented, then Nfrag = 1 or if an event fragments to
two regions at least once during its lifetime, then Nfrag = 2, and so on. This
is an approximate measure of how spatially coherent a brightening is over its
lifetime.

• Average speed. For events with Nfrag= 1, the speed between timesteps is
calculated from the spatial centroid and the observational cadence, and an av-
erage speed calculated over the event’s lifetime. A more sophisticated analysis
is required for Nfrag> 1, reserved for future work.

For application to real data, Nfrag is useful to quickly isolate the most coherent
brightenings for further study. This characteristic will be explored further in the
Results & Discussion section. We initially explored the possibility of fitting these
bright point profiles to Gaussian functions in space and time. This was unsuccessful
due to noise, the complexity of the bright points (particularly considering fragmen-
tation), the high numbers of parameters needed to fully describe a moving Gaussian
shape in 3 dimensions, and the small number of detected voxels for some candidate
events. Furthermore, Vissers et al. (2015) suggest that a Gaussian model may not
be appropriate for all transition region phenomena.

4.4 Results & Discussion

4.4.1 Synthetic datacube

We apply the method to the synthetic datacube. The results are compared to the
known distribution of the synthetic brightenings as a test of the method, and used
to optimise various parameters. There are two ways to assess our method using
synthetic data: a voxel-by-voxel set of statistics, and an event-by-event comparison.
For the voxel-by-voxel statistics, we calculate the following:

• True Positive (TP) - the number of detected voxels which correspond to syn-
thetic brightening voxels

• False Positive (FP) - the number of detected voxels which do not correspond
to synthetic brightening voxels

• False Negative (FN) - the number of non-detected voxels that correspond to
synthetic brightening voxels

• True Negative (TN) - the number of non-detected voxels that correspond to
voxels without synthetic brightenings

Note that we define a synthetic brightening voxel as voxels that have a brightness
greater than 30% of their respective brightening’s maximum amplitude, calculated
from each brightening’s Gaussian parameters. These criteria also define the Preci-
sion and Accuracy percentages, which are determined as:
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Precision =
TP

TP + FP
× 100%, (4.2)

Accuracy =
TP + TN

TP + TN + FP + FN
× 100%, (4.3)

For an event-by-event comparison, a simple criterion we use is the distance of a
detection’s centroid to the closest true brightening, ∆ =

√
∆x2 +∆y2 +∆t2. This

criterion allows a percentage scoring of the method with regards to accurate event
detection, defined as

ngood

ntotal

× 100%, (4.4)

where ngood is the number of detections with the stringent criterion ∆ ≤ 10, and
ntotal is the total number of brightenings in the synthetic datacube. Detections with
∆ > 10 are considered spurious.

Table 4.1 shows various values of these criteria based on different values of the
flow, fhigh, Tlow and Thigh parameters. For the synthetic data, we find an optimal
band-pass at flow = 0.09, fhigh = 0.40 with threshold values of Tlow= 7 and Thigh= 9,
whereby the detection percentage mentioned above reaches ∼ 81% and the TP
detection reaches ∼ 50% while FPs remain < 10% and event-by-event accuracy
remains high. The rest of this work is based on these parameters.
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Figure 4.3: Comparisons of detected and true properties of the synthetic bright
points. (a) synthetic amplitudes vs detected brightness; (b) synthetic speed vs
detected speed; (c) synthetic total brightness vs detected total brightness, and; (d)
a histogram of ∆ values for the event-by-event analysis.

Figure 4.3 compares detected values to the true values of event properties,
whereby the straight lines represent lines of best fit. For ‘true’ event detections
(∆ ≤ 10), figure 4.3a shows that there is a good correspondence between the de-
tected maximum brightness and the true maximum brightness, with a mean absolute
relative deviation (MARD) of 10.32% and a gradient of 1.13. Figure 4.3b compares
the detected and true speed of the bright point, with a gradient of 1.04 and a MARD
of 130.81%. Figure 4.3c shows the detected and true total brightness with a gradient
of 0.32 and MARD 59.60%. This gradient of 0.32 shows that the total brightness
is greatly underestimated. Since the maximum brightness of an event is accurately
found, this underestimation is due to non-detection of brightening voxels, or an un-
derestimation of a brightening’s volume. This can be improved by decreasing Tlow,
but at the expense of increasing false positives - our choice of parameters is there-
fore a compromise. Figure 4.3d shows a histogram of ∆ values, ∼ 99% of which
are ≤ 3. These comparisons give approximate estimates of the uncertainty levels
which we can assign to the brightnesses of detections in real data: the uncertainty of
maximum brightness amplitude is small compared to general radiometric calibration
errors, whilst the uncertainty in the total brightness is large, and comparable to the
calibration errors.

All synthetic detections are dominated by Nfrag = 1 values, with some detections
with Nfrag = 2. In an analysis of real data, a user can choose Nfrag = 1 values only
if they want to exclude overlapping or dubious detections. However, as stated in
section 4.3, analysing the distribution of Nfrag gives an idea of the complexity of
these events.

4.4.2 A more complicated dataset

A second synthetic datacube is created containing ≈ 104 brightenings. The area,
duration and maximum brightness of these brightenings follow continuous power-
law distributions. The lower limits of these distributions are set at values below that
which we expect to detect. The lower limit for the maximum brightness amplitude
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Figure 4.4: Input (black) and detected (red) distributions of (a) Maximum bright-
ness, (b) Total brightness, (c) Duration (measured in time steps or frames), and (d)
spatial area (measured in pixels), for the 10,000-event synthetic datacube. X-axes
are log10 of each characteristic, while y-axes follow a natural logarithm scale.

of the Gaussian events is 10 DN which is equal to the minimum 2σ noise level
of the background. The lower limit for the spatial 1σ width is 0.4 pixels, and the
lower limit for the temporal 1σ width is 0.25 time steps. The slopes of the power law
distributions, as set by the standard parameter α (see e.g. Clauset et al., 2007b), are
αB = 2, αA = 3, and αt = 2.5, for brightness, area, and duration, respectively. These
α values are set so that the largest values of each property are at expected values.
That is, so the events do not become too large or long-lived. These power laws
are shown as the black lines in figure 4.4. We assume that there is an approximate
linear relationship between brightness, area and duration. For example, we expect
the brightest events to possess, in general, a larger area and duration. We use
a local randomisation process to impose these approximate relationship from the
initial distributions, with the relationships shown in the plots of figure 4.5. The
events have a uniform distribution of speeds ranging from zero to two pixels per
timesteps, in random directions, and are placed in random positions throughout the
datacube. Due to their speed and position, some events may appear or disappear at
the datacube edges over time, and many events may overlap. In the case of overlaps,
the maximum brightening at a given pixel is retained i.e. the maximum intensity
value after the intensity values of each overlapping event are summed.

This datacube is likely more representative of real-world IRIS event distributions
and is a more realistic test for the detection method, whereby a large number of
events are difficult or impossible to distinguish from noise, and many other events
will not meet the filtering criteria i.e. some events will be too small or large, too
faint, or too short-/long-lived. The same filtering process and parameters described
in the previous sections are applied to this datacube. ∼ 23% of the 10,000 events are
detected. For these detections, 88% are recorded as one coherent event (Nfrag = 1),
and 9% split into two regions at least once during their detected lifetimes (Nfrag =
2).

The resulting detected power laws are shown in red in figure 4.4. Figures 4.4a
shows a reasonable agreement between the slopes of the input/detected maximum
brightness distributions only above ≈ 160DN(log10 value of ∼ 2.2). Below this limit,
many events are detected, but at a small fraction of the true number. This fraction
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Figure 4.5: The relationship between input values for the 10,000 brightenings, show-
ing (a) The 1σ Gaussian area against the 1σ Gaussian time (or duration), and (b)
the maximum brightness (Gaussian peak amplitude above the background) against
duration.

decreases rapidly with decreasing brightness. Above this limit, the number of de-
tected events is slightly larger than the true number, showing an overestimation of
brightness for some events. This is likely due to overlaps - i.e., two or more events
happening closely in time and space - between brightenings, or an underestimation
of the background brightness, which complicates the accurate extraction of event
characteristics. A similar distribution holds for the total brightness. In analysing
distributions of detections in real data, this decrease in detection rate for dimmer
events must be properly modelled, for example following the approach of Clauset
et al. (2007b). Without accounting for the efficiency of the method to various bright-
ness values, the power law slope α will always be greatly underestimated. This will
be explored further in future work. Although detections may not directly correspond
to input synthetic brightenings, the distribution of the detections still depends on
the distribution of the synthetic inputs, even if the relationship becomes nonlinear.
The nature of the detection process fundamentally changes the distribution of de-
tections in a stochastic fashion and therefore a one-to-one relationship between true
events and those characterized by detection algorithms is not always possible.

Additionally, this study is limited to the 1400 Å channel. It is possible and
indeed likely that these brightening events could be emitting in several other wave-
lengths, which would suggest that energy output measurement are systematically
underestimated by using only one channel. Indeed, some events may only exist at
higher temperatures and energies, and this will have a direct impact on power-law
gradients. This is similar to the arguments given by Aschwanden & Parnell (2002)
and Aschwanden & Charbonneau (2002) in the context of nanoflares at much higher
temperature ranges.

The distribution of detected durations shown in figure 4.4c follows the distribu-
tion of input durations well for events with σ time width of ≈1 or longer. Some
event’s durations are overestimated - this is likely due to overlaps between bright-
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enings. No events with σ time widths of less than 0.6 are detected - this is due to
the method discarding detections below this limit in order to reduce the number of
false positives. The area distribution of figure 4.4d follows the input distribution
well above a limit of ≈ 0.9 pixel σ area, with some event areas overestimated. The
method does detect many small-area events below this limit, but at a fraction that
decreases with decreasing area. While the detected distribution and input distribu-
tion match well down to a lower limit, this does not necessarily imply a one-to-one
correspondence between a match and its true value. The slope of each distribution
does not depend on the exact value of any detection (due to the scale-invariant
nature of power-laws); only how they are distributed.

Figure 4.6 shows a one-to-one comparison of input and detected events. The
distance (or ∆, as defined previously) between all input events and a detection
is calculated, and the input event with the smallest ∆ is paired to that detec-
tion. For comparison, we only consider the ∼ 11% of input events with ∆ ≤ 3.
The distribution of ∆ for these selected pairs is shown in figure 4.6a. To statisti-
cally compare the detected and input properties, we fit the scattered points to a
straight line using a least-absolute-deviation (LAD) fitting procedure, and calculate
the median relative deviation (MedRD, which will be positive/negative for system-
atic over/underestimation) and the median absolute relative deviation (MedRAD,
which is the spread of deviations from the MedRD). LAD fits are typically less sen-
sitive to outlier data points and/or noise than, say, a least-squares plot, whereby
absolute deviations affect the fit far less than the square of deviations. However,
LAD fits are occasionally prone to fitting relational plots where there may not be a
correlation. Regardless of the fitting routine used, the results themselves must be
inspected rather than relying solely on plots. The LAD fitted lines are shown in
black in figures 4.6 b-f. Note that the fitting is done in log space for 4.6c and 4.6d,
and in linear space otherwise. The blue lines in 4.6 b-f indicate the exact one-to-one
relationship.

Figure 4.6b compares the input and detected areas for the paired brightenings.
The detected areas tend to underestimate the true areas with a MedRD of −15%,
with an increasing underestimation with increasing area shown by the LAD fit gra-
dient of 0.5. The scatter of points is high, with a MedRAD of 30%. The true
log brightness shown in figure 4.6d shows an overwhelming underestimation of log
brightness for the bulk of events with a MedRD value of −30%. The gradient of
1.1 shows that the larger/brighter events give a better estimate of total brightness,
with a large scatter for dim/small events and an overall MedRAD of 22%.

The durations shown in figure 4.6e are similar to the areas - a tendency to under-
estimate (MedRD of −15%), with the underestimation increasing with increasing
duration (LAD gradient of 0.5), and a large scatter (MedRAD of 25%). Figure
4.6f shows the performance of the method in tracking the centroid of events over
time through comparing average speeds. The comparison is reasonable given the
challenging task. The detected speeds increasingly underestimates the speed with
increasing speed, with a gradient of 0.6, a MedRD of −16% and a MedRAD of 23%.

These comparisons will be central in interpreting the results, and power laws in
particular, from real data in future studies, and highlight the difficulty of analysing
power laws of small-scale brightenings in solar data. The one-to-one comparisons
(only possible of course on synthetic data) show that only the detected maximum
brightness can be considered a reliable measure for the brightest and most accu-
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Figure 4.6: Plots comparing input and detected properties for the ≈1100 paired
input-output events (see text). (a) Distribution of ∆ values (or spatio-temporal dis-
tance), (b) detected vs. true average area, (c) detected vs. true maximum bright-
ness, (d) detected vs. true total brightness, (e) detected vs. true duration and, (f)
detected vs. true speed. The blue lines indicate one-to-one relationships while the
black line is a least-absolute-deviation (LAD) fit to the points. Note that the LAD
fit is done in log space for the brightness of (c) and (d), with the others fitted in
linear space. The black and blue lines in (c) overlap.
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Figure 4.7: IRIS 1400 Å slit-jaw images of (left) the ROI with (right) an over-plot
of all detections from the same time frame. The left image has been processed such
that isolated pixels or small regions of outlying intensity (such as the central slit)
are treated as missing data. Yellow contours in the image on the right represent
brightenings with Nfrag ≤ 2, green represent Nfrag = 3 or Nfrag = 4, and blue
represents Nfrag ≥ 5. An animation of this figure is available. The video begins on
Oct. 5th 2013 at 08:17 UT. The video ends the same day at 08:36.

rately detected events with a low uncertainty of ≈6%. With real data, one way
of confirming whether a detection is true or not is to calculate ∆ across several
wavelength channels. If an event appears across several channels and these facets
are within an acceptable proximity to each other then the event is deemed to be
true and the maximum brightness values recorded for those events are reliable. This
will be implemented in a subsequent paper. The other values are mainly useful
for showing trends or relationships for large statistical samples, with a systematic
underestimation of area, duration, and total brightness, and a general statistical
uncertainty of around 30%.

4.4.3 IRIS data

We analyse one data set from IRIS (De Pontieu et al., 2014) centred at approximately
X = −126.05′′, Y = 5.87′′. The observations begun on Oct. 5th 2013 at 08:17 UT
and ends the same day at 08:36. Figure 4.7 (left) shows the region of interest (ROI)
as a QS region. The IRIS data consist of a 1400 Å sit-and-stare series of slit-jaw
images, with a consistent 9.46 s temporal cadence, 1.7′′ pixel−1 spatial scale and a
57.89′′ × 58.56′′ field of view (FOV).

The IRIS data set is processed using standard procedures to account for temporal
exposure, and empty margins are removed. Dark current subtraction as well as flat
field, geometrical and orbital variation corrections have been applied as standard
procedure for level 2 IRIS data. Isolated pixels with spuriously high values are
flagged as missing data, and are ignored in the filtering and detection method.
The central slit and its surrounding pixels are also treated as missing data. This
is done so that extremely ‘dark’ pixels or the ‘flickering’ of the central slit from
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Figure 4.8: Histogram of fragmentation during the lifetime of all detections. 549
events remain un-fragmented with Nfrag = 1, 791 detections fragment once with
Nfrag = 2, 658 events have Nfrag = 3, 414 events have Nfrag = 4, and the remaining
585 detections have Nfrag values between 3 and 12.

frame to frame do not affect the filtering process or the generation of synthetic
data. Additionally, drift due to solar rotation has been treated using a Fourier
Local Correlation Tracking method (Fisher & Welsch, 2008).

The results of the detection method with the IRIS datacube can be seen in
figure 4.7, whereby the left plot represents the first image of the IRIS datacube.
The right plot is the same IRIS image with all brightenings detected in the same
time frame as the image on the left. Yellow contours represent brightenings with
Nfrag ≤ 2, green represent Nfrag = 3 or Nfrag = 4, and blue represents Nfrag ≥ 5.
2997 small-scale brightening events are detected within the 54.40′′×55.23′′ FOV and
18.76-minute observation period, whereby 549 detections correspond to Nfrag = 1
and 791 detections correspond to Nfrag = 2, as can be seen in figure 4.8. This yields
a combined event density of 3.96×10−4 events per second per arcsec2. The remainder
consist of Nfrag values between 3 and 12. This distribution of fragmented detections
is quite different to the test datacube of section 4.4.2, and shows that the brightening
detections in IRIS data tend to be more incoherent and fragmented. A more detailed
analysis can show whether this is due to a true property of brightenings, or due
to some other effect (e.g. high time variability of the background brightness, on
which brightening events are superimposed, or overlapping of events in high-activity
regions). For the preliminary results presented here, we have chosen to only include
brightenings with Nfrag = 1.

The choice of flow and fhigh has substantially reduced both small-scale, rapid
noise and large-scale, slow changes, as can be seen in figure 4.9. The vertical dashed
lines represent the coordinates of a real detection according to its maximum bright-
ness values. It is clear from these plots, similar plots made for other detection events,
as well as values of ∆ for synthetic data, that the method is effective at identifying
and accurately determining the location of detections.

Figure 4.10 presents some preliminary statistical results of these detections’s
properties: average speed (left), spatial area (center) and total brightness (right).
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Figure 4.9: An example of the filtering process on slices taken through the IRIS
observation datacube’s (left) spatial x, (center) spatial y, and (right) temporal t
dimensions, passing through a point coinciding with an event detection, denoted by
the vertical dashed line. The black line is the level-2 IRIS signal, the blue denotes
the threshold, and red is the filtered data. Intensity values are measured in DN s−1.

Most detections have a speed between 3 and 15 kms−1 (with a mean value of 9.03
kms−1), cover an approximate average area between 0.2 and 0.4 arcsec2 (with a
mean value of 0.32 arcsec2) and have a total brightness of 1600 − 31600 DN (with
a mean value of 6300 DN). Large and/or bright events are rarer than small and/or
dim events, and the distributions are all approximately symmetrical. As mentioned
in section 4.4.2, the detection process is likely limited by observational resolution
which would explain the distribution drop-off for smaller/dimmer/slower events.

Figure 4.10 (right)’s profile, above the mean log brightness of ∼3.8, suggests that
these brightenings follow a power-law distribution. Distributions such as these will
be studied in more detail in future work.

Figure 4.11 shows log-log scatter plots of area vs duration (a), total brightness
vs duration (b), total brightness vs area (c) and volume vs maximum brightness (d).
The green line shows the result of a robust linear fit to the logarithmic values, giving
gradients of 0.14 (a), 1.60 (b), 1.32 (c) and 0.45 (d). The red triangle represents
the mean value of both variables within each plot. The shallow gradient in figure
4.11a between area and duration suggests that there is no relationship between these
properties. However, this result may be limited by the IRIS temporal cadence; the
detection process detects the duration of events in integer number of frames, which
can be seen by the sudden jumps in values along the y-axis. The plots of figures
4.11b-d show a clear proportional relationship between duration with total bright-
ness, area with total brightness, and volume with maximum brightness, respectively.
The former two relationships are unsurprising considering that a measurement of to-
tal brightness is dependent on the number of voxels. The latter relationship suggests
that larger events tend to be intrinsically brighter than smaller events.

Figure 4.12 shows the power of the method in analysing the properties of a
brightening over its lifetime. Figure 4.12a tracks the motion of the brightening,
which has an average speed of 0.06 pixel s−1. Figure 4.12b shows the change in
total brightness over time (measured in DN). Figure 4.12c shows the change in area
over time. Figure 4.12d shows the change of maximum brightness over time. We
find that this profile is typical of a large number of brightenings which have the
property Nfrag= 1, with a coherent motion and smooth increases/decreases in area
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Figure 4.10: Basic properties of the detections from the Oct. 5th 2013 IRIS data.
The left, centre and right panels plot histograms of average speed, average area
and total brightness, respectively. The dotted vertical lines represent the mean of
each property; 9.03 kms−1, 0.32 arcsec2 and 6300 DNs−1 for speed, area and total
brightness, respectively.
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Figure 4.11: Log-log scatter plots showing relationships between (a) area and dura-
tion, (b) duration and total brightness, (c) area and total brightness, and (d) volume
vs maximum brightness. The green lines represent a robust linear fit to all points.
The red triangle shows the mean value of both variables.
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Figure 4.12: Moment-by-moment properties of a single brightening event, including
(a) the movement of the brightening during its lifetime (from black to red), (b) the
change in total brightness over time (measured in DN), (c) the change in area over
time (measured in arcsec2), and (d) the change of total intrinsic brightness per pixel
(measured in DN).

and brightness during the event’s lifetime. While increases in brightness and area
intuitively coincide, figure 4.12d suggests that the intrinsic brightness also increases
and decreases (independent of the size of the event).

A more detailed analysis of these relationships, applied to this and other data
sets, will be made in a future study. We can draw comparisons between these and
other studies of small-scale brightening phenomena, such as: Hα Ellerman Bombs
(Ellerman, 1917), which demonstrate typical widths, lengths and durations of 0.63′′,
0.35′′, and 120s, respectively (Nelson et al., 2017b); UV IRIS bombs of approxi-
mately 2′′ × 2′′ area (Chen et al., 2019a), and; Ca ii chromospheric brightenings
lasting at least 1.5 minutes over a 2′′ × 2′′ area (Kuckein, C. et al., 2017). Addition-
ally, figures 4.10 (left) and 4.10 (centre) demonstrate similar distributions to those
of Hou et al. (2016b)’s smaller area results and Tian et al. (2014)’s shorter dura-
tion results, respectively. Perhaps the results of this paper describe Vissers et al.
(2015)’s Flaring Arch Filaments rather than larger and longer-duration phenomena,
which may explain the motion of some of these brightenings. We note that most of
these previous studies focus on spectroscopic analyses which will lead to differences
between their results and those of this study.

4.5 Conclusions and Future work

We present a general method to detect small-scale brightenings in solar time-series
imagery. The method is applied to IRIS data sets in the UV, but can be applied to
any time-series image data given appropriate adjustment of a few parameters. For a
simple test dataset of IRIS-like synthetic slit-jaw image time series with randomly-
distributed, randomly-moving small-scale Gaussian brightenings, the filtering and
detection method yields an event-by-event detection rate of ∼ 81% and a voxel-
by-voxel detection rate of ∼ 49% (with a voxel-by-voxel FP rate of < 10%). The
detected maximum brightness values provide good accuracy to the true values for the
brightest and most accurately detected events. The speeds are also reliable, albeit
with a higher scatter. Care must be taken with measurements of total brightness -
our tests show a large underestimation (0.3 on average) of total brightness due to
the number of fainter voxels not being detected. The method is also applied to a
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second datacube with a high density of events possessing a power law distribution
of brightness, area and duration. This test demonstrates the difficulty of extracting
power law properties from real data due to instrument and method sensitivities to
a limited range of brightness, duration and area. However, even though detected
properties can have a large scatter from the true values, the shape of the detection
histograms largely match the original distributions over a certain range. It also
shows that the method gives an estimate of event maximum brightness with low
uncertainty. Other properties (area, duration, speed, total brightness) have a large
uncertainty, but the method gives approximate proportional relationships over large
statistical samples.

2997 brightenings are detected in real IRIS data within a 54.40′′ × 55.23′′ area
spanning 19 minutes. 1340 of these detected events either remain unfragmented or
fragment at least once over their lifetime. These detections yield an approximate
event density of 3.96 × 10−4 arcsec −2 s−1. Most detections have an average speed
between 3 and 15 kms−1 (with a mean value of 9.03 kms−1), cover an approximate
area between 0.2 and 0.4 arcsec2 (with a mean value of 0.32 arcsec2) and emit a total
brightness of 1600 − 31600 DN (with a mean value of 6300 DN). Linear fitting of
brightening properties shows that there are proportional relationships between the
brightenings’ area with total brightness, duration with total brightness, and volume
with maximum brightness. However, there seems to be little proportionality be-
tween the brightenings’ area with duration: this may be limited by IRIS’s temporal
cadence. Preliminary frame-by-frame plotting of a brightening event demonstrates
coherent motion and a change in total brightness, area and intrinsic brightness over
its lifetime - this seems typical of a large number of brightenings.

Having demonstrated the method’s performance, we plan to apply it to a larger
sample of QS IRIS data. This future study will use all the IRIS channels, as well as
co-aligned data from other EUV imaging instruments, allowing a statistical study
of brightening properties across a range of temperatures/heights. We also plan to
test the method on ground-based photospheric data taken in visible wavelengths.
The Interactive Data Language (IDL) software described in this paper is currently
available on GitHub. †

Link for this code: https://github.com/llyrh/Chromosphere_detection_code
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Chapter 5

Multi-wavelength analysis of IRIS
brightenings

A multi-wavelength analysis of small-scale brightenings observed by IRIS†

TThis chapter (as a paper of the same name) was peer-reviewed and accepted for publication
in the Astrophysical Journal in December 2021
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5.1 Abstract

Small-scale brightenings in solar atmospheric observations are a manifestation of
heating and/or energy transport events. We present statistical characteristics of
brightenings from a new detection method applied to 1330, 1400, and 2796 Å IRIS
slitjaw image time series. 2377 events are recorded which coexist in all three chan-
nels, giving high confidence that they are real. ≈1800 of these are spatially coherent,
equating to event densities of ∼ 9.7 × 10−5arcsec−2s−1 within a 90′′ × 100′′ FOV
over 34.5 minutes. Power Law indices estimates are determined for total bright-
ness (2.78 < α < 3.71), maximum brightness (3.84 < α < 4.70), and average area
(4.31 < α < 5.70) distributions. Duration and speed distributions do not obey a
power law. A correlation is found between the events’ spatial fragmentation and
area, as well as a weak relationship with total brightness, showing that larger events
are more likely to fragment during their lifetime. Speed distributions show that
all events are in motion, with an average speed of ∼ 7 kms−1. The events’ spatial
trajectories suggest that cooler 2796 Å events tend to appear slightly later, and oc-
cupy a different position/trajectory to the hotter channel results. This suggests that
either many of these are impulsive events caused by reconnection, with subsequent
rapid cooling, or that the triggering event occurs near the TR, with a subsequent
propagating disturbance to cooler atmospheric layers. The spatial distribution of
events is not uniform, with broad regions devoid of events. A comparison of spatial
distribution with properties of other atmospheric layers shows a tentative connec-
tion between high magnetic field strength, the corona’s multithermality, and high
IRIS brightening activity.
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5.2 Introduction

Despite the wealth of imaging and spectral observations of the lower solar atmo-
sphere, comprehensive, homogeneous, multi-wavelength studies of small-scale struc-
tures are relatively rare. This is partly due to the difficulty of automatically detecting
these events: the largest number of events will be at the resolution limit and noise
level of observations, offering a substantial challenge to detection methods. Some
examples of recent studies include Hou et al. (2016b)’s spectral analysis of over 2700
AR Si iv dots, Parnell & Jupp (2000)’s TRACE study of over 20,000 nano-flare-like
events, and Hu et al. (2018)’s observations of ∼ 74, 000 small-scale flux ropes over
two solar cycles. Several studies of sub-arcsecond bright dots and small-scale jets
are near to the current resolution limit of solar instruments (Huang et al., 2014;
Tian et al., 2014; Tiwari et al., 2019; Huang et al., 2021).

Numerous Ellerman Bomb (EB) studies have been conducted (McMath et al.,
1960; Vissers et al., 2015; Chen et al., 2019b, ,etc.), with Nelson et al. (2013) an
example of a large-scale study of 3570 Hα observations. The driving mechanism of
these small (of the order 1′′), and short-lived (∼ 20 minutes, Severny, 1964) photo-
spheric brightenings is greatly debated. Stellmacher & Wiehr (1991) attribute the
asymmetric spectral results of EBs to a super-position of a hot plasma component
surrounded by a cooler intergranular region, such as in the vicinity of the penumbra
of isolated sunspots. Kitai & Muller (1984)’s view is that EBs occur in funnel-like,
individual flux tubes, rather than as a result of magnetic reconnection. However,
Georgoulis et al. (2002)’s study suggests that stochastic magnetic reconnection may
be the cause due to the turbulent nature of photospheric magnetic field lines. This
is in spite of Pikel’Ner (1974)’s argument that EBs should locally reach coronal
temperatures following field-line annihilation while EBs typically demonstrate tem-
peratures < 7000K (Bello González et al., 2013). Empirical studies such as these are
complemented by numerical modelling and MHD simulation studies (e.g. Guerreiro
et al., 2015; Guerreiro et al., 2017).

Similar phenomena present themselves in far ultraviolet (FUV) IRIS observa-
tions, namely IRIS bombs (IB). These small pockets of plasma are of similar size
to EBs (a few arcseconds wide) and are also likely the result of magnetic recon-
nection and undulating field line submergence (Peter et al., 2014). Both emission
and absorption lines are present which are likely the result of these magnetic field
submergences and plasma outbursts, respectively. However, these chromospheric
bombs are far hotter than typical EB temperatures: Tian et al. (2016) demonstrate
temperatures of 8 × 104K. Some tenuous correlation between EBs and IBs is sug-
gested although this remains mostly unclear. The main challenge, given the current
limit of observations, is to provide unambiguous interpretation of detected events,
that is, what is their true cause and physical nature. The goal of this work is to
detect and present general characteristics of a large number of brightening events
in the chromosphere/transition region (TR), and we defer the more difficult task of
classifying the events into different possible types for future work.

Many solar phenomena follow power-law distributions (Aschwanden & Parnell,
2002; Aschwanden, 2015; Vilangot Nhalil et al., 2020), large flares being the most
commonly analysed (e.g. Verbeeck et al., 2019; Wheatland, 2004; Li et al., 2016,
etc.). α is a parameter that measures the exponent of a power law fit to an observed
distribution. In order to provide sufficient energy to heat the corona, nano-flares,
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micro-flares or other small-scale phenomena must be numerous at small spatiotem-
poral scales that are below the resolution of current observations. α < 2 suggests
that flare input power is dominated by the high-energy part of the thermal energy
and large-scale events, and that small-scale events provide insufficient energy den-
sity to fully account for the solar atmosphere’s heating, while the reverse is true for
α > 2 (Hudson, 1991c). Typical examples of soft X-ray flare flux distributions lie
within 1.75 < α < 1.84 (Hudson et al., 1969; Drake, 1971). Other peak flux observa-
tions provide power-law indices of ∼ 1.8 (Datlowe et al., 1974; Crosby et al., 1993a;
Clauset et al., 2007a). Some estimates of small-scale event indices reach as high as
3.5 for small flare prediction (Vlahos et al., 1995). While recent studies challenge the
ambiguities that accompany small-scale event analyses, their role in coronal heating
are supported by numerous observations and numerical simulations (Testa et al.,
2014b; Bowness et al., 2013; Peter et al., 2006) suggesting that small-scale heating
scenarios are capable of generating a million-degree hot corona.

The work carried out in Humphries et al. (2021) (hereafter Paper I) demon-
strated, using tests on synthetic and real IRIS quiet-sun (QS) data, that small-
scale brightening events can be filtered from their background, detected, and their
characteristics extracted with useful precision. Namely, compared to their ‘true’
synthetic attributes, the statistical mean of their centroid positions, duration, max-
imum brightness and average speed were accurately replicated albeit with large
uncertainties. The total brightness and average area of each event was consistently
underestimated. This is due to the nature of the thresholding method used in Paper
I, and is likely true for most detection methods. Determining whether two close
events are separate, related, or a defective detection of a single event, is important.
It can be addressed with several approaches, an example being Sekse et al. (2012)’s
frame-by-frame pixel density overlap to determine whether events in neighbouring
frames belong to the same chain of events. Determining whether two events over-
lap across two different datasets (e.g. two channels from the same instrument), is
also challenging, as Henriques et al. (2016) demonstrated using a null hypothesis,
Bernoulli distribution, and Chernoff bounds for Poisson trials. A statistical basis for
whether two events are in fact the same event observed across multiple channels is
presented in this paper based on the likelihood of the centroid of two random points
overlapping within an area comparable to that being observed.

The goal of this study is to apply the brightening detection and characterising
method from Paper I to multi-wavelength time series and to compare the character-
istics of these events across each wavelength. We investigate the statistical likelihood
of two events detected in different wavelengths representing the same event using
the event-by-event comparison criterion from Paper I. We also apply a statistical
method for quantifying the power-law behaviour of these events. Section 5.3.1 pro-
vides a brief summary of the observations and region of interest (ROI), and section
5.3.2 gives an overview of the method and various parameters. Section 5.3.3 shows
how events are paired across all three channels, and section 5.3.4 describes and dis-
cusses our choice of method for fitting the power law indices. Results are presented
and discussed in section 5.4, and conclusions are in section 5.5.
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Figure 5.1: IRIS (left) 1400 Å, (center) 1330 Å and 2796 Å slit-jaw images of the
ROI on Dec. 18th 2014 at approximately 12:32 UT. Green box denotes the smaller
FOV common to each wavelength channel. Each image has been processed such
that isolated pixels or small regions of outlying intensity (such as the central slit)
are treated as missing data.

5.3 Observations & Method

5.3.1 Observations

We select an IRIS (De Pontieu et al., 2014) dataset consisting of C ii 1330 Å Si
iv 1400 Å and Mg ii h/k 2796 Å sit-and-stare series of slit-jaw images, each with a
consistent 17s temporal cadence and 0.17′′×0.17′′ per pixel spatial scale. Figure 5.1
shows the ROI centered on a small mid-latitude coronal hole within the North-East
quadrant. The coronal hole is bounded by a small active region to the east. Some
discrepancy is present between each channel’s field of view (FOV) therefore a new,
smaller ROI is chosen that is common for each wavelength, denoted by the green
square in figure 5.1. This new ROI is centred at X = −710′′, Y = 170′′ with a
90′′ × 100′′ FOV. The observations begins on Dec. 18th 2014 at 12:32UT and ends
the same day at 13:06UT.

The IRIS data set is processed using standard procedures to account for temporal
exposure, and empty margins are removed. Dark current subtraction as well as flat
field, geometrical and orbital variation corrections have been applied as standard
procedure for level 2 IRIS data. Isolated pixels with spuriously high values are
flagged as missing data, and are ignored in the filtering and detection method. The
central slit and its surrounding pixels are also treated as missing data such that
extremely ‘dark’ pixels do not affect the filtering process. Additionally, drift due to
solar rotation has been treated using a Fourier Local Correlation Tracking method
(Fisher & Welsch, 2008).

5.3.2 Detection Method

The filtering and thresholding procedure is the same as that used in Paper I. The
1400 Å data cube first undergoes band-pass filtering in space and time by applying
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three sequential convolutions with vector kernels in the two spatial and one temporal
dimension. The filtered cube F is defined as

S ′ = S ∗ α(x)
S ′′ = S ′ ∗ β(y)
F = S ′′ ∗ γ(t),

(5.1)

where α(x), β(y) and γ(t) are the x, y and t kernels respectively, as set by the
Interactive Data Language (IDL) Digital filter procedure (Walraven, 1984). The
bandpass frequency range is defined by the flow and fhigh parameters, whereby
frequencies above and below a particular frequency are attenuated such that the
power of spatial/temporal slow-changing features (low frequency) and background
noise (high frequency) are significantly reduced. The work in Paper I finds that
flow = 0.09 and fhigh = 0.40 are optimal and all filtering conducted in this work
uses these frequency limits.

Subsequently, a spatially-varying threshold is defined as a multiple of the stan-
dard deviation over time of a filtered analogue synthetic noise cube based on Poisson
statistics (see Paper I for details on generating synthetic data cubes). This threshold
is defined as Thigh and any pixels above this threshold are considered as detection
candidates.

Finally, a second, lower threshold, Tlow is defined and applied to an extended
region surrounding each detection. All voxels within the surrounding regions that
are above Tlow are considered part of the event detected above Thigh, thus the initially
small detected regions are grown. This enables the isolation of separate events, thus
help avoid overlapping detections, and a more accurate reading of an event’s area
and total brightness. Tlow=7 and Thigh=9 were found to be optimal values for the
1400 Å data in Paper I and are therefore used for the 1400 Å data in this study. Due
to intrinsic differences in the effective area of each slit-jaw channel (see De Pontieu
et al. (2014) for details), the Thigh and Tlow values are adjusted for the 1330 Å and
2976 Å data sets. Using the 1400 Å detections as a reference, the thresholds are
adjusted such that the number of 1330 Å and 2796 Å detections match the number
of 1400 Å detections plus 10%. These new threshold values and the corresponding
number of detections are listed in table 5.1, with Tlow= 4.05 and Thigh= 5.13 for
1330 Å and Tlow= 1.86, Thigh= 2.15 for 2796 Å.

105



14
00

14
00

13
30

13
30

27
96

27
96

th
re
sh
ol
d

d
et
ec
ti
on

s
th
re
sh
ol
d

d
et
ec
ti
on

s
th
re
sh
ol
d

d
et
ec
ti
on

s

(n
σ
)

(n
σ
)

(n
σ
)

T
lo
w

9.
00

59
61

4.
05

65
47

1.
86

65
91

T
h
ig
h

7.
00

34
71

5.
13

38
35

2.
15

38
90

T
ab

le
5.
1:

T
h
e
d
et
ec
ti
on

th
re
sh
ol
d
va
lu
es

an
d
n
u
m
b
er

of
in
it
ia
l
d
et
ec
ti
on

s
fo
r
al
l
th
re
e
ch
an

n
el
s.

N
ot
e
th
at

th
e
th
re
sh
ol
d
s
ar
e
ad

ju
st
ed

so
th
at

th
e
n
u
m
b
er

of
d
et
ec
ti
on

s
in

13
30

Å
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Several characteristics for each detected region are recorded including duration,
average area, maximum brightness, total brightness, centroid position as a function
of time, and average speed. An additional parameter is also recorded which describes
the complexity of an event and whether that event fragments during its lifetime,
denoted as Nfrag (see Paper I for further details). The whole spatiotemporal volume
defining the event is always connected by one or more neighbouring voxels, however,
during a single time step the event may occupy one or more isolated regions. Nfrag

records the greatest number of isolated regions recorded during an event’s lifetime.
Candidate brightenings that are smaller than 25 voxels, and/or last less than 5
frames, are discarded.

5.3.3 Matching events across channels

Setting the detection thresholds so that the number of 1330 Å and 2796 Å candi-
date events are higher than the number of 1400 Å detections produces false positives.
However, this is greatly minimized by implementing an event-by-event distance cri-
terion. Paper I used the spatiotemporal distance of detection centroids from the
known synthetic brightenings, defined as ∆ =

√
∆x2 +∆y2 +∆t2, in order to test

the method’s detection accuracy. Here, we determine the minimum spatio-temporal
separation between detections across multiple wavelengths, discard those with poor
agreement, and thus reduce the number of 1330 Å and 2796 Å detections to directly
match that of 1400 Å. This greatly reduces the chance of false positives.

Initially, 3471 small-scale brightening events are detected within the 1400 Å
observations. For a given 1400 Å detection, the spatiotemporal distance ∆ is cal-
culated to all detections in the 1330 Å channel. The detection with minimum ∆
is then paired to that 1400 Å detection. This process is repeated over all initial
1400Å detections, and the same procedure pairs 1400Å with 2796 Å detections. We
then define an upper limit threshold to ∆ by first defining two groups of 5000 points
with random x-, y- and t-positions within a cube of equivalent size to that of the
IRIS data set. The ∆ between each corresponding point of these two groups is de-
termined along with its mean and standard deviation. The mean distribution of ∆
plus 3 standard deviations is plotted in black in figure 5.2. The ∆ values between
the paired events in 1330 Å vs 1400 Å are then plotted in red while the paired events
in 2796 Å vs 1400 Å are plotted in blue. A zoomed-in view is provided in the center
of the plot. Any ∆ values that lie above the black ‘random’ baseline are considered
significant while those that lie below are discarded. It is clear from the plot that the
vast majority of matched detections lie above this baseline with the 1330 Å values
crossing at ∆ ≈ 20 and 2796 Å crossing at ∆ ≈ 23. Therefore we choose ∆ ≤ 20 as
a > 3-sigma confidence threshold. Since we require this threshold to apply across
three channels, the true confidence level is actually considerably higher, and we have
a high certainty that the events are real since they exist in all channels at a similar
position and time.

In tests on synthetic data, Paper I defines accurate matches with synthetic events
as those with ∆ ≤ 10 and therefore those with ∆ > 10 are considered spurious. The
larger value of ∆ ≤ 20 based on the random distribution study of figure 5.2, is
reasonable in application to real data considering:

• the temporal cadence of this study’s data sets are double that of the data set
from Paper I;
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Figure 5.2: Statistical significance test of ∆ (or the minimum spatio-temporal dis-
tance) between 5000 pairs of randomly distributed points (repeated 5000 times).
The mean distribution plus 3 standard deviations is plotted in black. Any ∆ val-
ues above this baseline are considered a statistically significant match (see text for
further details). The distribution for ∆ is also shown between the 1330 and 1400 Å
channel detections (red) and the 2796 and 1400 Å channel detections (blue).
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• motions, whether bulk plasma motions or MHD waves, are subject to magnetic
field line orientation which may differ between solar layers; and

• possible differential thermal drift, and that these are multi-wavelength and
therefore multi-thermal events

5.3.4 Power-law Fitting

The occurrence rate of flares, plotted as a function of total energy, follow power law
distributions. These power law distributions indicate an underlying phenomenon of
self-organized criticality (Lu & Hamilton, 1991a) of magnetic fields, whereby a power
law index of α < 2 suggests that large-scale, maximum-energy events dominate
impulsive heating (Parnell & Jupp, 2008; Krucker & Benz, 1998), while a small-
scale event dominance would require α > 2. This dichotomy is elaborated on in
appendix G.

The most common method of extracting power-laws, if the data follows such a
distribution at all, is to simply plot a histogram of the data and fit it to a straight
line. This basic method is plagued with bias as the gradient of the line fit changes
dramatically based on the type of fitting, the behaviour and fluctuations of the tail
end of the distribution, and therefore the lower limit for fitting. This is typical
of most empirical phenomena. Ryan et al. (2016) demonstrate in their power-law
study of X-ray flare flux that flares above a particular “rollover” level follow a power
law, but those that lie below this level deviate from power-law behaviour. These
deviations at the lower end of event distributions - whether the property being
fitted is the events’ frequency, flux, area or any other - are typically due to under-
sampling as a result of spatiotemporal resolution limits, signal-to-noise limits, or
background variation (Li et al., 2013). There are many approaches to address this
undersampling, for example, by using a skew-Laplace distribution rather than a
single power law (Wang et al., 2015). However, this method assumes the density
function of the under-recorded (lower-x) side of the data distribution is based on
their gradient, which in turn introduces its own host of problems. Least-squares
regression fitting can provide erroneous estimates for power-law distributions and
often fail to discern whether or not the data obey a power law partially due to the
assumption of negligible error in independent variables (Cifarelli, 1988).

Maximum Likelihood Estimation (MLE) methods are among several standard
statistical techniques for generating parametric fittings of empirical data (D’Huys
et al., 2016). The Markov chain Monte Carlo (MCMC) method is also a viable al-
ternative for fitting power laws to solar observational data by robustly analysing
likelihood functions based on numerous local maxima (Ireland et al., 2015) i.e.
‘poorly-behaved’ and complex data sets. However, for well-behaved likelihood func-
tions, MLE and Clauset et al. (2007a)’s Kolmogorov-Smirnov statistical approach to
goodness-of-fit tests provide similar results without the higher computational costs.
The maximum of the likelihood function can provide the most likely value of the
power-law exponent, α, by implementing a xmin parameter denoting the lower limit
above which the data obey a power law. The question then shifts to how best to
estimate this lower limit. Clauset et al. (2007a) present a statistical framework for
quantifying power-law behaviour in empirical data by first estimating the lower-
bound of the scaling region, xmin, and scaling parameter, α. Kolmogorov-Smirnov
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Channel Detections Event density Max. Nfrag

(Å) Nfrag ≤ 2 arcsec−2 s−1

1400 1804 9.85× 10−5 8

1330 1759 9.60× 10−5 9

2796 1787 9.76× 10−5 6

Table 5.2: Comparison of the number of detections, event densities and maximum
Nfrag values for all three channels. N.B. Event densities are based on the number
of detections with Nfrag ≤ 2 (see text).

statistics (Press et al., 1992), Clauset et al. (2006)’s complementary cumulative dis-
tribution function, scale invariance and binomial regression model are employed to
provide objective evidence for whether or not a particular data distribution follows a
power law. In this work, we follow Clauset et al. (2007a), and calculate uncertainties
on the power law fitting by recording the variation of the estimated xmin and α over
500 random samples of the input data.

5.4 Results & Discussion

The number of detections that are coaligned and contemporaneous to all three chan-
nels is 2377. Some of these detections are shown in figure 5.3, which shows the first
frame of the time series in all wavelengths. Yellow contours represent brighten-
ings with Nfrag ≤ 2, green represent Nfrag = 3 or Nfrag = 4, and blue represents
Nfrag ≥ 5. Those events detected across all three channels are marked by red crosses.
Of these 2377 events within a 90′′ × 100′′ FOV over the course of ∼ 34.5 minutes,
1804, 1759 and 1787 remain un-fragmented or fragment to only two distinct regions
at least once during their lifetime (Nfrag≤ 2) for 1400 Å, 1330 Å and 2796 Å, respec-
tively. This yields an event density of 9.85× 10−5 arcsec−2 s−1, 9.60× 10−5 arcsec−2

s−1 and 9.76 × 10−5 arcsec−2 s−1 for 1400 Å, 1330 Å and 2976 Å, respectively, as
can be seen in table 5.2. This result contrasts with the result from Paper I’s QS
observations with an event density of 3.96× 10−4 arcsec−2 s−1. This is likely due to
the structure within the field of view, and the nature of the thresholding method,
whereby active regions (ARs) are, by definition, filled with large, energetic events.
These events are typically long-lived and therefore affect the standard deviation of
the data set over time, which in turn increases the significance threshold over which
events are detected. This results in diminished detections of fainter events within
an AR compared to QS regions.

The remainder of the 1400 Å events consist of 3 ≤ Nfrag ≤ 8, 1330 Å events
consist of 3 ≤ Nfrag ≤ 9, and the 2796 Å events consist of 3 ≤ Nfrag ≤ 6, as can
be seen in figure 5.4(a). This result also contrasts with those of Paper I, whereby
Nfrag reaches a value of 12. This suggests that the events detected in this study
are typically less complex and fragmented as those of the previous study. Figures
5.4(b) and 5.4(c) show histograms of the relative difference between Nfrag values of
each matched event for 1400 vs 1330 and 1400 vs 2796, respectively. Approximately
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Figure 5.3: IRIS 1400 Å (left), 1330 Å (center), and 2796 Å (right) slit-jaw images
of the ROI taken at approximately 12:32 UT. All detections from the same time
frame are over-plotted for each channel. Yellow contours represent brightenings
with Nfrag ≤ 2, green represent Nfrag = 3 or Nfrag = 4, and blue represents
Nfrag ≥ 5. Red crosses represent events detected across all wavelengths (see text
for details). The red crosses without a contour are due to the very small size of
the contoured region within this time frame, and some red crosses don’t appear in
all three images due to a delay of at least one time frame between some coaligned
detections. An animation of this figure is available. The video begins on Dec. 18th
2014 at approximately 12:32 UT, and ends on the same day at 13:05 UT.

half of all matched events fragment an equal amount across each wavelength (i.e. a
relative Nfrag value of 0). A mostly symmetric distribution is apparent for both of
these histograms with slight weighting towards the negative end i.e. 1330 and 2796
Å detections tend to be less fragmented than their 1400 Å counterpart.

Figure 5.5 shows plots of (a) average area, (b) duration, (c) average speed, (d)
maximum brightness and (e) total brightness as a function of theNfrag parameter for
the 1400 Å detections. We fit these scattered points to a straight line using a least-
absolute-deviation (LAD) fitting procedure, (the solid lines) presenting gradients of
3.89, 2.00, 0.08, 0.06, and 0.21 respectively. These gradients imply a correlation
between the Nfrag parameter and average area, which suggest that larger events
are more likely to fragment during their lifetime. While the LAD fit for figure 5.5
shows a gradient of 2.00, there likely isn’t a correlation between Nfrag and duration
based on the appearance of this graph. A least-squares fit would likely confirm this.
Additionally, a deeper investigation with a density scatter plot of duration may
provide some additional clarity. No apparent relationship exists between Nfrag and
average speed, maximum brightness or total brightness. These trends also generally
apply to both 1330 Å and 2796 Å detections. We restrict the remainder of the
analysis to those detections with Nfrag ≤ 2. This Nfrag parameter is an interesting
property which demands further attention in a future study.

5.4.1 Property analysis

Figure 5.6 shows histograms of the difference between various characteristics of the
pared 1400/1330 and 2796/1330 detections: namely speed (average over time for
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Figure 5.4: Histograms of fragmentations during the lifetime of detections. (a) di-
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detections, 1-9 for 1330 Å detections, and 1 - 6 for 2796 Å detections. (b) and (c)
show the relative Nfrag value difference between each coaligned and contemporane-
ous event. See text for further details.
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Figure 5.5: Scatter plots showing relationships between the Nfrag parameter and
(a) average area, (b) duration, (c) average speed, (d) maximum brightness, and (e)
total brightness. Diagonal black lines represent a least-absolute-deviation fitting
procedure (see text).
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Figure 5.6: Difference histograms comparing the characteristics of each paired
1400/1330 and 1400/2796 event, including average speed, average area, duration,
maximum brightness and total brightness (see plot titles).

each event), area, duration, maximum brightness and total brightness (as indicated
in the plot titles). A mostly symmetrical distribution centered at zero is present
when comparing speed, area, and duration, regardless of wavelength. It is evident
that the maximum and total brightness differences peak above zero with a slight
weight towards the positive end, suggesting that a disproportionate number of 1400
Å detections are brighter than their 1330 and 2796 Å counterparts.

Additionally, the mean duration, maximum brightness and total brightness are
recorded in table 5.3. The mean of the average area and average speed are also
recorded i.e. the average area and average speed of each event over its lifetime is
recorded, and table 5.3 displays the mean of these average area and average speed
results. 1400 Å and 1330 Å events appear similar, displaying very little difference
between their area, speed and duration. 2796 Å detections seem to deviate from
these common results, demonstrating lower average area, higher average speeds and
shorter durations. Large differences are evident when comparing the maximum and
total brightnesses of each wavelength channel. However, as explained in section 5.3.2,
intrinsic differences in the effective area of each channel and therefore the number
of photons captured by the CCDs differ, whereby the 1400 Å channel possesses the
greatest effective area. Table 5.3 compares the mean of each characteristic of all
events from each wavelength channel. The mean total brightness result of the 1400
Å detections appear lower than that of the events in Paper I by a factor of ∼ 3.
The mean of the average speeds from each pass-band (7.22-7.36 kms−1) also appear
slower than that of Paper I’s observations (9.03 km s−1). However, the mean average
area of the 1400 Å detections (0.412 arcsec2) is larger than Paper I’s 0.32 arcsec2.
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5.4.2 Power-law analysis

The total brightness of the events detected in each channel are fitted to power-laws
distributions using the method described in Clauset et al. (2007a). Figure 5.7 (a),
(b) and (c) display the results of applying this method to the 1400 Å 1330 Å and
2796 Å events’ total brightness, respectively. We find that these distributions display
scaling parameters of α = 2.95 ± 0.012, α = 2.80 ± 0.017 and α = 3.68 ± 0.027,
respectively. Figure 5.7 (d), (e) and (f) demonstrate that the maximum brightness
distributions also follow a power-law with index values of 4.46± 0.023, 3.86± 0.018
and 3.97±0.014, respectively, for 1400 Å, 1330 Å and 2796 Å, respectively. The same
is also true for average area distributions with figure 5.7 (g), (h) and (i) showing
power-law indices of 5.59± 0.107, 4.33± 0.013 and 5.44± 0.165 for 1400 Å, 1330 Å
and 2796 Å, respectively.

These total brightness α values are far higher than those determined in other
observational studies of transient events (e.g. Shimizu (1995), Berghmans et al.
(1998), Berghmans et al. (2001), Hannah et al. (2008)), with a varied 1.5 ≤ α ≤ 2.2
range. It is possible that these studies under-count the number of events within their
ROIs, particularly those at lower energies. While the large AR within this study’s
FOV may affect the spatially-varying threshold above which events are detected,
the filtering method successfully detects very small (with a mean area of ∼ 0.4
arcsec2), dim events. Additionally, these studies are conducted over a wide range
of cadences, passbands and instrument resolutions. This inconsistency may also
result in the detection of different phenomena, driven by different mechanisms and
therefore may not follow the same power law distributions.

We draw comparisons in Paper I between the properties of the detected events
and those of other small-scale phenomena, such as Ellerman Bombs (Ellerman,
1917). While these events typically manifest in Hα lines, their size and duration are
not dissimilar to this study’s observations. Georgoulis et al. (2002) demonstrate that
Ellerman Bomb distributions exhibit power-law shapes not only for energy release
(power law index of ∼ 2.1) but also for duration (α ≃ 2.22) and area (α ≃ 2.44)
using least-squares fitting. The average area power-law α values of this study are
far higher than those of Georgoulis et al. (2002) by at least a factor of 2. Addition-
ally, Ellerman Bomb temperatures do not exceed 10,000 K, while this study’s events
demonstrate Si iv signatures which lie within 5000-1.5 × 105K. This temperature
range overlaps with that of IRIS Bombs (Peter et al., 2014), but our detections can
exhibit far larger areas with widths of ∼ 5′′ i.e. 30 IRIS pixels compared to (assum-
ing an event circular shape) this study’s maximum width of ∼ 0.7′′ or ∼ 4.3 IRIS
pixels.

These results share several similarities with those of Vilangot Nhalil et al. (2020).
Although Vilangot Nhalil et al. (2020) focus on spectral observations of coronal
upflows, they also employ a method of tracking dynamic bright spots in IRIS
1400 Å. These bright dots have an average size of 0.3 Mm2 and durations mostly
< 200s, compared to this study’s average area of 0.22 Mm2 (∼ 0.14 arcsec2) and
where ∼ 70% of events have a lifetime ≤ 200s. However, over 90% of their dots have
a lifetime ≤ 100s, whereas this study focuses on detections with lifetimes of at least
85s and nearly all detections last longer than 100s.

Vilangot Nhalil et al. (2020) demonstrate 1.5 ≤ α ≤ 2.25 values for 1-, 2- and
3-IRIS-pixel brightening events. Each event of this study has a volume of at least 5
pixels with a larger range of volume values. Cadences are also set at 60s and 110s
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Figure 5.7: Distributions and power-law indices for event total brightness in (a)
1400 Å, (b) 1330 Å and (c) 2796 Å, maximum brightness in (d) 1400 Å, (e) 1330
Å and (f) 2796 Å, and average area in (g) 1400 Å, (h) 1330 Å and (i) 2796 Å.
The diagonal red line indicates the derived power-law gradient using Clauset et al.
(2007a)’s method. Vertical red line indicates the lower bound of the scaling region,
above which the distribution obeys the power law.
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Figure 5.8: Histograms of event duration for (a) 1400 Å, (b) 1330 Å and (c) 2796
Å, and of event speed for (d) 1400 Å, (e) 1330 Å and (f) 2796 Å.

with which they conclude that the choice of cadence affects the scaling parameter
values. Perhaps the relatively ‘large’ temporal resolution (i.e. a short cadence of
∼ 17s) of this study may account for larger scaling parameter values, whereby total
energy output may be more accurately resolved over shorter gaps in time between
frames.

A possible avenue of inquiry would be to cross-analyse a Hα ROI where Ellerman
Bombs are present with a co-aligned IRIS set of sit-and-stare, multi-wavelength data
set. Such an analysis may present reasonable evidence that the small-scale events
observed in this study are in fact the TR counterparts to Ellerman Bombs. Qiu et al.
(2000)’s analysis of bright points in 1600 Å reinforces this proposal, suggesting that
Ellerman Bombs do exhibit at least some UV emission.

The distribution of these events’ duration and speed do not appear to follow a
power law. These distributions are plotted in figure 5.8. The top row (a-c) show the
duration for the three channels, and there is a clear cut-off of detections below ∼ 90s
(or 5 frames at ∼ 17s cadence, i.e. our fixed lower limit for detection). The bottom
row (d-f) shows the speed distributions. These distributions suggest that the speed
of all events are non-zero with minimum speeds of ∼ 1.45 kms−1, ∼ 1.40 kms−1 and
∼ 1.89 kms−1 for 1400 Å, 1330 Å and 2796 Å, respectively, with all wavelengths
sharing a median average speed of ∼ 7 kms−1. Huang et al. (2021)’s bright dot
effective speeds are of comparable ranges to this study’s detections whereby 90%
of their results lie below 15 kms−1 (compared to ∼ 98% of this study’s results).
However, ∼ 65% of their effective speed values are ≤ 1 kms−1, while none of this
study’s speed results lie below 1 kms−1. It is also unclear from their study whether
any of their bright dots remain static throughout their lifetime or not.
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If these detections are observations of energetic events (i.e. an initial release of
energy via magnetic reconnection or otherwise) then the expected speed distribution
would peak at approximately zero with a gradual drop off with faster speeds - it
is not necessary to expect heated plasma to move following a reconnection event.
However, this is not the case as all detections appear to move. It is possible that
these observations are a jet-like signature following an initial reconnection event, or
perhaps they are a manifestation of a different type of energetic event. Magnetic
reconnection in solar flares are often accompanied by an inflow/outflow of plasma,
such as those observed by Yokoyama et al. (2001) with apparent inflow speeds of
1.0-4.7 kms−1. Other flare observations demonstrate outflow speeds in the 104-105

kms−1 range (Savage et al., 2012; Wang et al., 2007) although this large discrepancy
may be due to the difference in scale (both size and energy output) between large
flares and the small-scale detections of this study.

Finally, it is worth noting that this study’s detection method allows for the
tracking of an event’s centroid over the course of its lifetime and these motions
often change direction from one frame to the next. Therefore an analysis of the
detections’ acceleration may be of interest in a future study, including a statistical
analysis of their paths of motion.

5.4.3 Motion tracking

One powerful result of our method is the ability to track the centroid of an event over
time. This is the weighted mean x and y coordinates, weighted by the background-
subtracted intensities of pixels contained within the event at each time step. Figure
5.9 shows nine selected events that start within the first three time steps of the data
set. In each case, we show the time evolution of the centroids for the three channels
in different colours, and label each centroid with the time step number. Many of
these motion tracks show excellent agreement between all three channels, as shown
in figure 5.9a and b. For these cases, there is very high confidence that the same
event is being viewed in all channels, and the event is obviously multithermal since
the event is seen at the same time in all channels. Some cases show three separated
tracks for the three channels, as shown in figure 5.9c. In this case, we cannot be
so confident in interpreting the connection between channels. The spatio-temporal
separation of the detections between channels gives confidence that the events are
connected - the chances of 3 detections occuring by random within such a small
volume are very small (see figure 5.2), and there are many events that show this
small separation in paths and motion. We therefore conclude that the detections are
plasma enhancements (density and/or thermal) that arise from a single underlying
event.

Figures 5.9d to i show examples of the most common pattern. In these cases,
the 1330 and 1400 Å detections show very similar motions, whilst the 2796 Å detec-
tion is separated and/or shows a different trajectory. These events occur frequently,
therefore we have confidence that the pattern must be caused by a common under-
lying event - at least for a proportion of these cases. Figures 5.9d, f, g, and h show
the 2796 Å path separated spatially and temporally from the hotter channels by a
few pixels/time steps, with a tendency to start a few time steps later. This assertion
is based on the broad and overlapping temperature sensitivity of each observational
wavelength i.e., 1400 Å corresponds to log T of 3.7-5.2, 1330 Å to 3.7-7.0, and 2796
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Figure 5.9: The paths, over time, of 9 example detections for channels 1400 Å (3.7-
5.2 log T ; red), 1330 Å (3.7-7.0 log T ; green), and 2796 Å (3.7-4.2 log T ; blue).
The numbers next to the plotting symbols refer to the time step for that detection
relative to the start time step indicated in the plot titles. The x and y axis are in
units of pixels within the datacube.
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Figure 5.10: Distribution of the mean spatial distance between events between chan-
nels (a) 1400Å and 2796Å, (b) 1400Å and 1330Å, and (c) 1330Å and 2796Å.

Å to 3.7-4.2. The temperature overlap is substantial but 1400 Å and 1330 Å obser-
vations are more than likely above a minimum temperature threshold of 4.2 log T
i.e., the maximum temperature of 2796 Å diagnostics. Figure 5.9i shows an example
where the detections in all 3 channels start at a similar position and time, but the
2796 Å detection diverges on a different trajectory to the other two channels. This
is evidence of different behaviour at different temperatures originating from a single
event, and could be interpreted as a cool and hotter jet propagating along different
field lines, or in different directions along the same field lines. Figure 5.9e shows
a case where the hotter channels describe almost a closed loop, with a subsequent
motion in the cooler channel passing close through the mid-point of the loop.

Figure 5.10 shows, for all 2377 detected events, the spatial distance between event
centroids between pairs of channels. These distribution of figure 5.10b confirms that
a large number of events are co-spatial in the 1400 and 1330Å channel. Figures
5.10a and c show that the 2796Å channel events tend to be at greater distances
from events in other channels, with the greatest separation between the 1330 and
2796Å channels.

Figure 5.11 shows the difference in event start times between channels. Figure
5.11a shows that there is a strong statistical tendency for 1400Å events to precede
the 2796Å events. There is a weak tendency for 1330Å events to precede 1400Å
events, although the distribution is strongly peaked near zero. The 1330-2796Å
distribution, shown in figure 5.11c, is peaked near zero, and is more symmetrical.
Thus statistically, events tend to appear in 1400Å before the other two channels.
We note that distributions showing the event median times, and end times, show a
similar pattern, thus this pattern is not a result of the sensitivity of the detection
method in different channels. This result is therefore important - it suggests that in
many events, the event appears first in the hottest channels, before appearing a few
time steps later in the cooler channel. The most obvious physical interpretation of
this is that the events involve impulsive heating followed by rapid cooling. Another
possible interpretation is that the reconnection occurs at a higher elevation (TR),
with a subsequent propagating disturbance to the lower atmosphere. The fact that
events in the coolest channel (2796Å) tend to appear displaced spatially from the
hotter channels may support the latter scenario.

To gain meaningful results from the motion information, future work demands
a statistical approach. Further interpretation is uncertain without establishing
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Figure 5.11: Distribution of the difference in event start times for channels (a) 1400Å
start times minus 2796Å start times, (b) 1400Å minus 1330Å, and (c) 1330Å minus
2796Å.

whether there are certain common patterns over a large sample. In just this one
dataset, we have thousands of 3-channel detections, thus an automated approach
is required. Developing an automated routine that can record and group patterns
of motion across multiple channels will lead to valuable new diagnostics and would
give: (i) robust confidence levels on the causal connections between multi-channel
detections, (ii) classification into different types of events, and (iii) physical insight
into the behaviour of different types.

5.4.4 Comparison with coronal properties

Figure 5.12a shows the spatial distribution of brightening events detected over the
whole time of observation. This shows the cumulative brightness, summed over
all brightenings within each spatial bin. In order to collect meaningful statistics,
we have summed over 5 × 5 IRIS pixels for this distribution. The distribution is
interesting: there are broad regions where no brightenings have occurred, including
a central region west of the active region, associated with the small coronal hole.
Other regions void of events include areas bounding the small active region to the
east, and a patch in the north-central field of view that also bounds the active region.
The largest collection of brightenings is above the active region. We next compare
this distribution to certain observable characteristics of the overlying corona and
underlying photosphere.

Figure 5.12b shows the mean coronal temperature gained from a differential
emission measure (DEM) analysis of data from the Atmospheric Imaging Assembly
(AIA: Lemen et al. (2012b)) aboard the Solar Dynamics Observatory (SDO: Pesnell
et al. (2012b)). The data of the EUV channels of AIA is provided by the IRIS
Lockheed Martin Solar & Astrophysics Laboratory database, conveniently cropped
in space and time to match the IRIS data. For each channel, the mean image over
the time of observation is calculated, and the DEM calculated using the Solar Iter-
ative Temperature Emission Solver (SITES, Morgan & Pickering (2019b); Pickering
& Morgan (2019b)). The mean temperature is calculated using a weighted mean
over emission (Morgan & Taroyan, 2017b). The mean temperature distribution is
as expected: higher temperatures overlie the active region to the east, and low
temperatures overlie the coronal hole. There is no immediate correlation with the
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Figure 5.12: (a) The spatial distribution of cumulative total brightness of IRIS
brightening events over the time of observation. (b) The mean temperature as
derived from AIA/SDO observations. The temperature is a DEM-weighted mean
(see text). (c) The standard deviation of temperature, DEM-weighted (see text).
This is a measure of the multi-thermality of the DEM. (d) The integrated DEM, or
EM, over the coronal temperatures accessible by AIA/SDO.
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distribution of the IRIS brightenings, other than the active region is host to the
most brightenings and the highest coronal temperatures.

Figure 5.12c shows the standard deviation of temperatures, again weighted by
the DEM. This is the spread of temperatures around the mean, weighted by the
DEM, and is a proxy for the multithermality of the corona. In this case, there is
some correlation with the distribution of IRIS brightenings. In the region at x =
−750′′ and y = 155 to 180′′, a narrow line of high IRIS brightening activity, aligned
approximately northwards, corresponds closely to a line of high multithermality in
the AIA DEM. The region from x = −730 to −710′′ and y = 155 to 170′′ also
shows good correspondence. The region of no IRIS events near the image center
has a corresponding region of low multithermality, although the shape and extent
of the region is different. Note we cannot expect an exact spatial correspondence
since the corona is linked to the lower atmospheric layers by a non-radial magnetic
field, and the region of study is not near disk center (so that lines of sight through
the corona are not close to the solar normal). These results suggest that whilst the
mean temperature of the corona is not strongly linked to the distribution of small-
scale brightening activity in the lower atmosphere, the spread of the DEM across
temperatures tends to be greater above regions of high brightening activity. There
may be a link, therefore, between brightening events in the lower atmosphere and
multithermality in the corona. This needs to be confirmed with a larger data sample
and a more detailed analysis.

Figure 5.12d shows the photospheric magnetic field as derived from the Helioseis-
mic Magnetic Imager (HMI: Scherrer et al. (2012b); Schou et al. (2012))/SDO data.
Below the eastern active region are patches of high field strength, with polarities
distributed in an approximately north-south alignment either side of the x = −72′′

line. This region of high field (and high field gradients) does correspond to regions
of high IRIS activity. The patches of strong negative field just north of the central
coronal hole also underlie a region of enhanced IRIS activity.

This section shows tentative connections between the spatial distribution of
brightening activities in IRIS with the properties of other atmospheric layers. A
proper treatment would require a mapping of the magnetic field between the differ-
ent layers, in order to compare connected regions, and a statistical analysis of many
datasets. Whilst a spatial correspondence between IRIS activity and multithermal-
ity in one observation does not prove a causal connection, these results show the
need for further study.

5.5 Conclusions

We present the results of our general filter/threshold method for detecting small-
scale brightenings on real IRIS AR data. Having applied the method to the 1400 Å
data channel, new Tlow and Thigh values are set for the 1330 Å and 2796 Å channels
based on detecting the same number of events as those in the 1400 Å channel plus
10%. These over-detected results are then matched and trimmed down to match the
number of 1400 Å results using the minimum spatio-temporal separation between
each event. Events in different channels are paired using a stringent statistical
criterion. This leaves 2377 multi-wavelength detections in a 90′′ × 100′′ FOV over
∼ 34.5 minutes. ≈ 1800 of these remain unfragmented or fragment only once over
their lifetime, yielding an event density range of 9.60×10−5 to 9.85×10−5 over all
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wavelength detections.
A correlation between the Nfrag parameter and average area is evident, while no

correlation appears to exist between Nfrag, average speed and maximum brightness.
A weak relationship (with a LAD-fitted gradient of 0.22) is present between Nfrag

and total brightness. Thus brighter and larger events are more likely to fragment to
multiple parts over their lifetime. Difference histograms demonstrate that the events
in three channels have similar area, speed, and duration. 1400 Å events’ maximum
and total brightness are typically larger than those of 1330 Å and 2796 Å - this is
largely due to the difference in effective area of each wavelength channel intrinsic
to the IRIS instrument. Mean values of area, speed and duration are determined
as 0.386-0.414 arcsec2, 7.22-7.36 kms−1 and 161-181s, respectively, with the ranges
arising from the variance from each channel.

The total brightness, maximum brightness and average area distributions of these
events obey a power-law while their average speed and duration distributions do not.
These gradients of the power laws lie within 2.78 < α < 3.71 for total brightness,
3.84 < α < 4.70 for maximum brightness and 4.31 < α < 5.70 for area.

Every event is moving, with a minimum speed of 1.4-1.9 kms−1 and a median
of ∼7 kms−1. Examples of the motion paths of events are interesting, and show a
powerful new diagnostic that can be applied statistically to a large number of events.
Many cases seem to show the two hotter channels separated in position and/or
trajectory from the cooler 2796 Å event, with the cooler event appearing at a slightly
later time. Explanations for this is an underlying impulsive event followed by rapid
cooling, or events occurring at the TR and a subsequent propagating disturbance
to lower and cooler atmospheric layers.

We briefly explore the spatial distribution of the bright points, and find a non-
uniform distribution, with many broad regions devoid of activity. There seems to
be some correspondence between the distribution of IRIS events and the multither-
mality of the overlying corona which demands further study.

Having applied this filtering and thresholding method to a multi-wavelength
IRIS data set, we plan to apply it to several more sit-and-state IRIS data, including
those that are more energetic and active. However, suitable multi-wavelength sit-
and-stare IRIS observations are infrequent which may hinder any comprehensive
multi-wavelength analyses. Future studies will also implement co-aligned data from
other EUV imaging instruments and/or ground-based photospheric observations
to determine whether these events posses Hα or other wavelength counterparts.
A further investigation in to the nature of the events’ motions and their Nfrag

parameter is also of great interest.
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Chapter 6

Conclusions

6.1 Overall Conclusions

This thesis presents three studies concerning small-scale chromopsheric/TR events
and their possible relationship with the corona.

Chapter 3 presents high-resolution imaging and spectroscopic observations of
chromospheric jets emerging from a bright, penumbral foot-point. Using distance-
time plots constructed from a path-tracing method, it was found that the jets’
characteristics - maximum length and duration - match that of typical spicule be-
haviour, while their PoS speeds are aligned with those more representative of jets.
These jets follow parabolic trajectories, rising from their foot-point origin with some
initial speed before decelerating until their maximum height and subsequently falling
back, apparently returning to the same foot-point. Multi-thermal signatures are ob-
served reaching temperatures as high as those typical of the corona followed by
wakes of chromospheric material. In some cases, these wakes of plasma appear
dense enough to obscure the line of sight. Spectral analysis of these jets suggests
that they may possess a LoS speed component. Spectral maps also reveal increased
FWHM and intensity activity which overlap these Doppler-shifted areas. While the
purpose of this study was not to directly identify the underlying mechanism of these
jets, chapter 3 suggests that Alfvén wave shock trains effectively churn the plasma
as they propagate along magnetic field lines in light of these FWHM and intensity
increases.

Chapter 4 presents a novel method for detecting small-scale brightening events
through the use of band-pass filtering, thresholding and centroid tracking. This
method is tested on two synthetic data sets, one of which is used primarily to test
that the method successfully detects sufficiently large and/or bright events, while the
second data cube is more representative of a typical QS IRIS FOV. The properties
of this second synthetic cube’s brightening events are established using power-law
distributions. The method filters an IRIS data set and produces a spatially-varying
threshold above which any significant brightenings are considered event candidates.
The method then records an event’s spatial position, duration, total brightness and
maximum brightness. Average area, maximum and total brightness, and position
are also recorded as functions of time throughout an event’s lifetime. Both the accu-
racy and limits of this detection method are clearly outlined, whereby the power-law
distributions of the synthetic data cube are accurately reconstructed for the largest,
brightest and most long-lived events. Maximum brightness, average speed and du-
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ration estimates are also reliable albeit with large scatter. However, total brightness
detections are greatly underestimated. The method also records an additional pa-
rameter, Nfrag, which describes the relative complexity of each event by recording
the number of times they fragment during their lifetime. An additional feature of
this detection method is its relatively non-complex nature insofar as it makes use of
no more than a dozen SolarSoft IDL procedures.

Finally, chapter 5 utilises the detection method of chapter 4 and presents a multi-
wavelength analysis of an IRIS AR time series. A stringent event-match criterion
is used to statistically determine whether two events detected across separate wave-
length channels are in fact the same event. Thresholding is adjusted for different
channels due to intrinsic differences in effective area. The characteristics of these
detected events are compared not only between wavelength channels but against
the detections from chapter 4. A Bayesian MLE power-law fitting method is also
applied to each characteristic from each wavelength, conveying that the events’ av-
erage area, maximum brightness and total brightness distributions obey power laws
above some lower bound, while their average speed and duration do not. The rela-
tionship between the Nfrag parameter and other event characteristics are also briefly
explored, opening up avenues for future studies.

Path motions are investigated, demonstrating a discrepancy between the spatial
position, trajectory, and time of appearance between the hotter 1330/1400 Å chan-
nel events and the cooler 2796 Å channel events, whereby the cooler events appear
slightly later. The spatial distribution of the detected IRIS events are compared to
maps of the standard deviation of coronal temperatures (from AIA data) as well
as maps of the photospheric magnetic field (from HMI/SDO data) which suggest
a tentative relationship between the distribution of brightenings and the multither-
mality of the corona. However, further study is required with a rigorous mapping of
the magnetic field of and between each solar layer as well as an extensive statistical
analysis of several datasets.

The hope is that these three studies both contribute to the body of work concern-
ing small-scale events and their coronal impact as well as providing some meaningful
constraints on coronal heating theories through objective observational data.

6.2 Future Work

Following chapter 3’s analysis, a future study of the the Mg ii spectra of the FSJs
observed in AR 12192 on September 25th, 2014 may be of interest. Such an analysis
requires the double-Gaussian fitting due to the self-absorption and optically-thick
characteristics of Mg ii h/k spectral lines, which were beyond the scope of chapter
3’s study. Considering chapter 3’s Doppler images of intensity and FWHM increases
and their association with MHD wave activity, a deeper investigation to confirm the
true mechanical origin of the FSJs is warranted. The leakage of p-mode waves from
the neighbouring sun-spot is also worth close study owing to the jets’ foot-point
location at the penumbral edge.

A study of an additional jetting region of similar spatio-temporal scope and
within a similar environment would be useful for comparing the results of chapter
3 with those of other ARs. One possible candidate for such a comparative analysis
would be an IRIS data set centred at X = 59′′, Y = −293′′ on November 20th
2014 at 12:53, with a 160′′ × 160′′ FOV and a 19s cadence. This data set is co-
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aligned with AIA and HINODE observations and the jetting phenomena appear
ubiquitous at nearly every edge of this sunspot. However, a thorough search of the
LMSAL database may be required as this particular data set is limited to only two
wavelength channels.

As briefly discussed in chapter 3, sit-and-stare data sets whereby the spectral
slit is aligned with jetting phenomena are very rare. While the spectral analysis of
the jets in chapter 3 provides great insight into their behaviour and likely driving
mechanisms, the nature of raster data sets can only provide snapshots of the jets as
the raster moves over them. A spectral analysis of the evolution of these phenomena
using sit-and-stare data sets may provide an additional perspective with regards to
these jets’ behaviour. It may be possible to request that the LMSAL team perform
such a sit-and-stare IRIS observation, although any precise location requests may be
impractical as the whereabouts of jets at any sunspot edge are not known a priori.

The code for the filtering and thresholding method discussed in chapter 4 and
implemented in both chapters 4 and 5 is now available for public use via GitHub.†

While the power-law extraction method is robust insofar as it determines the best
estimate of the scaling factor for a given set of data, these data sets still required
re-binning before the extraction code was used, typically set to 100 bins. This could
possibly be improved by implementing Farhang et al. (2018)’s Bayesian approach -
similar to that of Clauset et al. (2007a) - to infer the power-law index and the lower
threshold by using all of the information in the data, circumventing the problem of
an arbitrary choice of bins.

The Nfrag parameter discussed in chapters 4 and 5 is of considerable interest. A
deep analysis of the relationship between this parameter and the other event char-
acteristics is beyond the scope of the work in chapter 5. However, the preliminary
results presented in chapter 5, such as the differential maximum Nfrag values be-
tween the events detected in chapters 4 and 5, as well as the correlation between
Nfrag with average area and duration (and weakly with total brightness), raises sev-
eral questions and opens avenues for investigation. Why is Nfrag correlated weakly
with total brightness but not at all with maximum brightness? If Nfrag correlates
with average area then is there some intrinsic instability with larger events which
causes them to fragment before eventually fading? Why do AR events seemingly
fragment less than those observed in QS regions? Are slight differences in Nfrag

values between wavelength channels significant or are they a product of some ob-
servational bias/limit? All of these questions - not to mention the mystery of the
underlying cause of this fragmentation or whether Nfrag distributions obey a power
law - warrant further study into this parameter.

The centroid tracking facet of the filtering method is not only used to ascertain
the Nfrag parameter of each event but also facilitates the tracking of an event’s
average speed. While the work of chapter 4 went no further than this, the centroid
tracking in fact determines the velocity of an event’s centroid from each time frame to
to the next. These velocity patters exhibited some meandering behaviour. Whether
these centroid trackings are a product of some observational oversight or due to
insufficient spatio-temporal cadence is currently unclear. Nevertheless, considering
that chapter 5 concludes that every event has some average speed, these unusual
velocity patters are of interest and should be investigated further.

Furthermore, an additional avenue of improvement would be to implement a

Link for this code: https://github.com/llyrh/Chromosphere_detection_code

127

https://github.com/llyrh/Chromosphere_detection_code


time-varying threshold rather than a threshold which only varies spatially according
to the Poisson noise of each pixel. Global oscillation patterns of changes in intensity
may cause periodic increases and decreases in detected activity due to the threshold
remaining equal over time i.e. more brightenings could be detected due to a global
increase of intensity within the FOV compared to moments where the global intensity
is lower. This could be compensated by implementing a 3D Fourier filter, such as
that described by Jess et al. (2013) and Jess et al. (2017), especially since the p-
modes have described ω/k values.

It is clear then that the observations from each of these chapters provide solid
groundwork from which future studies can develop.

These Appendix sections provide additional details not given in chapters 3-5 due
to their limited publication format.
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Appendix A

Glossary

AIA - Atmospheric Imaging Assembly

AR - Active region

CDF - Cumulative Distribution Function

DEM - Differential Emission Measure

EUV - Extreme Ultraviolet

FFT - Fast Fourier Transform

FLCT - Fourier Local Correlation Tracking

FSJ - Fan-shaped Jet

FUV - Far Ultraviolet

GOES - Geostationary Operational Environmental Satellite

IRIS - Interface Region Imaging Spectrograph

KS - Kolmogorov-Smirnov

LAD - Least Absolute Deviation

LoS - Line-of-Sight

MLE - Maximum Likelihood Estimate

MHD - Magnetohydrodynamic

MARD - Mean Absolute Relative Deviation
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MedRAD - Median relative absolute deviation

MedRD - Median Relative Deviation

NUV - Near Ultraviolet

PoS - Plane-of-Sky

QS - Quiet sun

ROI - Region of Interest

SDO - Solar Dynamic Observatory

SOHO - Solar and Heliospheric Observatory

SST - Swedish Solar Telescope

STEREO - Solar Terrestrial Relations Observatory

TRACE - Transition region and coronal Explorer
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Appendix B

Study 1 - Plane-of-Sky speeds

The work in chapter 3 involved extracting PoS speeds of jetting phenomena at the
penumbral edge of a sunspot. This is achieved by first choosing a frame from a
jet’s lifetime where it is clearly visible and sufficiently elongated. The trajectory
of this jet is traced from it’s point of origin to beyond its maximum ‘height’ by
using the CURSOR procedure at a handful of points. These are denoted by the black
triangles in figure B.1. Spline interpolation is then used to produce a smooth, 100-
point path approximate to the handful of coordinates, seen as the red dotted line in
figure B.1. The tracing of such a slender phenomenon is difficult and is undoubtedly
accompanied by error and uncertainly. As an attempt to minimise this - rather than
constructing intensity contours of the spline path alone - the intensity is measured
instead from a ‘cloud’ of points surrounding the path. This cloud can be seen as the
multitude of blue dots in figure B.1 - constructed using the RANDOMN IDL procedure -
consisting of 3000 random points surrounding the red dashed path within a ∼ 0.33′′

(2-pixel) radius. The brightness at these points are then averaged to each regular
segment of path length along the curve. Time-distance contours are then constructed
from these intensity results from which any intensity changes along the path, as a
function of time, can be observed.
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Figure B.1: An example of the traced path over jet phenomena. Black triangles
denote handful of by-eye traced coordinates. Black solid line represents a direct
tracing between each by-eye coordinate. Red dotted line denotes spline fit of these
coordinates. Blue dots denotes random cloud of points surrounding the spline path.
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Appendix C

Study 2 and 3’s detection method

C.1 Filtering

The first step of chapter 4 and 5’s detection method consists of a band-pass filter
in space and time. In digital signal processing, a band-pass filter is a certain type
of pass-band algorithm that allows through components or data within a certain
frequency range and blocks data above or below this accepted ‘band’ of frequencies.
This contrasts with high-pass and low-pass filters, which only allow through signals
above or below a particular frequency limit, respectively. The filtering is achieved
by convolution with appropriate kernels along each dimension of the data cube. The
kernels are formed using IDL’s DIGITAL FILTER function Walraven (1984). Figure
C.1 displays DIGITAL FILTER’s ideal band-pass effect on signals above, below and
within a particular frequency range. The separate vector kernels in the two spatial
dimensions - α(x) and β(y) - allows for differential x and y kernel sizes depending on
the location of the ROI, particularly at areas close to the limb where solar features
become elongated along line of sight.

It is worth noting that the filtered data is not appropriate for data extraction
due to frequency attenuation of true data following the filter (such as the Gibbs
phenomenon as the frequency distribution effectively becomes a square wave). The
primary purpose of the filtered data is to attain the centroid location of each event.
Other event characteristics can then be extract from the original data set (having
accounted for background intensities and other factors) using these detected loca-
tions.

As mentioned in chapter 4, the flow and fhigh frequencies control the band-pass
and are fractions of the data cube’s Nyquist frequency. The choice of the flow and
fhigh frequencies affects the results and are chosen for their optimal values based
on a balance between maximal true-positive detections and minimal false-positive
detections. However, distinguishing between true detections and false positives is
undoubtedly a difficult task. Therefore, the efficacy of this filtering method is mea-
sured using synthetic analogues to the sample data, which will be discussed shortly.

C.2 Thresholding

Whilst the Poisson noise level is equal to the square root of the mean signal over
time, the threshold is based on the filtered - rather than original - data which
requires that the threshold be calculated numerically. A data cube is generated in
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Figure C.1: An example of an ideal band-pass filter’s effect on a frequency range
within a signal processing context. All frequencies below fL or above fH are atten-
uated to or near some low decibel value, DBMIN , while those between these limits
are passed (at their respective maximum decibel values, DBMAX .
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the same manner as the synthetic data above, but without the addition of bright
points such that is simply a static background with time-varying Poisson noise. This
cube is then band-pass filtered over all dimensions. A spatially-varying threshold
(Thigh) is then defined as the standard deviation over time, σ, of the filtered data
cube multiplied by a constant. It is worth noting that generating and filtering this
secondary synthetic cube is intrinsic to the overall filtering process as it provides
a numerical basis for the threshold. This process is applicable to any data cube,
regardless of size, wavelength, or the instrument from which they were generated.

The two-step process of using an initial high threshold then a lower threshold
enables effective isolation of separate, overlapping bright points. The expansion of
these regions also allows for more accurately detecting the area and total brightness
of each event. However, as figures 4.3 and 4.6 show, both of these characteristics
are greatly underestimated. Figure 4.6b shows that there is also a large scatter
between detected and true average area values. However, for the purpose of the
work in chapter 4, demonstrating that the method works and is sufficiently accurate
(for each characteristic) was adequate. Additionally, for both chapters 4 and 5, the
choice of both the lower and higher threshold values are open for user input, if they
so choose, in the corresponding code.
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Appendix D

Synthetic data

D.1 The more complex cube

The second, more complex synthetic cube is based on a more typical picture of the
behaviour of QS IRIS data, whereby numerous (at least several thousand) events
are expected with some overlap and relatively large degrees of complexity compared
to static Gaussian profiles. It is also reasonable to assume that a large majority
of detections are missed due to instrument limitations, whether the brightenings
are simply too small or too dim. Therefore it was decided that the distributions of
the events’ characteristics should obey a continuous power-law (see section 2.3.6 and
Appendix F for more details). The lower limits of these distributions are set at values
below what is expected to be detect as reasoned above. The higher limits of these
distributions must also be set. For example, it was found that, if allowed to generate
any dimension of area, the distributions would produce events whose boundaries lie
beyond those set during the process of superimposing these synthetic brightenings
on to the cube. The result would be an erroneously large and unrealistically shaped
(often a perfect square) minority of brightenings. Setting these higher limits also
prevents extremely long-lived events from being generated - such quasi-constant
events, particularly if they are very bright, could have an affect on the thesholding
process (as mentioned in chapter 5).

By assuming that an approximately linear relationship exists between several
characteristics i.e. the brightest events are typically larger and last longer, a local
randomization process was required in order to avoid an entirely proportional (or
monotonic) relationship. This local randomization introduces scatter, producing a
more realistic distribution of events.

D.2 Gaussian plotting with Gaussian fitting

Initially, the possibility of fitting these bright point profiles to Gaussian functions in
space and time was explored. This was unsuccessful due to the Gaussian’s sensitiv-
ity to noise as well as an insufficient number of voxels to satisfy the fitting for some
candidate events. As can be seen from equations D.1, a high numbers of parameters
are needed to fully describe a moving Gaussian shape in three dimensions, partic-
ularly when introducing the complexity of fragmentation. Here, a and b represent
the height and central position of the peak, c represents the Gaussian root mean
square width, σ represents the standard deviation, and θ represents the Gaussian’s
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clockwise rotation angle. These equations describe a two-dimensional Gaussian only,
therefore calculations become even more complicated when considering the temporal
component of an event’s profile. Furthermore, Vissers et al. (2015) suggest that a
Gaussian model may not be appropriate for all TR phenomena.

a =
cos2θ

(2σ2
X)

+
sin2θ

2σY 2

b =
−sin2θ

4σ2
X

+
sin2θ

4σY 2

c =
sin2θ

2σ2
X

+
cos2θ

2σY 2

(D.1)
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Appendix E

Fragmentation

Regarding the Nfrag parameter, it became apparent while recording the centroid
location of each event over the course of its lifetime that the plotting of some of
these locations seemed erratic. Closer inspection showed that the code would in fact
detect several isolated regions at a given time step, but were connected over time
and thus recorded as one event. Thus an event may fragment or merge over time,
but remain connected (in a neighbouring voxel sense) as one event. A number of
these detections would fragment several times during their lifetime. The opposite
was also found to be true; several separate regions can converge and become a
single, coherent event. We have no way of discerning whether this behaviour is
real or simply a consequence of noise or the result of the method’s shortcomings, we
therefore record the connected regions as one event and record the maximum number
of separate fragments over all time steps. For application to real data, Nfrag is useful
to quickly isolate the most coherent brightenings for further study, as was done in
chapters 4 and 5. The work in chapter 5 indicates that a great deal of research into
this Nfrag parameter can be undertaken, particularly its behaviour when observed at
different wavelengths, the complexity distributions, and its relationship with other
event characteristics. A future study of this phenomenon would be of great scientific
insight.
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Appendix F

Power Laws

F.1 Scale Invariance

The power-law plots in chapters 4 and 5, particularly those for maximum and total
brightness, do not require conversion to SI units due to the scale invariance attribute
of power laws. Given the relation

p(x) = Ax−α (F.1)

where the quantity x can be scaled by some constant C, then equation F.1 becomes

p(cx) = A(cx)−α = p(x)c−α ∝ p(x) (F.2)

whereby p(cx) and p(x) are proportional, meaning that converting data to SI units
using some constant c does not affect the scaling parameter α and therefore all
power laws with the scaling parameter α are equivalent. In terms of the plots
themselves, while the scale along the x-axis may change, the slope of the exponent
remains the same, regardless of conversion or lack there of. It is also worth noting
that, considering the power-law distributions commonly found in large flares, scale
invariance would suggest that these distributions should also be common for nano-
flares, even if the underlying physical mechanisms are unknown (Hannah et al., 2011)
although avalanche and steady-state energy models seem sufficient (Katz, 1986; Bak
et al., 1987; Wheatland & Glukhov, 1998).

F.2 Extraction Method

The power-law extraction method used in chapter 5 uses Clauset et al. (2007b)’s
statistical framework for discerning and quantifying power-law behaviors.

For discrete data - categorical data restricted to defined separate values - the
probability distribution is of the form

p(x) = Ax−α (F.3)

Such a distribution diverges at zero therefore a lower bound, xmin > 0, on the power-
law behaviour is required. All values below this xmin value do not obey a power law
and must be discarded before estimating the scaling parameter α.

Clauset et al. (2006)’s use of the Kolmogorov-Smirnov (KS) statistic is imple-
mented in order to estimate this xmin value. First, a complementary cumulative
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distribution function (CDF) of a power-law distributed variable must be considered,
which for the continuous case is

P (x) = Pr(x ≥ xmin) =

(
x

xmin

)1−α

(F.4)

For the sake of mathematical convenience, the discrete data set of chapter 5
is treated as a continuous distribution i.e. data that can occupy any value over
a continuous range. S(x) is then defined as the CDF of the data set with values
≥ xmin. Therefore the maximum distance between the data’s CDF and that of the
fitted model is

D = max
x≥xmin

|S(x)− P (x)| (F.5)

Values of x̂min are chosen such that probability distributions of the measured
data and the best-fit power-law model are as similar as possible above x̂min. The
“hatted” notation is for estimates derived from data, while “hatless” symbols denote
true values. Therefore the best estimate of x̂min is the value of xmin that minimises
D determined via a Bayesian approach.

The significance of KS statistics can be seen in figure F.1 whereby Clauset et al.
(2007a) demonstrate the effect of under-estimating and over-estimating the xmin

parameter on the MLE for data sets with a known value of α. Such egregious
estimates are assured when using standard line-fit estimations for extracting the
scaling parameter or when attempting to fit a power-law model to distributions that
do not follow a power law.

The MLE approximation of the power-law exponent is

α̂ ≃ 1 + n

[
n∑

i=1

ln
xi

xmin − 1
2

]−1

(F.6)

where xi, i = 1...n are the observed values of x and n is the number of observed
values that fit the criterion xi ≥ xmin. This is a continuous approximation of the
MLE as there is no exact closed-form expression for α̂ for discrete data. However,
Clauset et al. (2007b) suggest that this estimator is accurate within ∼ 1% or better
provided that xmin ≳ 6 (see Clauset et al. (2007a)’s study for derivation). The
standard error of α̂ for a continuous data set is then calculated as

σ =
α̂− 1√

n
(F.7)

(see Newman (2005) for derivation details).
The final step is to determine the uncertainty for the lower bound and scaling

parameter estimates. This is done by implementing a bootstrapping method (Efron
& Tibshirani, 1994) whereby a uniform sequence of points (nsynth) are drawn at
random from the original data set (n measurements) in order to create a surrogate
synthetic data set with a similar distribution to the original (whereby nsynth ≲ n).
Using the method outlined above, xmin and α are estimated for the synthetic cube.
After having repeated this process over 500 iterations, the standard deviation of
these xmin and α estimates provide principled estimates of their uncertainty.

It is worth noting that the MLE for estimating α provide the best fit to a power-
law form but do not indicate whether a data set follows a power law model. This was
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Figure F.1: Clauset et al. (2007a)’s plot of mean MLE values for the scaling param-
eter α for 5000 samples. The samples have a know scaling parameter (α = 2.5) and
lower bound (xmin = 100) and are plotted as a function of estimated xmin values.

encountered when applying the method to the distribution of duration values of the
events in chapter 5, which can be seen in figure F.2. The MLE has attempted to fit
a power-law exponent when in fact the histogram plot of the duration distribution
does not appear to follow a power law.
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Figure F.2: Example of applying MLE and SK statistics to duration distributions
for detections in chapter 5. The distributions clearly do not obey a power law but
the MLE has provided a best fit to a power-law form.
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Appendix G

Critical α

The total energy budget of flare-like events over some range W2 (maximum) to W1

(minimum) can be determined by integrating over the energy power-law distribution.
If N(W1) represents the number of events within the [W1,W2] energy bin, then

Wtot =

W2∫
W1

N(W )WdW =

W2∫
W1

N1W1

(
W

W1

)1−αW

dW ∼
(
W2

W1

)2−αW

, (G.1)

when αW ̸= 2, whereby αW is the power-law index (Aschwanden, 2005). Supposing
that the upper limit is associated with large-scale and highly energetic events, then
a power-law index of αW < 2 would suggest that the integral is dominated by
W2 i.e., the frequency distribution of coronal heating is dominated by large events.
Conversely, a power-law index of αW > 2 would show thatW1 dominates the integral
i.e., small-scale (nanoflare) events are important for coronal heating.
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