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Summary

The Sun is a highly dynamic, active star, dictated by the evolution
of its magnetic fields, which transition from periods of maximum
activity to periods of minimum activity over an 11-year cycle. Dur-
ing solar maximum the Sun often produces a variety of large-scale,
energetic events such as solar flares, erupting prominences, jets
and coronal mass ejections (CMEs). The absence of solar activity
is referred to as the quiet Sun. There is much to be learned by
observing these seemingly quiet periods of minimal activity. The
studies presented in this thesis take advantage of times of minimal
solar activity to answer two of solar physics’ largest questions, (1)
How does scattering affect observed radio emission from the Sun?
(2) Are micro- and nanoflares contributing to the heating of the
Sun’s outer atmosphere, the solar corona?

This thesis made use of observations from the LOw Frequency AR-
ray (LOFAR), a low frequency (10–270 MHz) radio interferometer
spanning the continent of Europe. LOFAR allows for the study
of the low frequency radio Sun with unprecedented spectral, spa-
tial and temporal resolution. Ireland joined the LOFAR network
in 2016, which granted us observing time and access to archival
LOFAR data as seen in this thesis.

The first part of this thesis focuses on the construction, testing
and first results from the Irish LOFAR station, I-LOFAR. It de-
scribes the pivotal role I played in the setting up of I-LOFAR. I
was heavily involved in the project in its planning and organisation
stage in 2016, in its construction and testing in 2017, and presently
I perform station maintenance and observations. Working hands-
on with such a modern, cutting-edge telescope has given me an
invaluable insight into radio observations and analysis.

Before the start of this thesis research, solar interferometric imag-
ing with LOFAR was extremely rare. This is due to it being such



an involved process with expert knowledge required. In this the-
sis, two separate pipelines were developed which made use of two
different imaging software (CASA and WSCLEAN) to perform cal-
ibration and interferometric imaging of solar data. In addition, this
thesis developed novel, unique imaging techniques to improve upon
the results provided by standard interferometric imaging.

The second project of this thesis is a LOFAR imaging study of
the solar corona during a solar eclipse on 2015 March 20. A tech-
nique called multi-frequency synthesis (MFS) was employed to im-
age the solar eclipse between 120–180 MHz. In addition, a lunar
de-occultation technique was developed to achieve higher spatial
resolution (∼0.6') than that obtainable using standard interfero-
metric imaging (∼2.4'). This high resolution imaging technique
provided a means of studying the contribution of scattering to ap-
parent source size broadening. It was found that the de-occultation
technique revealed a more structured quiet corona that is not re-
solved from standard imaging. Recent studies have used imaged
source sizes, paired with ray tracing simulations to quantify the ef-
fect of radio wave scattering on low frequency radio waves. The re-
sults presented in this project suggest that standard imaging tech-
niques may be overestimating the extent of scattering in the radio
quiet Sun.

The third project of this thesis involved the imaging of the quiet
Sun using LOFAR on 2019 March 30. Again, multi-frequency syn-
thesis (MFS) was used to achieve increased sensitivity. A novel
technique was developed that extracted the standard deviation of
each pixel’s brightness over time. This technique removed the quiet
Sun background and revealed small scale variations in the bright-
ness temperature over time that could be attributed to microflare
activity. This imaging technique allowed for the identification of an
extremely faint type III burst (0.2 times the brightness of the quiet
Sun). The origin of the burst was determined as being a coronal
bright point within a polar coronal hole. This unique set of ob-
servations highlight the faint radio emission associated with quiet
Sun solar activity that may be contributing to coronal heating.

Finally, this thesis is concluded with some preliminary future work
results that can build on the research carried in this thesis.
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1
The Sun

The Sun, our closest star and the centre of our solar system, has fascinated

civilisations for centuries. In Ireland, the Sun has been a focus of religious

and spiritual interest since the construction of the neolithic passage tomb,

called Newgrange, over 5000 years ago. Newgrange’s perfectly aligned roof

box which allows the interior chamber to be illuminated every year on the

winter solstice proves that our Stone Age people were observing the movement

of the Sun as early as 3200 BC. Today, modern physicists and astronomers

continue to study the Sun using ground-based and space-based telescopes in

multiple wavelengths. Violent solar storms can regularly be observed on Earth

most notably as aurorae or disruptions to telecommunications and power grids.

With so many modern advancements in technology being satellite dependent,

the importance and necessity of solar physics research comes into focus.

The Sun, with a mass of 1.9889±0.0003×1030 kg, makes up over 99% of all

the mass in our solar system. It is a main sequence G-type star, also known as a

“yellow dwarf”, with a luminosity of 3.84±0.04×1026 W and a radius of 6.959±

0.007× 108 m (Foukal, 2004). Though at a distance of 1.49× 1011 m, much of

the Sun’s activity can very much be detected here on Earth. This activity is

powered by a nuclear fusion chain reaction at the solar core where protons fuse

together in a series of steps to form helium. This chain reaction is as a result

of the Sun’s formation when a large rotating cloud of gas and dust underwent

gravitational collapse. The proton-proton chain reaction occurs at the 15 MK
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Figure 1.1: Schematic of the Sun, its interior and layered atmosphere. There are
three main layers of solar interior; the core, the radiative zone, the convection zone.
There are also three main layers of atmosphere; the photosphere, the chromosphere,
(the transition region,) and the corona. Image Credit: Universe Today

core, (Foukal, 2004). The energy produced is transferred from the edge of the

core outwards by radiation through the radiative zone and then to the solar

surface via convection through the convective zone. Fig. 1.1 shows that the

atmosphere, like the interior, is divided up into three regions depending on

the thermodynamic conditions and its physical properties; the photosphere,

the chromosphere and the corona. Each layer is a highly structured ionised

plasma that is interwoven by a complex magnetic field. These three layers will

be discussed in further detail in the following sections.

In this chapter an introduction is provided of the Sun and its layered atmo-

sphere. A range of eruptive solar phenomena, such as flares, are discussed and
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Figure 1.2: Plot of the density and temperature with respect to height of different
layers in the solar atmosphere, based on the model of Vernazza et al. (1981). The
photosphere is shaded blue, the chromosphere is shaded purple and the corona is shaded
pink. Image Credit: Adapted from Priest (2014) by Hayes (2019)

contrasted to quiet Sun characteristics. Solar eclipses are then discussed and

a description is provided of how solar eclipses can help us better understand

the solar corona. Finally, the structure of this thesis will be outlined.

1.0.1 Photosphere

The photosphere, or solar surface, is the lowest layer of the solar atmosphere

and begins where the material becomes optically thin to visible wavelengths

(400 – 700 nm). Human eyes have evolved to be primarily sensitive to this part

of the electromagnetic spectrum (Aschwanden, 2006; Bowmaker, 1998). The
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photosphere is a thin layer, ∼0.1 Mm in thickness, with a number density of

∼ 1017 cm3 . Its radiation has a typical blackbody spectrum which peaks at an

effective temperature of ∼5778 K (Severino, 2017). The change in temperature

and density with respect to height, based on the model of Vernazza et al.

(1981), is shown in (Fig. 1.2).

Fig. 1.3(a) is a 6173 Å image of the solar photosphere from the Solar

Dynamics Observatory/Atmospheric Imaging Assembly (SDO; Pesnell et al.

(2011), AIA; Lemen et al. (2011)). One notable feature in this image is the

cluster of sunspots, which is marked by a black arrow. Sunspots are caused by a

concentration of magnetic fields which have emerged from the convection zone

below. In fact, if the resolution of AIA was better, one would see a granulated

pattern all over the photosphere indicative of the convection cells underneath.

Sunspots appear dark as they are ∼1000 K cooler due to the concentrated

magnetic fields which prevent heat rising to the surface. Sunspots are often

used as tools in solar activity forecasting as their complexity, and therefore

the complexity of the associated sheared magnetic field is intrinsically linked

to solar activity, such as flares and CMEs.

1.0.2 Chromosphere

The chromosphere is above the photosphere and stretches from ∼0.4 Mm to

∼2 Mm above the photosphere (Fig. 1.2). When moving outwards through the

chromosphere the plasma becomes more ionised due to heating and the number

density drops dramatically from 1016 cm-3 to 1011 cm-3 at the transition region

boundary. The temperature also changes within the chromosphere, reaching
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Figure 1.3: Multi-wavelength images for 2021 September 10 with NOAA active regions
labelled. (a) SDO/HMI 6173 Å image of the photosphere. The black arrow indicates
a cluster of sunspots. (b) Global H-alpha Network (GHN) image of the chromosphere
and lower transition region. White arrow indicates a filament. (c) SDO/AIA 171 Å
image of the upper transition region and corona. (d) SDO/AIA 193 Å image of the
corona. Image Credit: Made using solarmonitor.org

a minimum of ∼4400 K (Gabriel, 1976; Vernazza et al., 1976, 1981) at ∼0.5

Mm above the surface and a maximum of ∼20,000 K at the upper boundary

(Priest, 2014).

5
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The chromosphere can be observed by space and ground based instruments

in the upper visible and ultraviolet parts of the electromagnetic spectrum.

An image of the chromosphere taken by the Global High-resolution H-alpha

Network (Steinegger et al., 2000) is shown in Fig. 1.3(b). H-alpha images are

made when the Sun’s light is passed through a filter that admits light from the

6563Å hydrogen alpha spectral line. Bright regions or plages that can be seen

near the sunspot clusters are characteristic of unipolar magnetic field regions.

Another feature on disc is a long, dark filament marked by a white arrow

in Fig. 1.3(b). Filaments are cooler, denser plasma than their surrounding

atmospheric environment that become buoyant. When these occur at the

edge of the solar limb they appear bright in H-alpha images and are called

prominences.

1.0.3 Transition Region

The transition region is a thin layer between the chromosphere and corona

where the plasma density and temperature undergo drastic change. The den-

sity is shown to drop by two orders of magnitude and the temperature radically

increases from approximately 20,000 K to 106 K over ∼100 km (Fig. 1.2). This

sudden increase in temperature with increasing distance from the heat source

(at the core) is known as the coronal heating problem. The question is, what

mechanism can convert the magnetic energy built up in the convective zone

into heat and how is that heat dissipated? There are currently two leading the-

ories which are based on how the dissipated energy is converted into heat, the

direct current (DC) heating theory and the alternating current (AC) heating
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Figure 1.4: (a) PRoject for OnBoard Autonomy/Sun Watcher using Active-pixel-
system detector and image Processing (PROBA2; Santandrea et al. (2013), SWAP;
Seaton et al. (2013)) 171 Å image from 2014 July 25. (b) White light image from the
total solar eclipse of 2017 August 21. Adapted from original images from Druckmüller
et al. (2006). Image Credit: Cranmer and Winebarger (2019)

theory (e.g. Kuperus et al. (1981); Milano et al. (1997); Aschwanden (2001);

De Moortel and Browning (2015)). The DC theory is based on nanoflares (see

Section 1.1.3) directly heating the surrounding corona and is caused by slow

convective plasma motions (slower than the plasma Alvén speed) which cause

shearing of the magnetic field (Parker, 1983; Klimchuk, 2006; Vlahos et al.,

2021). The AC theory is concerned with magnetohydrodynamic (MHD) waves

dissipating heat as they travel through the corona caused by faster convective

motion (Kumar et al., 2006; Van Doorsselaere et al., 2020). The coronal heat-

ing problem remains one of the biggest mysteries in modern solar physics.
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1.0.4 Corona

The corona is the outermost layer of the solar atmosphere, beginning at ap-

proximately 2.5 Mm (0.004 R�) above the solar surface, after the transition

region, and extending out to several R�. This layer has extremely high tem-

peratures (∼ 1 MK) and is very tenuous (∼ 109 cm-3) as is shown in Fig. 1.2.

However, this represents a simplified version of coronal behaviour. In fact,

the solar corona is highly inhomogeneous in both density and temperature.

The heating of plasma via dynamic processes in the underlying chromosphere

causes an upward pressure. The extruding chromospheric plasma produces

structures that exceed the density of the surrounding low-density quiet Sun

corona. Low down in the corona, the gas pressure dominates over the magnetic

pressure which causes the magnetic field lines to twist as they follow the gas

motion. Higher up in the corona, the magnetic pressure dominates resulting

in plasma flows along magnetic field lines in the form of coronal loops.

The corona is shown to be highly structured when viewed in extreme ul-

traviolet (EUV) or white-light (Fig. 1.4). The coronal plasma is magnetically

coupled to the magnetic field and traces out the coronal loop structures. A

number of bright regions can be seen in Fig. 1.5(a) and a zoom-in of one such

region is shown in Fig. 1.5(c). These are known as active regions (ARs) and

are associated with photospheric sunspots, i.e. regions of concentrated mag-

netic field lines, as is evident in Fig. 1.3. They appear bright in EUV and

X-ray images as the closed magnetic configuration confines the hot plasma in

loops causing it to be hotter and denser than the surrounding plasma. The
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Figure 1.5: (a) SDO/AIA 193 Å image of the Sun on 2019 December 20 highlighting
the positions of an active region (AR), coronal bright point (CBP) and coronal hole
(CH). (b) A zoom-in of the CBP. (c) A zoom-in of the AR.

electron number density is typically of the order of 109 – 1011 cm−3 in ARs

(Aschwanden, 2006). ARs are extremely hot and temperatures can reach tens

of MK.

Coronal bright points (CBPs) are a class of solar activity, characterised by

a series of small-scale coronal loops with enhanced emission in the EUV and

X-ray parts of the electromagnetic spectrum (Madjarska, 2019). An example

of a CBP is shown in Fig. 1.5(b). They have short lifetimes (less than a day)

and have a diameter of 20–30'' (15–23 Mm), with a bright core of 5–10'' (4–8

Mm) that is surrounded by diffuse emission (Golub et al., 1974). Just like their

larger counterparts, ARs, CBP connect regions of opposite magnetic polarity

and confine plasma that is heated up to millions of degrees kelvin. CBPs are

ubiquitous throughout the solar corona and can be observed in the quiet Sun,
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1.1 Active Sun versus Quiet Sun

near ARs or indeed coronal holes (CHs) (Madjarska, 2019).

Darker regions are also observed in EUV images of the solar corona as is

seen at the south pole of Fig. 1.5(a). These are called coronal holes (CHs)

and are evidence of open underlying magnetic field lines which connect the

corona to interplanetary space. Coronal hole magnetic field lines eventually

reconnect far beyond Earth, at the edge of the heliosphere. In comparison to

ARs, coronal holes exhibit much lower temperatures and densities.

The properties of the solar corona have also been observed to change with

distance. The quiet Sun number density varies radially between 108 cm−3 at

the base of the corona to 106 cm−3 at 1 R� above the surface (Aschwanden,

2006). In addition, UV and radio observations have shown that further out,

coronal temperatures drop to <105 K at distances greater than 1R� above

the surface (Bastian et al., 1999). This huge variation in temperature/density

dependent on height emphasises the importance of observations at every height

in the corona; EUV, X-ray and microwave observations of the lower corona,

and radio and white-light observations of the mid to upper corona.

1.1 Active Sun versus Quiet Sun

1.1.1 Solar Magnetic Field

The Sun’s activity is measured by counting the number of sunspots on the so-

lar disc at a given time. When the Sun has very few sunspots it is considered

to be quiet, whereas when there are many sunspots on disc the Sun is consid-

ered to be active. To understand this, one must study the Sun’s magnetic field

10



1.1 Active Sun versus Quiet Sun

Figure 1.6: 11 year solar cycle. (a) The solar magnetic field starts in a poloidal
configuration. (b) The field lines get wrapped around the solar equator producing a
toroidal configuration. (c) Field lines twist and become buoyant. (d)–(e) High toroidal
magnetic field causes this twisting and expansion to continue. (f) Sunspots and coronal
loops form. (g) Coriolis force acts on loop tops. (h)–(i) Magnetic field configuration
returns to poloidal state but with a revered polarity. Image Credit: Dikpati and Gilman
(2009)
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1.1 Active Sun versus Quiet Sun

because it is the driving force behind solar activity or lack there of. The Sun’s

magnetic field is created via a dynamo process (see Charbonneau (2010) for

a comprehensive review) at the boundary between the co-rotating radiative

zone and the differentially rotating convective zone. This boundary is called

the tachocline and is a distance of ∼0.7 R� from the Sun centre. However, the

Sun’s magnetic field configuration is far from constant and in fact experiences

an 11 year cycle. This cycle describes how the solar magnetic field goes from

a poloidal configuration associated at solar minimum to a toroidally stressed

state associated at solar maximum. The Babcock (1961) model describes this

process step by step (shown in Fig. 1.6). Initially the solar magnetic field is in

a poloidal state which is aligned to the solar rotation axis (Fig. 1.6(a)). The

Sun’s convective zone is what is know as a high β plasma. This means that

the gas pressure is more dominant than the magnetic field and essentially the

plasma controls the motion of the magnetic field. As mentioned, the convec-

tive zone is differentially rotating. This results in the Ω effect which means

the magnetic field gets wrapped around the Sun’s rotation axis as the plasma

moves (Fig. 1.6(b)). As this process continues the magnetic field lines begin to

clump together. They twist together to form flux ropes which eventually be-

come buoyant (Fig. 1.6(c)). When these flux ropes penetrate the photosphere

they appear as darkened sunspots. It is for this reason that the rate of sunspot

emergence is considered a proxy for solar activity, i.e. the more sunspots on

disc corresponds to a more active Sun and a disc with little to no sunspots

corresponds to a quiet Sun. As mentioned above, these photospheric sunspots

are in fact the footpoints of loops in the outer corona (Fig. 1.6(d)–(f)). These
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1.1 Active Sun versus Quiet Sun

footpoints can experience motion relative to each other which can result in a

build of up magnetic energy and finally the triggering of eruptive events, such

as solar flares and CMEs.

To complete the cycle, the flux ropes experience a Coriolis force that forces

the loops back towards a poloidal configuration (Fig. 1.6(g)). This is known

as the α effect and results in an overall flip in polarity of the solar magnetic

field (Fig. 1.6(i)). There is also a 22 year solar cycle that is the time needed

for the Sun’s magnetic field to undergo a flip in polarity and then another flip

back to its original state.

1.1.2 Solar Flares

A solar flare is a sudden release of magnetic energy due to the reorganisation

of magnetic field lines in flux ropes above the solar surface. In 10s of minutes,

a flare can have an energy release as large as 1032 erg or 1025 J (Emslie et al.,

2004, 2012). As described in Section 1.1.1, flux ropes become buoyant due to

increased toroidal magnetic pressure. These flux ropes can then penetrate the

layers of atmosphere and appear as sunspots in the photosphere and coronal

loops in the corona. As these loops continue to grow, the footpoints can

undergo a shear motion relative to each other and the loops can twist together.

When the two sides of a loop with opposite polarity interact they will often

reorganise themselves into a lower energy state (Priest and Forbes, 2002). This

reorganisation can be explosive as the magnetic energy stored in the plasma

is transferred to thermal and kinetic energy during a flare.
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1.1 Active Sun versus Quiet Sun

Figure 1.7: GOES X-ray flux for 2003 October 31 – November 3. The classes (A, B,
C, M and X) are shown on the right and the flux measured in Wm-2 is on the left. A
number of flares were recorded over these four days, some of which are denoted with
labels. Image Credit: solarmonitor.org

1.1.2.1 Flare Classes

Flares are categorised according to their peak X-ray emission as observed in

the 1–8 Å channel by the Geostationary Operational Environmental Satellite

(GOES). An example of a GOES X-ray flux curve is shown in Fig. 1.7. A

series of classes (A, B, C, M and X increasing in strength, shown on the right

of the plot in Fig. 1.7), are used to describe the flare strength and range

logarithmically from 10−8–10−4 Wm-2 (left of the plot in Fig. 1.7). Within

each class there is a linear scale between 1–9. One of the largest flares ever

14
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1.1 Active Sun versus Quiet Sun

recorded is known as the Carrington Event which is thought to have been a

∼X45 flare (Cliver and Dietrich, 2013).

GOES X-ray flux curves are how solar flare energetics are measured, but

in order to understand the physics and dynamics involved in solar flares we

need to use advanced models. One such model that is widely accepted is the

CSHKP framework. It will be explained in further detail in the following

section.

1.1.2.2 Standard Flare Model

Though the intricacies of solar flares are still not fully understood, a number

of models have been developed to describe the physics involved in a solar flare

(for comprehensive reviews see, e.g. Priest and Forbes (2000); Lin et al. (2003);

Schmieder et al. (2015)). One standard model which is widely accepted is

called the CSHKP model (Carmichael, 1964; Sturrock, 1968; Hirayama, 1974;

Kopp and Pneuman, 1976). This is a 2D model that describes the magnetic

reconnection and release of energy associated with a solar flare. A schematic

of the standard flare model is shown in Fig. 1.8, which will act as a visual aid

when describing the stages. In addition, an AIA 211 Å image of the X8.2 class

flare from 2017 September 10 is shown in Fig. 1.9(a). A 2-D schematic of a

standard flare is shown alongside in Fig. 1.9(b). This figure demonstrates how

there is huge agreement between the observed flare and the standard model

depicted in the cartoon when it comes to the position of the rising plasmoid,

the current sheet, the post flare loops, etc.

15



1.1 Active Sun versus Quiet Sun

Figure 1.8: Schematic of the flare geometry and the some of the associated observable
emission sites and wavelengths as described by the CSHKP model.

CSHKP Model

• Magnetic flux ropes become buoyant due to magnetic stress and con-

vective currents in the convective zone (Dorch, 2007), and rise towards

the surface, i.e. a rising filament. This causes the magnetic loops to be

stretched out from the surface and results in a current sheet forming

between a rising plasmoid and the newly formed loop apex.

• As the magnetic field continues to stretch, magnetic reconnection occurs

along the current sheet where oppositely directed magnetic field lines

interact. This causes a release of the stored magnetic energy in the form

16



1.1 Active Sun versus Quiet Sun

Figure 1.9: (a) AIA 211 Å image of the X8.2 class flare from 2017 September 10. (b)
A 2-D schematic of a standard flare. There is huge agreement between the image and
model in the position of the rising plasmoid, the current sheet, the post flare loops, etc.

of heat and kinetic energy. Particles are then accelerated to non-thermal

velocities (∼0.3c) along the magnetic field lines.

• Most of the high energy particles are accelerated towards the chromo-

sphere. This sudden increase in particles leads to an increase in density

at the chromosphere, which then acts as a thick-target (Brown, 1971)

for the accelerated electrons. This causes non-thermal bremsstrahlung

emission.

• Ions that are accelerated to non-thermal velocities can also interact with

the overdense plasma and result in nuclear reactions.

• The particles lose energy, via Coulomb interactions, to the surrounding

plasma and cause heating. The chromosphere cannot radiate away the

17



1.1 Active Sun versus Quiet Sun

heat faster than the rate of heating. This results in a pressure gradient

which leads to the upflow of plasma from the chromosphere with veloc-

ities on the order of 100s kms-1 (Milligan et al., 2006; Milligan, 2015).

This hot plasma then fills the coronal loop in a process called coronal

evaporation.

• Electrons can also be accelerated away from the solar surface along open

magnetic field lines. (These open magnetic field lines eventually join far

beyond Earth, at the edge of the heliosphere.) The accelerated electrons

can excite plasma oscillations called Langmuir waves and produce ra-

dio emission in a process called plasma emission (see Section 2.3.2.1 for

further details).

This model provides a general description of where and how emission is asso-

ciated with flares. The following section discusses how this emission can be

observed over the different stages of the flare’s evolution.

1.1.2.3 Flare Observables

As described in the previous sections, solar flares are intense eruptions of

stored magnetic energy in the form of radiation which can be observed across

the entire electromagnetic spectrum. When observing a solar flare’s evolution,

it can be broken down into three main phases, namely the pre-flare phase, the

impulsive phase and the decay phase (Fletcher et al., 2011; Benz, 2017). A

set of multi-wavelength intensity profiles are shown in Fig. 1.10 to help in the

description of each phase below.
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1.1 Active Sun versus Quiet Sun

Figure 1.10: Schematic of multi-wavelength intensity profile of the three phases in-
volved in a flare; pre-flare, impulsive and decay phases. The phases indicated can vary
greatly in duration. For a large flare, the pre-flare phase can last a few minutes, the
impulsive phase ∼30 minutes, and the decay phase 1 to several hours. Image Credit:
Benz (2012)
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1.1 Active Sun versus Quiet Sun

Pre-flare phase

The pre-flare phase occurs before the main impulsive event and in the case

of a large flare can last on the order of minutes (Benz, 2012). As can be

seen in Fig. 1.10, the main indications of the pre-flare phase are a gradual

increase in EUV and soft X-ray flux (<20 keV). This is caused by thermal

bremsstrahlung emission as the flaring site experiences heating. There are a

number of theories behind the actual mechanism which triggers a solar flare,

one such theory is flux emergence (Heyvaerts et al., 1977; Priest, 2014). This

theory states that there is an emergence of magnetic flux from below the solar

surface which then interacts with existing magnetic field in the coronal loops.

This extra magnetic energy acts as a solar flare trigger. This would then be

transferred to heat and observed as the the EUV and soft X-ray brightenings.

Impulsive phase

The impulsive phase, in the case of large flares, can last up to approximately

30 minutes (Benz, 2012). There is emission across the entire electromagnetic

spectrum, as is illustrated in Fig. 1.10.

A sudden increase in hard X-ray (>20 keV) emission at the onset of the

impulsive phase is shown in Fig. 1.10. This is observed as a compact source

of emission at the flare footpoints (green circles in Fig. 1.8) caused by elec-

trons accelerated to non-thermal velocities precipitating downwards towards

the chromosphere. A hard X-ray source can also be observed above the loop-

tops due to thin-target emission of non-thermal electrons propagating in the

collisionless plasma above the coronal loops (Masuda et al., 1994; Krucker and
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1.1 Active Sun versus Quiet Sun

Battaglia, 2013).

The microwave profile in Fig. 1.10 shows a very similar profile to that

of the hard X-ray emission. This temporal correlation suggests that the mi-

crowave emission is too produced by a population of electrons with non-thermal

energies. These electrons become magnetically trapped between the concen-

trated magnetic fields lines at the two footpoints and accelerated along the

magnetic field lines resulting in gyrosynchrotron emission above 2 GHz (Nin-

dos, 2020).

Radio emission is seen in the decimetric and metric parts of the radio

spectrum in the late pre-flare phase and throughout the impulsive phase. Bas-

tian et al. (1998) explains that below 1–3 GHz incoherent gyrosynchrotron

radiation gives way to coherent plasma emission. Electrons are accelerated

along open magnetic field lines which results in the release radio waves via

plasma emission (see Section 2.3.2.1 for further details). This is observed as

type III radio emission between in the GHz–kHz range.

Fig. 1.10 shows an increase in EUV and H-alpha measurements as well

during this impulsive phase. One can also observe compact footpoints or UV

ribbons (light blue in Fig. 1.8), depending on whether the arcade of coronal

loops is viewed head-on or at an angle. During the impulsive phase, energetic

electron travelling towards the chromosphere heat the footpoints or ribbons

which is then observed in UV and H-alpha observations.

Lastly, the increase in soft X-ray emission is observed to lag behind the

emission of its hard X-ray counterpart in what is known as the Neupert Effect

(Neupert, 1968; Dennis and Zarro, 1993). In fact it was observed by Neu-
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pert that the derivative of the soft X-ray intensity profile correlates very well

with the microwave profile (and thus the hard X-ray profile). This effect is

attributed to the fact that the soft X-ray emission originates from a plasma

(T∼ 107 K) heated by the deposited energy from accelerated electrons, ob-

served as hard X-rays.

Decay phase

The decay phase describes a period after the impulsive release of energy that

can last up to several hours in the case of large flares (Benz, 2012). This is

denoted by slowly decaying emission observed in the soft-X-ray, EUV and

H-alpha parts of the electromagnetic spectrum. During this phase the coronal

plasma undergoes cooling by thermal conduction followed by radiation (Cul-

hane et al., 1970; Vršnak et al., 2006; Raftery et al., 2009). It is clear from

the profiles in Fig. 1.10 that signatures pertaining to accelerated particles (i.e.

hard X-ray and microwave) no longer exist. However, a delay in the cool-

ing times is observed which implies that there is additional post-flare heating

at the flare site (Cargill et al., 1995; Ryan et al., 2013). In EUV images, a

cusp-shaped structure is observed at the base of the current sheet. Here the

loops are observed to grow outwards over time (Gallagher et al., 2002; Liu

et al., 2013) which is thought to be evidence of the reconnection site moving

upwards. Additional evidence of continued reconnection is the observation

of supra-arcade downflows (SADs) observed in EUV (McKenzie and Hudson,

2001; Savage and McKenzie, 2011). SADs are described as sun-ward propa-

gating finger-like, voids of plasma observed above coronal loop arcades in EUV
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images as a result of magnetic reconnection.

Here we have discussed flares that range between A- and X-class flares.

However, there is another subcategory of impulsive events called microflares

and another called nanoflares. These are thought to be governed by the same

physics and emission mechanisms as regular sized flares, but on a far smaller

scale. They are currently of great interest to the solar physics community

because, though they involve much smaller energies, they are thought to be far

more common in the solar corona. Thus, micro- and nanoflares may contribute

to the heating of the solar corona. This will be discussed in further detail in

the following section.

1.1.3 Microflares & Nanoflares

Nanoflares, as defined by Klimchuk (2006) are small (energy release of ∼

1024ergs s-1; Habbal and Withbroe (1981)) impulsive heating events occur-

ring on small spatial scales without regard to the actual physical mechanism.

Micro- and nanoflares are of interest to solar physicists today as they may

be part of the answer to the coronal heating problem (aforementioned in Sec-

tion 1.0.3). The presence of micro- and nanoflares supports the DC heating

theory that there are small impulsive events directly heating the surrounding

plasma, thus accounting for the dramatic jump in temperature from chromo-

sphere to corona.

However, when determining whether observed micro- and nanoflares are

significant enough to contribute to coronal heating, one must examine flare

energy/frequency distribution. Fig. 1.11 is a figure from Aschwanden et al.
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Figure 1.11: Flare frequency distribution on a normalised scale. The units are 10–50
flares per time unit (s-1), area unit (cm-2), and energy unit (erg-1). The plot includes
EUV flares from Krucker and Benz (1998); Aschwanden et al. (2000) and Parnell and
Jupp (2000), soft X-ray flares from Shimizu (1995), and hard X-ray flares from Crosby
et al. (1993). The EUV and soft X-ray distributions are in terms of thermal energy.
The hard X-ray flare distributions are specified in terms of non-thermal energies. A
slope of -1.8 extends over the entire energy range, 1024–1032 erg (Aschwanden et al.,
2000). Image Credit: Aschwanden et al. (2016)
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(2016) which shows flare frequency distribution relative to flare energy for the

energy range, 1024–1032 erg. Hudson (1991) found that for micro- or nanoflares

to contribute to coronal heating α must be > 2, where N(E) ∝ E−α. N(E)

is the number of flares with energy E. The distribution would diverge at

the lower end of the energy spectrum. Thus the total energy budget of the

distribution would be dominated by regular, small-scale events. Many obser-

vational studies have been unsuccessful at observing micro- or nanoflares with

an α > 2, such as Aschwanden et al. (2000) who examined flares with energies

1024–1032 ergs using data from EUV and X-ray observations and found a value

for α ∼ 1.8 (Fig. 1.11).

The main advantage of using radio observations to observe micro- or nanoflares

is that the signatures of these non-thermal emissions are intrinsically very

bright at longer wavelengths. This means that radio observations are able to

probe much weaker energetics than possible with the current generation of

EUV and X-ray instrumentation (Mondal et al., 2020). However, it should be

noted that it is in fact notoriously difficult to get accurate energy information

from radio measurements alone due to the complex emission process called

plasma emission (discussed in further detail in Section 2.3.2). Nonetheless,

a recent study by Mondal et al. (2020) using the Murchison Widefield Array

(MWA; Lonsdale et al., 2009) made the first successful detection of impul-

sive emissions down to flux densities of ∼mSFU with a power-law distribution

consistent with α >2.

Here, energetic phenomena, such as flares and nanoflares, have been dis-

cussed in detail. However, not all solar phenomena are related to solar activity
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Figure 1.12: Schematic to explain the geometry of (a) total, (b) annular and (c)
partial solar eclipse. Image Credit: Roen Kelly

and depend on solar magnetic fields. One such phenomenon that has partic-

ular relevance to this thesis is a solar eclipse. This will be discussed in detail

in the following section.

1.2 Solar Eclipses & their Science

A solar eclipse occurs when the Moon moves in front of the Sun casting a

shadow onto Earth. There are three main types of solar eclipse, a total eclipse,

an annular eclipse and a partial eclipse. A total solar eclipse (Fig. 1.12(a)) is

when, from the perspective of an observer on Earth, the Sun’s light is com-

pletely obscured by the Moon’s disc. This phenomenon is possible because the
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Sun and the Moon appear roughly the same size in the sky due to the Moon

being ∼400 times smaller than the Sun and the Sun being ∼400 times further

away than the Moon. An annular solar eclipse (Fig. 1.12(b)) is when, from

the perspective of an observer on Earth, the Moon does not fully block out all

of the Sun’s light. Instead, a ring of light can be seen outlining the lunar disc.

This happens because the Moon’s orbit about Earth is not a perfect circle.

The Moon’s orbital eccentricity means that at different times in the year the

Moon is closer to the Earth (perigee) and at others further away (apogee).

When an eclipse occurs at perigee it is an annular eclipse. The final type of

eclipse, a partial eclipse (Fig. 1.12(c)), occurs when the Moon occults only

part of the Sun’s light.

Total eclipse observations are quite rare. Though the Moon orbits Earth

once a month, eclipses do not happen quite so frequently (every ∼18 months)

due to the 5o Moon-Earth orbital tilt. In addition, though a total eclipse may

be observable from somewhere on Earth, it is not always a guarantee that

there is a suitable telescope to record the event, e.g. if a total eclipse was

observable in the middle of the Atlantic Ocean. Lastly, it is interesting to note

that the Moon is actually gradually moving away from Earth at ∼4 cm/year,

meaning that in ∼1.2 billion years there will no longer be total solar eclipses

as observed from Earth.

1.2.1 White-light solar eclipse observations

The most common way to observe a solar eclipse is visible or white-light ob-

servations either with a telescope or without by observing a darkening in sur-
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Figure 1.13: Photograph taken of the full solar eclipse in 2019 July 2 from the
Atacama Desert in Chile. Image Credit: Joe Llama

roundings. Though total solar eclipses are very difficult to observe, there is a

plethora of science that can be carried out when they are. As far back as 500

BC, Ancient Greek astronomers studied solar eclipses to help devise annual

calendars and explain lunar cycles, e.g. the Ancient Greek Saros Cycle was

a very accurate calculation for determining the exact time of the next total

solar eclipse (Coblens et al., 2017). Since 1715 solar eclipses have been used

to precisely measure the diameter of the Sun (Fiala et al., 1994) and study

the complex shape of the Moon with its numerous craters and valleys. In

1919 Einstein’s Theory of General Relativity was validated by two separate

expeditions, Sir Frank Watson Dyson and Sir Arthur Eddington on the island

of Pŕıncipe (off the west coast of Africa), the second by Andrew Claude de la
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Cherois Crommelin and Charles Rundle Davidson in Sobral in Brazil. They

both observed a shift in position of the stars near the solar limb because of

the bending of light due to the Sun’s gravity.

One of the main scientific uses of a total solar eclipse is to study the solar

corona. When viewed in white-light, the Sun’s photosphere is so bright that the

corona appears invisible. During an eclipse this bright photospheric emission is

blocked out so that the complex structure of the corona becomes observable,

as shown in Fig. 1.4(b) and Fig. 1.13. However, early astronomers did not

know whether this observed emission during an eclipse was solar in origin or

simply an effect of the Earth’s own atmosphere until Rue (1864) was able to

compile a set of images of the same eclipse from different locations on Earth

and observe a similar structure. It was Darwin et al. (1889) that proved the

corona is a highly dynamic plasma which is related to the sunspot cycle by

imaging consecutive eclipses. Many modern observations are still made of

solar eclipses in white-light, e.g. to search for short-term coronal modulations

(Phillips et al., 2001), to study spectroscopic forbidden lines (Habbal et al.,

2013) and observe coronal filamentary structures (Woo, 2007).

Along with photometric observations, spectroscopic measurements during a

total solar eclipse can provide an insight into solar conditions. Chromospheric

helium was discovered in the 1800s via spectroscopic eclipse observations by

Janssen (1873) andLockyer (1920). Similarly, other spectroscopic studies re-

vealed new Fraunhofer emission lines in the corona (Young, 1895) that were

initially attributed to a new element, coronium, but later discovered by Edlen

(1945) to be a highly ionised state of iron. This was the birth of the coronal
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heating problem (discussed in more detail in Section 1.0.3).

Before the 20th century an eclipse was always required to observe the so-

lar corona and study its conditions. However in 1939 a French astronomer,

Bernard Lyot, invented an instrument called a coronagraph that mimicked an

eclipse by using an occulting disc to block out the light of the photosphere,

making the corona visible in white light. To date coronagraphs are used to

observe the solar corona. One of the most prolific coronagraphs of the last

25 years is Solar and Heliospheric Observatory/Large Angle and Spectromet-

ric Coronagraph ((SOHO; Domingo et al., 1995)/(LASCO; Brueckner et al.,

1995)).

1.2.2 Radio solar eclipse observations

White-light eclipse and coronograph observations are restricted in that they

cannot observe the very low corona directly above the photosphere due to it

being so bright. Unlike in the visible part of the electromagnetic spectrum,

an eclipse is not necessary to detect the corona in radio because the solar

atmosphere becomes optically thick at the chromosphere making the upper

chromosphere and lower corona easily detectable using GHz and MHz obser-

vations. See Chapter 2 for more detail on the Sun as seen in radio. However

radio observations of solar eclipses (example in Fig. 1.14) provide their own

series of unique advantages than will now be outlined.

Radio solar eclipse observations uniquely provide an increased angular res-

olution because of the diffraction effect caused by the Moon’s sharp, “knife-

edge” limb. This angular resolution is limited by the first zone of the Fresnel
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Figure 1.14: Radio image at 37 GHz of partial solar eclipse as seen by Metsähovira
Radio Observatory on 2015 March 20.

diffraction pattern (Cohen, 1969; Hazard, 1976).

θf = 2× 105

√
λ

2D
(1.1)

θf is the limiting resolution in arcseconds, λ is the wavelength, D is the Earth-

Moon distance (∼ 3× 108 m). The duration of an occultation (T ) is given as
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follows.

T =
2s

b
cosθ (1.2)

s is the semi-diameter of the Moon (∼ 900''), b is the velocity of the Moon as

seen by an observer on Earth (∼ 0.3's-1) and θ is the position angle between

the Moon’s path and the source, as measured from the disk centre (Ramesh

et al., 1999).

The occulted source size, d, is described by the following equation.

d = b(t2 − t1) (1.3)

d cannot be smaller than the calculated value for θf (Ramesh et al., 1999).

t2 − t1 is the time taken to occult or de-occult (cover or reveal) the source of

emission.

This occultation/de-occultation technique has been used to explore the

effects of limb brightening in the upper chromosphere and lower corona by

Christiansen and Warburton (1955); Krishnan and Labrum (1961) and Belkora

et al. (1992). Belkora et al. (1992) did this by measuring the amplitude and

phase at 96 GHz as the Moon revealed the Sun underneath to build up a chro-

mospheric brightness temperature limb profile which extended ∼8'' beyond

the photospheric limb. In addition, the sharp lunar limb profile can be used to

study sunspot ARs and plages (Covington, 1947; Kundu, 1959; Bagchi et al.,

1997) and sources of suprathermal microwave emission (Correia et al., 1992;

Subramanian et al., 2006).

One of the more interesting applications of this effect is the ability to
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measure the angular sizes of discrete radio sources in the MHz frequency range.

One of the cardinal examples of this is Letfus et al. (1967) who used visibility

lightcurves from the Ondřejov Observatory (Svestka, 1970) to measure a noise

storm to be ∼1' at 260–9400 MHz. Since then, numerous studies have been

carried out, a lot of which with the Gauribidanur Radio Observatory at 75–170

MHz where sources have been measured to be as small as 15''– 2.5' (Ramesh

et al., 1999; Kathiravan et al., 2011; Ramesh et al., 2011; Mugundhan et al.,

2018). This method has been further expanded upon by using the visibility

data to produce radio images of chromosphere with superior resolution (Gary

and Hurford, 1987; Marsh et al., 1980) in the GHz frequency range. Part of

the work of this thesis sought to compliment these GHz studies and complete a

similar study but higher up in the solar atmosphere, in the lower corona at MHz

frequencies. Measuring source sizes using this technique can answer questions

about the extent of turbulence in the solar corona. Recent radio imaging

studies have measured enlarged source sizes due to propagation effects, such

as scattering due to density inhomogeneities (Kontar et al., 2017). Using a

de-occultation technique to measure source sizes can help constrain the effects

of scattering in the radio corona without relying on interferometric imaging

algorithms. Scattering will be discussed in further detail in Chapter 2.

1.3 Thesis Outline

The work presented in this thesis aims to further the community’s current un-

derstanding of the quiet Sun, radio eclipse observations, radio wave scattering
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at low frequencies, and coronal heating. This research consists of radio obser-

vations made with LOFAR with very high temporal resolution. This temporal

resolution was used to (1) examine small quiet Sun sources with high spatial

resolution during a solar eclipse and (2) statistically study small impulsive

events in an otherwise quiet Sun period.

In Chapter 2 the background theory, relevant to this thesis, relating

to the radio Sun is discussed. A brief history of the pioneering radio obser-

vations of the Sun is provided. The basics of radiative transfer and emission

mechanisms are explained, with special attention given to bremsstrahlung and

plasma emission which are the primary emission mechanisms of the observa-

tions presented in this thesis. Lastly, several radio waves propagation effects

are detailed, in particular scattering which is caused by turbulence in the

corona.

In Chapter 3, one of this work’s main analysis techniques, radio in-

terferometry, is presented. The process of interferometric imaging is laid out,

with a section on each of the steps involved.

Chapter 4 is about the LOw Frequency ARary (LOFAR) which is the

main instrument used in the observations made as part of this thesis. The

telescope station layouts, imaging capabilities and observing modes are dis-

cussed to help the reader become more familiar with the data presented in

later chapters.

Chapter 5 is the first work chapter which details the construction,

testing and first results from I-LOFAR, the Irish station of LOFAR. I had a

pivotal role in the introduction of I-LOFAR to Ireland. This chapter details my
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involvement in the project from its planning and organisation stage in 2016, to

its construction and testing in 2017, right up until the present day when I still

perform station maintenance and take observations. This chapter also explains

in detail each component that makes up an international LOFAR station and

its processing pipeline. Among I-LOFAR’s first results, I was co-author on

Murphy et al., Astronomy & Astrophysics (2021).

Chapter 6, the second work chapter, is about the LOFAR imaging of

the solar corona during a solar eclipse in 2015 March 20. LOFAR was used

to observe the solar corona at 120–180 MHz using baselines of up to ∼3.5

km which corresponds to a resolution of ∼1–2'. A technique called multi-

frequency synthesis (MFS) was employed to image this solar eclipse which

helped to increase u, v coverage and improve image fidelity. Alongside this,

a lunar de-occultation technique was used to achieve higher spatial resolu-

tion (∼0.6') than that attainable via standard interferometric imaging (∼2.4').

This high resolution imaging technique provided a means of studying the con-

tribution of scattering to apparent source size broadening. It was found that

the de-occultation technique revealed a more structured quiet corona that is

not resolved from standard imaging, implying scattering may be overestimated

in the quiet Sun when using standard imaging techniques. The results of this

work were published in Ryan et al., Astronomy & Astrophysics (2021).

Chapter 7 is the third work chapter. The aim of this work was to image

small-scale variations in brightness temperature related to the quiet Sun. Here,

observations of the quiet Sun were made with LOFAR on the 2019 March 30.

Similar to Chapter 6, MFS was used to increase the achieved sensitivity. A
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novel technique was developed that extracted the standard deviation of pixel

brightness over time. Like chapter 6, this removed the quiet Sun background

and allowed for the examination of any small-scale variations in the brightness

temperature over time that could be attributed to microflare activity. This

imaging allowed for the identification of an extremely faint type III burst.

Through studying the kinematics of the burst its origin was determined as

being a coronal bright point within a polar CH. This is the first time such

an observation has been made by LOFAR. The results of this chapter are

compiled in Ryan et al., Solar Physics (in prep.).

Chapter 8 summarises the conclusions of each chapter and then goes on

to explore potential avenues for future work connected to the work carried

out as part of this thesis.
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The Radio Sun

In 1864 James Clerk Maxwell formulated a series of equations (including

the work of physicists before him; Oersted, Coulomb, Gauss and Faraday) to

explain his theory of electromagnetism (Maxwell, 1865). He predicted that

both light and radio waves are electromagnetic phenomena. These predictions

were proven in 1887 by physicist Heinrich Hertz who detected electromagnetic

(EM) waves in a laboratory and showed that they travelled at the speed of

light (Hertz, 1887).

Since these discoveries in the 1800s, it was speculated as to whether these

EM radio waves are emitted by stars and indeed the Sun. It was Karl Guthe

Jansky in 1933 that first observed radio waves coming from the Milky Way

(Jansky, 1933a,b). Jansky was a physicist and radio engineer that designed a

20 MHz antenna on a turntable. He also detected a source of “noise” that rose

and fell once a day which he tentatively associated with the Sun. The Jansky

(Jy), the unit of flux density, was called after Karl Jansky. 1 Jy is equivalent

to 10−26Wm−2Hz−1. Solar radio astronomers have another unit to measure

the Sun’s flux density, the solar flux unit or SFU. 1 SFU is equal to 104 Jy.

As Jansky was not an astronomer much of his work was initially disre-

garded. It remained so until it was fully investigated years later by Reber

(1944) who was the first to perform a comprehensive survey of the radio sky.

Reber (1944) observed high-frequency microwave emission emitted from the

solar chromosphere. This was followed up by microwave observations made

37



2.1 Low Frequency Radio Observations

by Southworth (1945) who was the first to discover that the diameter of the

radio Sun was larger than that of the visible Sun.

During World War II, radio receivers at ∼60 MHz detected solar radio

signatures 105 times more intense the quiet Sun. These first observations of

solar radio bursts were later attributed to large solar flares (Hey, 1946). Simul-

taneous observations were made by Alexander (1946) (the first female radio

astronomer) at 400 MHz using the Royal New Zealand Air Force radar unit

located on Norfolk Island. Later, McCready et al. (1947) recorded acute in-

creases in radio emission from the Sun that they were able to relate to the

presence of sunspots on the solar disc. They could not explain these extreme

increases in radio waves (solar radio bursts) using theories of thermal radio

emission and instead had to consider the existence of new emission mecha-

nisms. Since then, solar radio astronomy has been continually growing and

evolving to answer the ever growing list of questions.

2.1 Low Frequency Radio Observations

Solar radio astronomy can be broadly sub-divided according to the frequency

range and therefore the part of the solar atmosphere being probed. The GHz

frequency range is used to examine features of the lower corona, below 0.05 R�,

whereas the the MHz frequency (low frequency radio) is capable of studying

coronal structure beyond 0.05 R� (Gary and Hurford, 1989), which this thesis

focuses on. The kHz frequency range is also useful to solar physicists and

heliophysicists alike, to better understand the interaction of solar activity with
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interplanetary space.

2.2 Radiative Transfer Basics

In order to interpret radio observations of the Sun correctly one must first un-

derstand the basics of radio emission and indeed radiative transfer. Radiative

transfer is the physical phenomenon of energy transfer in the form of electro-

magnetic radiation (Verrelst and Rivera, 2017). As radio waves travel through

a medium they experience propagation effects such as absorption, emission

and scattering.

Radiative Transfer Equation (RTE)

Radio waves travelling through a plasma are represented mathematically in

the equation of radiative transfer. (Scattering is considered negligible here

compared to absorption and emission effects. Scattering is discussed in detail

in Section 2.4.)

dIν
dl

= jνρ− κνρIν (2.1)

ρ is the plasma density, jν is emissivity coefficient, κν is the absorption co-

efficient and dl is the plasma thickness through which the radiation travels

to produce a dIν change in intensity. Eq. 2.1 is valid for a thermal plasma.

For non-thermal electron distributions these formulas hold if ρ describes the

concentration of non-thermal electrons (Nindos, 2020). It is often convenient
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to express κν in terms of a dimensionless quantity called optical depth (τν).

τν =

∫
ρκνdl → dτν = ρκνdl (2.2)

Multiplying Eq. 2.1 by 1/ρκν and substituting dτν for ρκνdl gives,

dIν
ρκνdl

=
jν
κν
− Iν (2.3)

dIν
dτν

=
jν
κν
− Iν (2.4)

Sν is known as the source function and is equivalent to jν/κν . Eq. 2.4 is

called the Radiative Transfer Equation (RTE). This is a first-order differential

equation which can be solved in the case of a uniform plasma of infinite width

(the plane parallel assumption) using an integration factor, eτν . The RTE has

a solution in the form of the following,

Iν = Ioe
−τν + Sν(1− e−τν ) (2.5)

Here the first term represents the external source of emission and the second

term deals with the sources of absorption and emission intrinsic to the plasma.

Planck’s Law

In the case of solar radio emission, the radio waves emanate from plamsa

with local thermodynamic equilibrium (LTE) conditions. This means that

the change in temperature (T ) is small with respect to the mean free path of

photons and free electrons. In addition, the radiation can be assumed to be
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isotropic. In LTE, the source function is equivalent to the Planck function.

According to Planck’s Law a blackbody’s (a body in thermodynamic equilib-

rium with its surroundings, which absorbs all incident radiation perfectly, and

emits radiation as a function of its temperature) spectral radiance, Bν(T ), can

be written as follows.

Bν(T ) =
2hν3

c2
1

e
hν
kBT − 1

(2.6)

h is Planck’s constant (6.63× 10−34Js), ν is frequency, c is the speed of light,

kB is the Boltzmann constant (1.38×10−23JK−1) and T is temperature. In the

radio frequency regime bodies radiate very low energy photons. This means

that the Rayleigh-Jeans limit (hν << kT ) can be applied and the following

simplification can be made,

Bν(T ) =
2ν2kBT

c2
(2.7)

Intensity & Flux Density

Spectral radiance is equivalent to the monochromatic intensity, I(ν), of a

blackbody, i.e. the amount of radiation from a surface per unit frequency.

I(ν) has the units Jm−2s−1Hz−1sr−1. It can be integrated over all frequencies

to find the surface brightness, also known as the intensity,

Iν =

∫
I(ν)dν [Jm−2s−1sr−1] (2.8)
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The surface brightness can be integrated over a solid angle to find the flux.

The flux is the power emitted per unit area.

Fν =

∫
IνdΩ [Wm−2] (2.9)

However, flux density is most commonly used to describe radio observations

of astronomical bodies. This is the monochromatic intensity integrated over a

solid angle.

Sν =

∫
I(ν)dΩ [Wm−2Hz−1 = Jy] (2.10)

Brightness Temperature

Eq. 2.7 can be rearranged to solve for temperature of a blackbody, Tbb,

Tbb =
Bν(T )c2

2kν2
(2.11)

Similarly, we can solve for the brightness temperature (Tb) and the effective

temperature (Teff ).

Tb =
Iν(T )c2

2kν2
(2.12)

Teff =
Sν(T )c2

2kν2
(2.13)

Tb is the temperature a blackbody would need in order to have the same in-

tensity integrated over all frequencies as the emitting body, Iν . Teff is the

temperature a blackbody would have in order to have the same intensity inte-
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grated over angular area, Sν .

Eq. 2.5 can be rearranged in terms of Tb,

Tb = Toe
−τν + Te(1− e−τν ) (2.14)

Tb is the brightness temperature as before, To is the temperature of the back-

ground and Te is the electron temperature of the cloud of plasma. This assumes

thermodynamic equilibrium and so is valid for a thermal source. This can be

modified for a non-thermal source by rearranging Eq. 2.12 and Eq. 2.13 in

terms of Iν and Sν . Subbing them in to Eq. 2.5 gives,

Tb = Toe
−τν + Teff (1− e−τν ) (2.15)

Considering optical depth, τν , we can simplify Eq. 2.15 further. In the optically

thick regime, τν >> 1, Tb is equivalent to Teff . Whereas for an optically thin

source, τν << 1, Tb becomes To(1 − τν) + τνTeff . When we consider the

case of an optically thin source with no background Tb can be written as

τνTeff . Therefore, emission from an optically thick plasma provides a direct

measurement of coronal electron temperature, while emission from an optically

thin plasma provides a measurement of the temperature reduced by the optical

depth. The following section will discuss how the Sun’s radiation is generated

which is then observed at radio frequencies.
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Figure 2.1: Emission in the radio part of the spectrum. The top line at each frequency
indicates the dominant emission mechanism and height of emission in the chromosphere
and corona. Image Credit: Gary and Hurford (1989)

2.3 Radio Emission Mechanisms

The Sun is an emitter throughout the entire radio spectrum from micrometre

to decimetre to several decametre wavelengths, as shown in Fig. 2.1. Solar

radio emission is generated by converting the energy of moving thermal or non-

thermal distributions of free electrons into radiation via different mechanisms.

The emission mechanism can be incoherent or coherent.

Incoherent emission is the summation of radiation emitted by many dif-

ferent individual particles. These particles can be accelerated by Coulomb

forces (bremsstrahlung emission) or accelerated due to the presence of a mag-
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netic field (gyromagnetic emission). Coherent emission is when electrons emit

in phase or through the development of instabilities that amplify particular

wave modes. In the case of the Sun, particles can be accelerated by extremely

energetic events like solar flares or CMEs which can result in two coherent

mechanisms, plasma emission and electron-cyclotron maser emission.

The brightness temperature (Eq. 2.12) of the radiation is often used to dif-

ferentiate between incoherent and coherent emission mechanisms. In the case

of incoherent emission mechanisms, Tb is less than or equal to the electron

temperature. Tb depends on the density and temperature of the emitting ma-

terial between the source and observer of the emission. In the case of coherent

emission mechanisms, Tb can be much greater than the electron temperature.

For this reason we know that the emission must be nonthermal. It should

be noted that sometimes Tb alone is not sufficient to separate weak coherent

emission from incoherent emission.

In order to determine which process, coherent or incoherent, dominates we

examine the ratio the electron plasma frequency (fp) and the gyrofrequency

(fB).

fp =

√
e2ne
πme

∼ 9× 10−3√ne MHz (2.16)

fB =

√
eB

2πmec
∼ 2.8B MHz (2.17)

ne is the electron density, me is the electron mass, e is the charge of an

electron and B is the magnetic field strength.

The dominant emission mechanisms for different frequencies and coronal
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environments are shown in Fig. 2.1. For metre wavelengths/MHz frequencies

the dominant emission mechanism is a combination of coherent plasma emis-

sion and (predominantly for the quiet Sun) incoherent bremsstrahlung. As low

frequency observations are the focus of this thesis bremsstrahlung and plasma

emission will be discussed in further detail below.

2.3.1 Bremsstrahlung Emission

Bremsstrahlung (“braking” radiation) is emission caused by the acceleration

of charged particles whereby the particles’ kinetic energy is converted to elec-

tromagnetic radiation. The term bremsstrahlung was first used to describe

the radiation emitted when a beam of fast electrons interacted with atomic

electrons during cathode ray tube experiments in the early 1900s (further de-

tails in Wheaton (2009)). Bremsstrahlung encompasses all incoherent emission

mechanisms including gyromagnetic radiation and Compton scattering. How-

ever, the term bremsstrahlung is most commonly used to refer to acceleration

of electrons due the Coulomb force experienced because of distant interactions

with ion Coulomb fields.

The main source of the emission for the quiet Sun at low MHz frequencies

is thermal bremsstrahlung (Ginzburg, 1946; Dulk, 1985; Aschwanden, 2005),

as is shown in Fig. 2.1. Thermal bremsstrahlung is radiation produced from a

plasma in thermal equilibrium. However, as the solar corona is fully-ionised,

this emission is commonly referred to as free-free emission because it involves

a free electron interacting with the Coulomb field of a free ion. A visual

representation is shown in Fig. 2.2. The red circle is a free ion in the solar

46



2.3 Radio Emission Mechanisms

Figure 2.2: Cartoon describing bremsstrahlung or free-free emission. The red circle
is a free ion in the solar corona and the blue circles represent a travelling free electron.
The electron path is a dashed blue line. As the electron travels towards the ion it
interacts with the Coulomb field of the ion, which causes a release of radiation (green)
which has an energy that is equivalent to the difference in energy between the electron
before and after the interaction.

corona and the blue circles represent a travelling free electron. The electron

path is a dashed blue line. As the electron travels towards the ion it interacts

with the Coulomb field of the ion, which causes a release of radiation (green)

which has an energy that is equivalent to the difference of energy between the

electron before and after the interaction.

The frequency of the emission depends on the electron density as is shown

in Eq. 2.16. fp acts as a cutoff, below which radiation cannot escape for

a particular electron density. This happens as the refractive index becomes

imaginary for frequencies below this cutoff meaning EM waves cannot prop-

agate (Melrose, 1986; Aschwanden, 2005). As the density of the solar corona
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decreases with increased height, the emission frequency decreases for greater

distances from the solar surface (evident in Fig. 2.1). However, it is possible

for very dense structures lower down in the corona to produce GHz emission,

e.g. concentrated coronal loop structures.

The height of the emission at each frequency depends on the free-free ab-

sorption coefficient, κff . (The full derivation of the below equation can be

found in Nindos (2020).)

κff ∼
n2
e

ν2T
2
3

(2.18)

ne is the electron density, ν is frequency and T is temperature. From Eq. 2.18

it is possible to determine the height at which the EM waves escape the corona.

Material with a higher electron density absorbs radiation of lower frequencies.

Therefore metre wavelength radiation becomes optically thin and escapes at

larger heights in the corona (>0.05 R�) whereas milli-metre and micro-metre

emission is produced much lower down in the corona (<0.05 R�). Knowing

at what height the atmosphere becomes optically thin to certain frequencies

allows for the probing of that layer’s temperature using the relations derived

(Eq. 2.15).

2.3.2 Plasma Emission

Plasma emission is another emission mechanism commonly responsible for

radiation at MHz frequencies, as is shown in Fig. 2.1. It was first discovered

by Ginzburg and Zhelezniakov (1958) who found it was responsible solar radio
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Figure 2.3: Flow chart describing the steps involved in plasma emission. Image Credit:
adapted from Melrose (1991).

bursts seen at low frequencies (discussed in more detail in Section 2.3.2.1).

The stages in the plasma emission process are outlined in a flow chat in

Fig. 2.3. Each step will now be explained in turn.

1. Firstly, particles in the solar corona are accelerated to non-thermal ve-

locities by large energy release events, such as magnetic reconnection.

2. During such events, the magnetic energy is converted to kinetic and heat

energy, e.g. during a flare.

3. The faster electrons outpace the slower ones and result in a bump-on-

tail instability in the electron velocity distribution. This bump-on-tail

distribution is shown in Fig. 2.4. The shaded region (positive slope) in

the distribution represents the part of the distribution that is unstable

due to there being more fast than slow electrons.

4. The presence of a bump-on-tail instability induces the growth of plasma
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Figure 2.4: Plot of electron velocity distribution, f(v), demonstrating the bump-on-
tail which results in an instability responsible for the production of radio waves. The
shaded region is where the slope is positive, i.e. where the distribution is unstable due
to the increase of fast electrons relative to slower electrons.

oscillations, also known as Langmuir waves (Robinson et al., 1993). The

Langmuir waves (L) remove the free energy associated with the unsta-

ble electrons with high velocities. In fact the growth rate of Langmuir

waves is directly directly proportional to the slope of the bump-on-tail

instability, shown in Fig. 2.4.

5. The Langmuir waves then undergo various interactions with either ion-

sound waves (S) or other Langmuir waves. Fig. 2.3 shows that when a

Langmuir wave is scattered by an ion-sound wave it results in a trans-

verse wave (an electromagnetic wave), L + S→ TF. This happens when

the frequency of the Langmuir wave and the radio wave are equal to the

plasma frequency. However, when this condition is not satisfied, a Lang-
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muir wave scattered off an ion-sound wave can just result in a scattered

Langmuir wave, L + S → L'. For a second harmonic the radio wave fre-

quency must equal twice the plasma frequency. As the Langmuir wave

frequency equals the plasma frequency you would require two Langmuir

waves interacting to result in radio emission, L + L'→ T2H. Similarly,

a third harmonic is possible (L + L'+ L''→ T3H) but the probability of

more than two Langmuir waves is very low.

The above process can then cumulate in the release of radio waves in the

form of solar radio burst. These will be discussed in further detail below.

2.3.2.1 Solar Radio Bursts

Plasma emission is the primary emission mechanism responsible for low fre-

quency solar radio bursts caused by high energy eruptive events on the Sun,

like flares and CMEs (Payne-Scott et al., 1947). Solar radio bursts are di-

vided into 5 main categories labelled type I, type II, type III, type IV and

type V (Wild et al., 1963). Their classification depends on their morphology

as seen in a dynamic spectrum (schematic of which is shown in Fig. 2.5). A

dynamic spectrum is a plot that represents the intensity of emission from the

Sun (or other targets) over time and frequency (Wild and McCready, 1950).

The shape, intensity and duration of a burst is dependent on the coronal envi-

ronment, the location/movement/structure of the source of the emission and

the viewing geometry. Solar radio bursts are extremely useful diagnostic tools

to better understand the dynamics of the plasma in the corona. As can be

seen in Fig. 2.5, the 5 types of solar radio burst have very different drift rates,
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Figure 2.5: Schematic of a dynamic spectrum showing the characteristics of the 5
types of solar radio burst.

bandwidths and lifetimes. A brief description of each will now be provided.

Types of solar radio burst

1. Type I bursts are short duration, narrowband bursts that are often ob-

served in clusters or ‘storms’. Type I noise storms are thought to be

associated with ARs and can last up to several days (Melrose, 1975).

The individual bursts in such a storm are only <1 s in duration and 3-5

MHz in bandwidth. It is believed they are caused by continuous mag-

netic reconnection occurring in the magnetic loops of the AR (Del Zanna

et al., 2011).

2. Type II bursts are a slowly drifting burst (from high to low frequencies)
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that last for 10s of minutes. They are associated with shock waves in the

solar corona and therefore are often observed simultaneously with CMEs

(Nelson and Melrose, 1985; Morosan et al., 2019; Maguire et al., 2020).

Type II bursts can exhibit a huge range of sub-structure which has been

used to learn more about the nature of both the shock and the coronal

environment into which it propagates (Morosan et al., 2019; Maguire,

prep).

3. Type III bursts are rapidly drifting (from high to low frequencies) that

last 10s of seconds and are the most commonly observed solar radio

bursts (Wild, 1950; Saint-Hilaire et al., 2012). They have been observed

to span huge bandwidths from GHz to kHz, as they are thought to be

generated by accelerated electrons travelling along open magnetic field

lines which extend out into the heliosphere.

4. Type IV bursts appear as a form of broad continuum emission in a

dynamic spectrum and can last for several hours. There are two main

sub-types of type IV, moving or stationary, which describes the motion

of the source of the emission (Fokker, 1963). The exhibit many fine-scale

structures that are rapidly varying in time (McLean and Labrum, 1985).

Type IV emission is often observed to follow type II emission and for

this reason is thought to be related to CMEs (Kumari et al., 2021).

5. Type V bursts are broadband and seconds to minutes in duration. They

often occur after type III bursts and thus can be wrongly identified as

being part of the type III (Wild et al., 1963). They differ from type III
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bursts as they are more polarised and polarised in the opposite direction

(Dulk and Suzuki, 1980).

Fundamental and harmonic plasma emission is observed in solar radio

bursts. However, such bursts can be subject to propagation effects as the

radio waves travel outwards through the corona, with the fundamental emis-

sion being more significantly affected due to it being so close to the plasma

frequency. Propagation effects will be discussed in more detail in the following

section, Section 2.4.

2.4 Propagation of radio waves

Radio waves propagate outwards through the corona from emission site to

observer. However as they propagate they can experience different effects

relating to the polarisation, refraction and scattering of the radio wave. Each

will be discussed in turn below.

Refraction

As radio waves travel outwards in the corona they move gradually from regions

of high density to regions of low density. These different regions have different

associated refractive indices. The refractive index of an unmagnetised plasma

is n = [1 − (νp/ν)2]1/2. If ν < νp, n is imaginary and radio waves cannot

propagate. In the case of ν > νp, when n is real, the refractive index can

become less than 1 and cause refraction or the bending of the wave path

(Nindos, 2020). (Similarly, total internal reflection can occur when ν = νp.)
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Refraction is responsible for shifting the source position in the radial direc-

tion towards sun-centre by modifying the ray paths (Wild et al., 1959; Smerd

et al., 1962; Steinberg et al., 1971). The extent of this shift depends on emission

frequency as well as coronal structure and can be on the order of arcminutes

(Steinberg et al., 1971). Refraction can also reduce the brightness tempera-

ture as the the rays paths are diverted from regions of high density causing

the optical depth to be less than 1 (Alissandrakis, 1994). Refraction is more

significant when the radio waves have to travel through large-scale structures

with huge differences in density, i.e. CHs, streamers and CMEs (Bougeret and

Steinberg, 1977; Duncan, 1979; Lecacheux et al., 1989; Afanasiev, 2009). It

should be noted that refraction does not only occur in the corona but in the

ionosphere too, and is known to be responsible for huge shifts in observed

source position (Mercier, 1996).

Polarisation

Radio waves propagate through the corona in one or both of two electromag-

netic modes, extraordinary (x-) and ordinary (o-), according to magnetoionic

theory (explained in more detail in Zheleznyakov (1977); Melrose (1980)).

Each of the o- and x- modes are 100% circularly polarised in opposite di-

rections. For example, in the case of the x-mode, the electric field vector of

the radio wave rotates in the same direction as the gyromotion of the electrons

around the magnetic field.

The propagation of x- and o- mode waves can be described as being quasi-

longitudinal (QL) or quasi-transverse (QT). The Stokes parameters (I,Q, U, V )
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are used to describe the state of polarisation of an electromagnetic wave

(Stokes, 1851). When the wave is in a QL configuration to the magnetic

field, Q = U = 0 and V = Ix − Io. This results in the x- and o- modes

being oppositely circularly polarised. The propagating EM wave is circularly

polarised in the same direction as the dominant mode, x- or o-. Alternatively,

when the EM wave is QT to the magnetic field, U = V = 0 and Q = Ix − Io.

This produces a linearly polarised wave. (However, it should be noted that

linearly polarised radio emission is rarely observed in the Sun because of the

strong Faraday rotation. Faraday rotation is the rotation of the plane of polar-

isation due to linearly polarized radiation propagating through a magnetised

plasma (Kooi and Kaplan, 2020). Receivers with much narrower bandwidth

than currently available would be required to observe such a phenomenon.)

In the lower corona the magnetic field is strong (∼100 G; Alissandrakis and

Gary (2021)) and the density is high (∼1010cm-3; Priest (2014)), resulting in

huge differences between the characteristics of the x- and o- modes. This means

that they are weakly coupled and propagate independently of each other. When

weakly coupled modes cross a transverse magnetic field the direction of their

polarisation flips. However, with increasing height in the corona the magnetic

field and density decrease. This results in negligible differences between the x-

and o- modes meaning that they are strongly coupled. In this case polarisation

does not change if it crosses a transverse field. Instead a limiting value on the

polarisation is attained Cohen (1960); Zheleznyakov (1970). For this reason,

observation of circular polarization radio emission cannot always be used to

identify the magnetic field at the emission site (e.g. Alissandrakis and Preka-
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Figure 2.6: Schematic demonstrating the effect of scattering on a source of radio
emission. The Sun is at the centre of the Cartesian coordinate system (x, y, z). The z-
axis is towards the observer. (Rs, θs) is the site of the initial radio emission. The photons
are shown to scatter until they reach a point at a distance far enough that scattering is
no longer significant. The result is shown on the right, an enlarged, elongated observed
source. Image Credit: Kontar et al. (2019)

Papadema (1984); Alissandrakis et al. (1993); Shain et al. (2017)).

Scattering

The solar corona is a highly structured plasma that is made up of regions of

high and low density. When a radio wave is travelling through the corona it

can undergo reflection when it meets regions of higher density, whether they

are steady-state or turbulent (Erickson, 1964). The radio waves will then

continue to propagate to a region of lower density. This constant propagation

interrupted by reflection is known as scattering.
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Scattering causes spectral and angular broadening of observed source sizes

at low frequencies (Fokker, 1965; Steinberg et al., 1985; Bastian, 1994). This

is demonstrated in Fig. 2.6 where the observed radio emission is enlarged and

elongated due to scattering. For this reason, one of the most interesting,

open-ended questions in low-frequency solar radio astronomy remains, what

is the size of the smallest source of compact radio emission observable from

the Sun? It was thought until recently that solar interferometric observations

with baselines greater than 3 km were obsolete due to a ∼3' limit on angular

resolution caused by propagation effects such as scattering (Bastian, 2004).

More recently, Kontar et al. (2017) used Tied-Array Imaging1 to image sub-

structure of a Type III radio burst at 43 MHz. From the dynamic spectra the

source was predicted to be of the order of 0.1' but the imaging yielded results of

approximately 20' which was deemed a product of coronal scattering. Further

studies using interferometric imaging were carried out by Murphy et al. (2021b)

where the extent of scattering was found to be less significant than previously

thought due to the deconvolution algorithms used.

Source size broadening also causes an apparent decrease in brightness tem-

perature (Melrose and Dulk, 1988; Thejappa and MacDowall, 2008). In ad-

dition, scattering can be responsible for an increased cone-angle of emission,

which has the side effect of sometimes making emission behind the solar limb

visible from Earth (Dulk, 1985). Anisotropic scattering is responsible for shift-

ing the position of the observed source away from the Sun (Hewish, 1958; Kon-

1Tied-Array Imaging uses beamformed observations to map an array of beams, each
with its own dynamic spectra, onto the Sun. The angular resolution is therefore limited by
the size of the tied-array beam. Discussed in more detail in Section 4.4.
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tar et al., 2019). This happens because the structures in the solar corona are

not all randomly arranged. Instead, similar to ducting or a wave-guide, the

EM waves can be guided along radially arranged channels that are confined by

higher density channels which trace out the magnetic fields (Robinson, 1983;

McCauley et al., 2018). Lastly, scattering can cause the depolarisation of radio

emission at low frequencies. For this reason solar radio bursts are found to

be less polarised than expected (Wentzel et al., 1986; Melrose, 2006; Kaneda

et al., 2017).

2.5 Turbulence in the Corona

As mentioned above, the dominant propagation effect observed in the MHz

regime of the EM spectrum is scattering (Bastian, 1994). Radio waves ex-

perience scattering when they are reflected at an angle upon impact with

small-scale enhancements of coronal density. These fluctuations in density

are caused by turbulent plasma processes. Turbulence is defined as chaotic

fluctuations in magnetic field, velocity and/or density. It is one of the most

efficient ways of transporting energy, momentum, and mass between scales in

fluid systems (Gurgiolo et al., 2013).

The turbulence spectrum, including the three main turbulence ranges, is

shown in Fig. 2.7. Each part of the spectrum is dictated by the spectral power

index. On the far left of the plot is the energy-containing range. This is

the part of the spectrum that pertains to the largest eddy structures, where

most of the turbulent energy is stored. Moving to higher frequencies, the
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Figure 2.7: Generic plot of the turbulence ranges and scales. energy cascade from
the lowest frequencies/largest eddy structures to the highest frequencies/smallest eddy
structures. The three turbulent ranges are marked, energy containing, inertial and
dissipation ranges. Image Credit: Adapted from Gurgiolo et al. (2013)

eddies becomes unstable which leads to the first break in the spectrum at the

correlation scale. The correlation scale is the size of the largest eddy in the

turbulent system. The middle part of Fig. 2.7 is called the intertial range.

Here there is an energy cascade and eddies have reduced in size which is all

controlled by inertial processes. On the far right is the dissipation range where

the energy cascade (and eddy size) is dominated by energy being dissipated by

heat. The break in the spectrum at the inertial/dissipation range boundary
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is called the Kolmogorov scale. This is the scale of the smallest unsupported

eddy, beyond which the eddies are over-dampened (Gurgiolo et al., 2013). In

the case of viscous fluids, the Taylor microscale also becomes important as

it is the lengthscale at which fluid viscosity dominates the dynamics of the

eddies.

The amount of scattering in the corona can be quantified using the pa-

rameter ε2/h. ε is related to the root-mean-squared of the electron density

fluctuations,
√
〈δn2〉/n, and changes with height in the corona. h is the effec-

tive scale length where scattering occurs. There have been a number of studies

that have attempted to simulate observed changes in shape and position of so-

lar radio bursts by assuming values for ε (Krupar et al., 2018; Kontar et al.,

2019; Krupar et al., 2020). Kontar et al. (2019) found that an ε of 0.8 was

required to account for source size broadening of the order of 20' as observed

by (Kontar et al., 2017). It was not until Chrysaphi et al. (2018), Maguire

et al. (2020), Murphy et al. (2021b) that measurements of ε were made for the

corona (<1.5 R�) from observed source sizes and time profiles. Prior, much

of the measurements had been made in the solar wind (> 10 R�) using inter-

planetary scintillation (Bisoi et al., 2014) or occultation of the Crab Nebula

(Sasikumar Raja et al., 2016), where ε was found to slowly vary from 0.001 to

0.02 between 10 and 45 R�.

Chrysaphi et al. (2018) derived an equation based on the work of Steinberg

et al. (1971) to compare the expected to the observed source size. The optical
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depth with respect to scattering is expressed as follows.

τ(r) =

∫ 1au

r

π
f 4
p (r)

(f 2 − f 2
p (r))2

ε2

h(r)
dr (2.19)

f is the observed frequency. fp is the plasma frequency at the heliocentric

distance r. When τ < 1 the radio waves are freely propagating. When τ > 1

the radio waves are diffusively propagating. When τ(r) = 1, r is known as

the surface of last scattering. Similar to the approach taken by Murphy et al.

(2021a), ε is assumed to vary slowly up to 1 au so it can be taken outside of

the integral.

ε =

(∫ 1au

r

π
f 4
p (r)

(f 2 − f 2
p (r))2

1

h(r)
dr

)− 1
2

(2.20)

From Eq. 2.20, it is clear that the biggest unknown variable needed to

determine the level of scattering is h. It should be noted that the correct

value to use for h in the MHz regime is very much under debate (which has

been discussed by Maguire et al. (2020); Murphy et al. (2021b)). h is the scale

at which scattering occurs and depends on the index of the power spectral

density (α). If you are to assume that scattering happens where the spectrum

is Kolmogorov-like, α = 11/3 (Coles and Harmon, 1989), h = l
1/3
i l

2/3
o where li

and lo are the inner and outer scales of turbulence (Thejappa and MacDowall,

2008; Krupar et al., 2018; Kontar et al., 2019; Krupar et al., 2020). This is

known as the hybrid scale. li is defined as 684/
√
ne km by Coles and Harmon

(1989), where ne is the electron density. lo is defined as 8.82× 10−2r0.82 au by

Wohlmuth et al. (2001), where r is the heliocentric distance.

Alternatively, the flatter part of the spectrum can be considered where
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α = 3 and electron density fluctuations are more significant. In this case, h is

treated as being equivalent to the inner scale, li (Bastian, 1994; Thejappa and

MacDowall, 2008). This results in much smaller values for h, on the order of

100s of metres for 1-2 R�, and therefore much smaller values for ε (two orders

of magnitude smaller than for the hybrid scale). Subsequently, the choice of

h is vital if the level of turbulence in a coronal plasma is to be accurately

calculated.

As well as an in-depth understanding of ε and h, radio telescopes with high

angular resolution are required to correctly estimate the extent of scattering

and therefore the amount of turbulence in the corona. In order to achieve this

high resolution at low frequencies, radio interferometers must be used. The

following chapter will discuss the theory behind radio interferometry.
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Radio Interferometry

Radio interferometry is an advanced imaging technique which makes use of

many smaller telescopes working in unison to observe an astronomical target

with superior angular resolution than achievable by one telescope observing

alone. Radio interferometry has many advantages for the observer, as multiple

smaller telescopes are easier to build and more affordable than the construc-

tion of one extremely large telescope. Today, there are numerous MHz radio

interferometers around the world, such as LOw Frequency ARray (LOFAR;

Van Haarlem et al., 2013), the Murchison Widefield Array (MWA; Lonsdale

et al., 2009), Long Wavelength Array (LWA; Ellingson et al., 2009) and the

Square Kilometer Array (SKA; Dewdney et al., 2009).

In April 2019, a black hole (at the centre of M87) was imaged for the first

time by Collaboration et al. (2019), as shown in Fig. 3.1(a). This was done

using a radio interferometer made up of radio telescopes all over the world

called the Event Horizon Telescope (EHT; Akiyama et al., 2019). It achieved

an unprecedented 25 micro-arcsecond resolution at 230 GHz by using Earth’s

diameter as its longest baseline (Fig. 3.1(b)). This is one of the most signif-

icant achievements of radio interferometry to date. Though this observation

was made longer wavelengths than the observations presented as part of this

work, it emphasises the power of the radio interferometric imaging to attain

unrivalled spatial resolution. This chapter will now discuss the basics of radio

interferometry and explain the process of making an interferometric image.
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Figure 3.1: (a) Image of a black hole (at the centre of M87) as imaged for the first
time by ?. (b) Map showing the location of the particpating telescopes that made up
the EHT. Image Credit: adapted from Akiyama et al. (2019)

3.1 What is an Interferometer?

When performing imaging; whether it is with a telescope, microscope or cam-

era, one of the most important parameters is angular resolution. The angular
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or spatial resolution of an instrument refers to its ability to distinguish be-

tween two objects, or parts of the one object, separated by some small angular

distance. The resolution of a system is predominantly limited by diffraction

effects. Rayleigh’s Criterion states that in order to resolve two point sources

the diffraction maximum of one source must coincide with the diffraction min-

imum of the other. Angular resolution is represented as,

θ ∼ λ

D
(3.1)

where λ is the wavelength of the radiation and D is the instrument aperture

diameter. From Eq. 3.1, it is clear that both the wavelength and aperture

diameter control the instrument’s angular resolution, i.e. using shorter wave-

lengths and larger diameters produces a better (smaller) angular resolution.

However, in order to observe in the MHz part of the radio regime of the elec-

tromagnetic spectrum the wavelength is large, of the order of metres. This

has lead to the development of many radio telescopes with large diameters in

order to achieve angular resolutions comparable with instruments operating

in other parts of the electromagnetic spectrum. Telescopes such as the five-

hundred-meter aperture spherical radio telescope (FAST; Nan et al., 2011) are

pushing the boundaries of what is possible with a single dish telescope. The

limit on angular resolution imposed by the need to have such a large dish di-

ameter has lead to the development of a very different type of radio telescope,

an interferometer. Instead of building a telescope with a large diameter, two

smaller telescopes can be placed a distance apart in order to achieve the same

66



3.2 Interferometric Imaging

desired angular resolution. The angular resolution of an interferometer is,

θ ∼ λ

B
(3.2)

where λ is the wavelength and B is the baseline or distance between tele-

scopes. This technique has been extended to “interferometric arrays” made

up of many smaller antennas that are spread across large distances so that an-

gular resolutions as small as arcseconds can be attained. Such interferometric

arrays include MWA, LWA, LOFAR and SKA.

3.2 Interferometric Imaging

When discussing interferometric imaging it is often simpler to first consider

a two-element interferometer, which consists of two antennas and a single

baseline between them (Fig. 3.2). If a plane wave was incident from directly

above, the two antennas would receive the signal at the exact same time.

However, when a plane wave is incident at an angle θ, as in Fig. 3.2, antenna

2 will receive the signal before antenna 1. The physical path difference can be

expressed in terms of θ as,
−→
b cos θ or simplified to

−→
b · ŝ. (ŝ is the unit vector

in the direction of the incoming radio waves.) The path difference introduces

a time delay, τg.

τg =

−→
b · ŝ
c

(3.3)

where c is the speed of light.

The output voltages from antenna 1 and antenna 2 are labelled v1 and v2.
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3.2 Interferometric Imaging

Figure 3.2: Two element interferometer observing a point source. The two antennas,

are separated by a baseline,
−→
b . v1 and v2 are the voltages produced by each antenna

in response to the radio waves from the point source. R is the response function, the
correlation of the two signals (correlator is marked with

⊗
).

The output voltage of antenna 2, which receives the signal first, is written

as v2 = v cos (ωt). (ω is frequency and t is time.) Antenna 1 has an output

voltage of v1 = v cos (ωt− ωτg). The response, R, of the entire system is the

correlation of the two signals or the multiplication and averaging of output

voltages.

v1v2 = (v cos (ωt− ωτg)) (v cos (ωt)) (3.4)

Using a trigonometric identity,

v1v2 =
v2

2
(cos (2ωt− ωτg) + cos (ωτg)) (3.5)
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3.2 Interferometric Imaging

Taking the time average, so δt is far larger than 1/2ω,

R =< v1v2 >=
v2

2
(cos (ωτg)) =

v2

2

(
cos

(
ω

−→
b · ŝ
c

))
(3.6)

One can imagine that this correlation effectively projects a cosinusoidal fringe

pattern onto the sky. It multiplies the source brightness by this interference

pattern and sums across the sky. This is known as the even or cosine com-

ponent. The odd or sine component can be attained by introducing a 90o

phase shift in the path of one of the antennas and repeating the analysis. The

cosine and sine correlations can be combined using Euler’s Theorem to give a

complex exponential. The point-source response function, R, can be rewritten

as a “complex visibility” (V ) for an extended source which is the sum of many

point-source response functions over a solid angle (Ω).

V =

∫
Ie
−i2π

−→
b ·ŝ

λ dΩ (3.7)

V is equal to the Fourier Transform of the source brightness distribution.

This can be expressed as a function of the u, v, w coordinate system, where u,

v and w are used to define the position of
−→
b in reciprocal space. Each axis

is orthogonal with w pointing in the direction of the observed source. The

source itself also has a set of coordinates to describe its position in real space,

represented by the letters l,m, n. By setting w to zero, the visibility function

can be expressed in terms of the 2D Fourier transform of the sky brightness
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distribution,

V (u, v) =

∫ ∫
I(l,m)e−i2π(ul+vm)dl dm (3.8)

Or more simply, V (u, v) = F[I(l,m)] (3.9)

Similar to Eq. 3.9, the brightness distribution can be written as the inverse

Fourier Transform of the visibility function,

I(l,m) =

∫ ∫
V (u, v)ei2π(lu+mv)du dv (3.10)

I(l,m) = F−1[V (u, v)] (3.11)

3.3 Calibration

The first step to produce a radio map of the Sun is the calibration of the data.

It is necessary to correct for instrumental and atmospheric effects that may

corrupt measurements of an object’s true brightness distribution.

V observed
i,j (ν, t) = Gi,j(t)Bi,j(ν, t)V

true
i,j (ν, t) (3.12)

i, j represents a pair of antennas, i.e. a single baseline. Gi,j is the antenna gain

or complex gain and can be split into two terms, the amplitude and phase. Bi,j

is the bandpass or the frequency (ν) dependent gain. Therefore in order to get

observed visibilities (V observed
i,j ) as close as possible to the true visibility (V true

i,j )

a set of solutions need to be derived so that the difference between observed

and true visibilities is minimised. This is done by comparing a model with
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3.4 Making a Dirty Map

the observed brightness of known source, called a calibrator. The calibration

parameters calculated using this calibrator can then be applied to the target

(in this case the Sun).

3.4 Making a Dirty Map

For every point on the sky there is a visibility function, V (u, v), whose inverse

Fourier Transform corresponds to a true brightness distribution, I(l,m). How-

ever, when using a radio telescope to measure I(l,m) one is not measuring the

continuous V (u, v). Instead, there is a series of antennas with known baselines

between them which results in only a subset of points being measured. This is

dictated by the sampling function (S(u, v)), also known as the “u, v coverage”.

Therefore, what is detected by an interferometer is not the continuous visibil-

ity but in fact a sampled visibility function (SV(u, v)). This is the product of

S(u, v) and V (u, v).

SV(u, v) = S(u, v) · V (u, v) (3.13)

By taking the inverse Fourier Transform of SV(u, v) we are left with what is

known as a “dirty map” (Idirty), as is shown in Fig. 3.3(f).

Idirty = F−1[S(u, v) · V (u, v)] (3.14)

The Convolution Theorem states that the inverse Fourier Transform of the

product of two functions is equivalent to the convolution of the inverse Fourier
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3.4 Making a Dirty Map

Figure 3.3: (a) Sky brightness distribution, I(l,m). (b) Beam pattern/PSF, B(l,m).
(c) Dirty map or the convolution of the sky brightness and synthesised beam. (d) The
visibilities, V (u, v), which is the Fourier transform of I(l,m). (e) The u, v coverage or
sampling function, S(u, v), which is the Fourier transform of B(l,m). (f) The sampled
visibility (what is measured) which is the product of V (u, v) and S(u, v). By taking
the inverse Fourier Transform of this we retrieve the dirty map in (c). Image Credit:
adapted from web.njit.edu/~gary/728/

Transform of the two functions which allows for Idirty to be rewritten as,

Idirty = F−1[S(u, v)] ∗ F−1[V (u, v)] (3.15)

The inverse Fourier Transform of the visibilities is equal to the brightness

distribution, as shown previously in Eq. 3.11. The inverse Fourier Transform

of the sampling function is written as B(l,m) (Fig. 3.3). B(l,m) is known as

the “synthesised beam” or point spread function (PSF), and is specific to the

instrument being used. Therefore Idirty can be written as the convolution of
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3.5 Deconvolution

the PSF and the true source brightness.

Idirty = B(l,m) ∗ I(l,m) (3.16)

In order to determine a true source brightness the PSF must be deconvolved

from it.

3.5 Deconvolution

When producing a dirty map the measured sampled visibility function is first

divided up into a grid. The inverse Fourier Transform can then be performed

on each individual cell of the grid separately. Gridding and its relationship

to weighting schemes will be discussed in more detail in Section 3.5.1. It was

discussed in Section 3.4 that, though V (u, v) is continuous throughout the sky,

only discrete measurements of V (u, v) can be made according to the sampling

function. In this case, a regular gridding of the sampled visibility results in a

number of the cells having no u, v information. It is the aim of deconvolution

to restore u, v information to these unmeasured points.

One of the main methods of image reconstruction or deconvolution is the

use of the CLEAN algorithm (Högbom, 1974). In this work all images have

been produced using CLEAN or a variant of CLEAN. The CLEAN algorithm

is based on the idea of extracting the visibility components from the dirty

map and convolving these with a “CLEAN beam” which has complete u, v

coverage.
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3.5 Deconvolution

Steps of CLEAN

1. First the pixel with maximum intensity is located in the dirty map.

2. Secondly, this intensity is multiplied by the dirty beam pattern and a

specified gain.

3. The product is then subtracted from the dirty map leaving behind what

is known as “the residuals”.

4. This process is repeated for the next brightest pixel and so on until a

particular threshold is reached or until the residuals are akin to noise.

5. What is subtracted from the Dirty Map is known as the point source

model. The model is convolved with a “CLEAN beam”. The residuals

are then sometimes added to this convolution to create a “CLEAN map”.

There are a number of different CLEAN algorithms (e.g. Högbom (Högbom,

1974) Clark (Clark, 1980) and Cotton–Schwab (Schwab, 1984)) which can be

used in image restoration each with its own advantages and disadvantages spe-

cific to particular imaging challenges. For example, the order in which grid-

ding is performed is dictated by the choice of the CLEAN algorithm. (The

grid size itself can be controlled using the CLEAN parameters via deconvolu-

tion software, e.g. CASA or WSCLEAN.) In the case of the Sun which has a

large amount of extended emission, the classic CLEAN algorithm which uses

a point source model is not the most efficient. Instead, Multi-Scale CLEAN

(MS CLEAN) represents the source as a combination of extended structures

of different scales (Cornwell, 2008). MS CLEAN performs peak brightness
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subtraction on a series of scales simultaneously, corresponding to each of the

specified scale sizes. The model from each scale is convolved with the appro-

priate clean beam and added to the final residual image.

3.5.1 Weighting Schemes

Weighting schemes are used to weight visibility data based on the sampling of

the u, v plane. Depending on the purpose of the imaging, weight can be given

to longer baselines which can emphasise small scale structure or alternatively to

shorter baselines in order to highlight diffuse, extended emission. In addition,

certain weighting schemes may be chosen to lessen the influence of under-

sampled areas of the u, v plane.

Eq. 3.14 states that the dirty map is the inverse Fourier Transform of the

product of the sampling function, S(u, v) and the visibilities, V (u, v). When

using a weighting scheme the dirty map becomes the weighted average of the

data,

Idirty =
F−1[S(u, v) · V (u, v) ·W (u, v)]

Σu,vW (u, v)
(3.17)

where W (u, v), the weighting function, is equal to 1/(σ2 · wt). σ is the stan-

dard deviation and wt is the visibility weight which changes depending on the

weighting scheme used.

As mentioned in Section 3.5, one can imagine the u, v plane being divided

into a regular grid. The grid size can be controlled by parameters input into

the CLEAN algorithm. Each cell of the grid contains u, v information related
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3.5 Deconvolution

to the observation’s u, v coverage. There are three main weighting schemes

that utilise the distribution of u, v points to determine the value of wt.

Figure 3.4: Visual aid to better understand the effects of applying weighting schemes
to visibility data. (a) shows how a natural weighting scheme can give more weight to
cells with densely populated u, v coverage, i.e. the shorter baselines. (b) shows when
each point on the u, v plane is weighted inversely proportional to the individual cell
population density a more uniform weighting is applied across the cells. This means
that longer baselines are weighted the same as shorter baselines regardless of the u, v
sampling. (c) Dirty map made using natural weighting. (d) Dirty map made using
uniform weighting.
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Natural Weighting

Natural weighting assigns wt the value of 1. This means that the u, v points

are evenly weighted across the u, v plane no matter the sampling density, i.e.

number of u, v points in a cell. The individual u, v weights are then summed

to given an overall weight for a given cell in the grid. This can often result in

more density populated cells with shorter baselines having more weight than

those that are sparsely populated as is demonstrated in Fig. 3.4(a). This leads

to a large PSF and poor spatial resolution but high signal-to-noise in the final

image and is often used to study the more diffuse, extended radio emission

(Fig. 3.4(c)).

Uniform Weighting

Uniform weighting sets wt to be 1/ρ(ui, vi), i.e. each u, v point is given a

weight that is inversely proportional to the density (ρ) of points in the ith cell.

This results in cells with sparse u, v coverage having a weight equal to those

with a fuller u, v coverage, essentially a “uniform” weighting across the u, v

plane (Fig. 3.4(b)). Images with uniform weighting schemes have high spatial

resolution but forgo good signal-to-noise, as is shown in Fig. 3.4(d).

Briggs Weighting

Briggs weighting is often considered a good compromise between the two

schemes mentioned above. wt is 1/(s · ρ(ui, vi) + σi) where s, σi control the

ratio between signal and noise. Briggs weighting applies a natural weighting

where u, v sampling is low and a uniform weighting where u, v sampling is
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3.5 Deconvolution

Weighting Scheme Resolution S/N
Point Source
Sensitivity

Extended Source
Sensitivity

Natural low high low high
Briggs medium medium medium medium
Uniform high low high low

Table 3.1: Table of the three main weighting schemes and their characteristics.

high. The characteristics of the three main weighting schemes are summarised

in Table 3.1. Robustness is an adjustable parameter that can control how

natural-like (+5) or uniform-like (-5) the weighting scheme can be.

Tapering

Another useful technique is u, v tapering. This is similar to using a weight-

ing scheme, but instead of considering grid-cell density, an elliptical gaussian

mask is applied to the visibility data. This approach avoids sharp transitions

between weighting schemes which can occur when a u, v plane is not uniformly

sampled. This in turn reduces the appearance of “rippling” in the resulting

image. Tapering is very is commonly used in wide-field imaging.

3.5.2 Gain

Gain, commonly known as loop gain, is another parameter that can be adjusted

during the deconvolution process. Gain is the fraction of flux subtracted from

the dirty map and added to the CLEAN model, which essentially controls the

steps size between CLEAN iterations. Though using a lower gain results in

longer computation time, it is often the better option. A lower gain gives

more control over the CLEAN process and can prevent “over-CLEANing” of
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Figure 3.5: The u, v coverage (left) and point spread function (right) for several
different antenna configurations. In (a)–(c) the number of antennas is doubling between
each image. The number of baselines scale as N(N-1) where N is the number of antennas.
An increased number of baselines results in a fuller u, v coverage which in turn leads to
a PSF that approaches a 2 dimensional gaussian. (d) is the u, v coverage for 8 antenna
over the course of several hours, i.e. ERS. Instead of points in the u, v plane, there
are sweeping arcs. This has the effect of greatly suppressing the sidelobes in the PSF.
Image Credit: Presentation by Andrea Isella, Caltech CASA Radio Analysis Workshop,
2011.

an image as higher gain values result in a deeper clean.

3.5.3 Multi-Frequency Synthesis

Another aspect of the deconvolution process examined as part of this work

was the use of multi-frequency synthesis (MFS). As mentioned previously in

Section 3.4, though the visibility function is continuous across the sky, what is

measured by a telescope is a sampled visibility (SV(u, v)). This is a number of

discrete visibility measurements which depend on the u, v coverage (Eq. 3.13).

A u, v plane with more points (i.e. an array with more baselines) results in a

truer representation of the sky’s continuous visibility function and therefore
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produces a higher fidelity final CLEAN image. The effect of changing u, v

coverage is shown in Fig. 3.5. As the number of baselines increase from 2

to 56 the u, v coverage becomes more complete which leads to point spread

function (PSF) that approaches a 2 dimensional gaussian. This is explained

by the relationship between PSF and u, v coverage detailed in Section 3.4.

The PSF (B(l,m)) is the inverse Fourier Transform of the sampling function

(S(u, v)).

The u, v coverage is determined by the number of antennas and separation

between them. Unfortunately this is often limited due to geographic, financial

and political reasons. A common technique used to improve sparse u, v cover-

age without the construction of additional antennas is earth rotation synthesis

(ERS). This involves the observation of a source over the course of several

hours. Due to the rotation of the Earth the u, v plane also rotates which leads

to arcs rather than points in the u, v plane. The effectiveness of the method

is emphasised in Fig. 3.5(d) which shows the disappearance of sidelobes in the

associated beam pattern.

ERS is a very useful tool when observing the Quiet Sun, especially when

mapping low contrast quiescent structures in the solar corona. However, it

often challenging to use ERS when observing the Sun’s more dynamic events

that are not constant over time. The unsuitability of ERS is even more pro-

nounced for the observation of solar eclipses as the Moon transits the Sun

resulting in a constantly varying source.

One possible solution is to revert back to Snapshot Imaging where short

duration observations are made with a reduced u, v coverage. This is com-
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Figure 3.6: (a) u, v coverage for a single frequency, 72 MHz. (b) u, v coverage for a
70-80MHz multi-frequency band. Each colour corresponds to a particular frequency.
As the u, v plane is plotted in wavelength a single baseline can have several points if
numerous frequencies are included.

mon for solar imaging. Another possible solution is the use of aforementioned

MFS. MFS was originally implemented in the 1940s by the likes of McCready

et al. (1947) and later by Conway et al. (1990) and Sault and Conway (1999).

MFS is essentially the combination of different frequencies to produce a multi-

frequency image. A point on the u, v plane represents a projected baseline

measured in wavelengths. Consequently, for a particular baseline it is possible

to have many points on the u, v plane corresponding to different frequencies.

The MFS u, v plane, shown in Fig. 3.6(b), is fuller than that of the single

frequency, shown in Fig. 3.6(a). Unlike ERS, the MFS forms lines in the

u, v coverage rather than “arcs”. Nevertheless, this allows for the production

of a higher fidelity image without the introduction of additional baselines or

antennas.

In spite of its apparent advantage, caution must be taken when using MFS
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imaging. Conway et al. (1990) states that MFS frequency ranges should not

exceed 10–15% either side of the central frequency. This ensures that source

structure does not change significantly throughout the multi-frequency band.

The density at which solar radio emission occurs is related to emission fre-

quency. Therefore, it is important not to opt for an excessively large frequency

band in which much of the source scale information would be lost.

As discussed in Section 3.5, when performing deconvolution for an ex-

tended source an approach that is spatial-scale sensitive must be taken, i.e.

MS CLEAN. Similarly, deconvolution is not as straightforward when perform-

ing MFS. There are a number of different algorithms that have been developed

to deal with MFS. One such algorithm is CASA’s MS-MFS CLEAN (Rau and

Cornwell, 2011). Similar to classic deconvolution where a model is needed to

describe the spatial structure of the sky, MFS deconvolution requires infor-

mation about the spectral structure of the sky. MS-MFS CLEAN models the

sky brightness as a number of components of different scales whose frequency

amplitude follow a Taylor-polynomial. The result of the deconvolution is three

images which are the three coefficients of a Taylor expansion. The first is the

intensity, the second the spectral index and the third the curvature.

3.5.4 Self-calibration

Above, in sections Section 3.3, Section 3.4 and Section 3.5, calibration and

deconvolution of interferometric visibility data from a radio telescope like LO-

FAR was outlined. However, this is not always so straightforward. It is often

the case that there is no appropriate calibrator observation made and so a dif-
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ferent procedure must be implemented. One such procedure, self-calibration

(self-cal), works by essentially using the target observation itself to better

calibrate the complex gains as a function of time. As explained above in Sec-

tion 3.3, a good model of the brightness distribution is needed in order to

compute the calibration tables. Instead of using a separate source as the cal-

ibrator, self-cal uses the model of the target generated after each iteration of

CLEAN to solve for the complex gain solutions.

The steps involved in self-cal are are outlined in Fig. 3.7. After averaging

and flagging the data, there is an initial bandpass calibration applied to the

observed visibilities and a CLEAN map is produced using a deconvolution al-

gorithm. The CLEANed model is then compared to the original data and a set

of phase calibrations applied. The data is CLEANed again producing a better

model of the visibilities than before. This is repeated until the solutions for

phase no longer improve. At this stage a joint amplitude and phase calibration

is applied using the most recently CLEANed image and corresponding source

model. This is again repeated with deeper cleans until the amplitude solutions

no longer improve and a good signal-to-noise is achieved.

The techniques outlined here were used to perform interferometric imag-

ing in Chapter 6 and Chapter 7 using an interferometer called LOFAR. The

next chapter will describe LOFAR, its configuration, imaging capabilities, data

processing and observing modes.
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4
The International LOFAR Telescope

(ILT)

LOw Frequency ARray (LOFAR; Van Haarlem et al., 2013) is a low-

frequency radio interferometer led by ASTRON, the Netherlands Institute for

Radio Astronomy. LOFAR is comprised of thousands of antennas divided up

into stations, centred around Exloo in the Netherlands and extending over a

baseline of ∼2000km (Fig. 4.1). There are 24 stations that combine to form

what is known as LOFAR’s core, an additional 14 remote stations through-

out the Netherlands and 13 international stations across Europe. The core,

remote and international stations each have a unique design but all are made

up of a combination of Low Band Antennas (LBAs, 10 – 90 MHz) and High

Band Antennas (HBAs, 110 – 240 MHz) (Van Haarlem et al., 2013). LBAs

and HBAs are discussed in more detail in Chapter 5. LOFAR’s observing time

is split between international time, where all the stations (or a sub-section of

them) are used as an interferometer in the single observation, and stand-alone

time, where the control of each international telescope is passed back to the

local team of scientists and technicians. This section will primarily discuss

the international LOFAR telescope (ILT) as a whole. Further details on single

station usage is provided in Chapter 5.
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4.1 Station Layouts

Figure 4.1: Current LOFAR array with 24 core stations, 14 remote stations and 13
international stations. (Medicina is in the planning/construction phase). Image Credit:
astron.nl

4.1 Station Layouts

Core stations (Fig. 4.2(a)) are made up of 96 LBAs and 48 HBAs. The HBAs

are divided into two sub-stations either side of the LBA field. A core station

has 48 receiver units (RCUs), each with two signal paths, resulting in 96 signal

paths per station. This means that for a given observation all 48 HBA tiles

can be used but only half the LBA array (each antenna has two polarisations)

can be used at a single time. The LBAs for each core station are divided

into two groups of 48 antennas; “LBA Inner” and “LBA Outer”. Making an

observation with either LBA Inner or LBA Outer would result in a different
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4.2 LOFAR imaging capabilities

Figure 4.2: Station layout for core, remote and international LOFAR stations. Image
Credit: Van Haarlem et al. (2013)

field-of-view (FOV) and sensitivity (discussed in more detail in Section 4.2).

Remote stations (Fig. 4.2(b)) are very similar to core stations but the 48

HBAs are not divided into sub-stations and are instead part of a single HBA

station. International stations consist of 96 LBAs, 96 HBAs and 96 RCUs.

This means that international stations have 192 digital signal paths which

allows for observations to be made with a full set of LBAs or HBA tiles.

4.2 LOFAR imaging capabilities

u, v coverage

As mentioned in Section 3.4, Section 3.5 and Section 3.5.3, though the visibility

function is continuous across the sky, only discrete visibility measurements

are made at each point in the u, v plane. Therefore, a u, v plane with more

complete coverage results in an image that is a truer representation of the
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sky brightness distribution. A poorly sampled u, v plane can result in large,

prominent side-lobes in the beam which would in turn reduce the dynamic

range of the image. Also, an incomplete u, v coverage at certain distances can

cause information about certain size scales to be lost, i.e. poorly sampled u, v

plane at long baselines would result in inadequate information about small

angular scales. In the case of LOFAR, the core and remote stations have been

positioned (Fig. 4.1) in order to provide optimum u, v coverage. This is more

difficult for international stations as the u, v plane is so sparse at such great

distances, however, care was given to taken to avoid duplicate baseline lengths.

The u, v coverage for a 6 hour, 30–78 MHz observation of a radio source

of 48◦ declination is provided in Fig. 4.3 from Van Haarlem et al. (2013).

Fig. 4.3(a) is the u, v coverage for the core stations only, Fig. 4.3(b) for the core

and remote stations and Fig. 4.3(c) the core, remote and 8 of the international

stations. On the right-hand side of Fig. 4.3(a), (b) and (c) is the synthesised

beam for each configuration. Van Haarlem et al. (2013) explains that LOFAR’s

excellent u, v coverage results in the first side-lobes only being ∼3%, 5% and

7% of the peak of the synthesised beam.

Angular resolution

The angular resolution of an interferometer (as described in Section 3.1) is its

ability to distinguish between two objects, or parts of the one object, sepa-

rated by some small angular distance. It is equivalent to the full-width-half-
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4.2 LOFAR imaging capabilities

Figure 4.3: u, v coverage and synthesised beam for a 6 hour, 30–78MHz observation
of a radio source of 48◦ declination taken by (a) the core stations only, (b) the core
and remote stations and (c) the core, remote and 8 of the international stations. Image
Credit: Van Haarlem et al. (2013)
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Figure 4.4: Angular resolution of LOFAR for different array configurations and ob-
serving frequencies. Image Credit: Van Haarlem et al. (2013)

maximum (FWHM) of the synthesised beam of the entire array.

θ = α

(
λ

B

)
(4.1)

θ is the angular resolution, λ is the wavelength, B is the maximum baseline

and α is a factor that depends on the array configuration, declination of the

source and the weighting scheme used. LOFAR can achieve angular resolutions

ranging from half a degree to sub-arcsecond scales depending on the array

configuration, as is shown in Fig. 4.4.
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4.2 LOFAR imaging capabilities

Field-of-view

The field-of-view (FOV) of a telescope is the amount of the sky which the

telescope can “see” at any given time. LOFAR’s FOV is dependent on the

primary beam size (FWHMPB).

FWHMPB = β

(
λ

D

)
(4.2)

λ is the wavelength, D is the station diameter and β is a tapering factor that

depends on the layout of the individual station. Using Eq. 4.2, LOFAR’s FOV

can be expressed as follows,

FOV = π

(
FWHMPB

2

)
(4.3)

LOFAR’s FOV can vary quite drastically from ∼2–1200 deg2, as shown in

Fig. 4.5, depending on the observing frequency and the station configuration

(outlined in Section 4.1).

Sensitivity

The sensitivity of an interferometer is a measure of the weakest source of

radio emission that it can distinguish from the radio background. In order to

calculate the sensitivity of the LOFAR array consideration must be given to

the area and efficiency of the antenna, the sensitivity of the radio receiver, the

duration of the observation and the receiver bandwidth. The system equivalent
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4.2 LOFAR imaging capabilities

Figure 4.5: Table with primary beam and FOV for different observing frequencies
and station configurations. Image Credit: Van Haarlem et al. (2013)

flux density (SEFD), or system sensitivity, is defined as follows,

Ssys =
2ηk

Aeff
Tsys (4.4)

where k is the Boltzmann’s constant, η is the system efficiency, Aeff is the

effective area and Tsys is the system noise temperature which is made up of the

sky brightness noise temperature and the instrument noise temperature. As

Aeff varies greatly depending on the station and its configuration (Fig. 4.5),

SEFD will also vary for each station in the LOFAR array. This must be

accounted for when computing sensitivity of the LOFAR array as a whole.

Firstly, the sensitivity (measured in Jy) of a single dipole can be written

as follows,

∆Sdipole =
Ssys,dipole√

2δνδt
(4.5)

where δν is the bandwidth (Hz) and δt (s) is the total integration time. As a

LOFAR antenna is made up of two perpendicular dipoles the sensitivity of an
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4.2 LOFAR imaging capabilities

antenna is calculated using the following,

∆Santenna =
∆Sdipole√

2
(4.6)

Using Eq. 4.4, which is the system sensitivity for a single polarisation and

single station, the station sensitivity is expressed as,

∆Sstation =
Ssys√
2δνδt

(4.7)

So in order to calculate the sensitivity of an array configuration including core

and remote stations, the signals from different baselines and both polarisations

must be included, which gives the following expression,

∆S =
W√

2(2δνδt)

(
Ncore(Ncore−1)

2

S2
core

+ NcoreNremote
ScoreSremote

+
Nremote(Nremote−1)

2

S2
remote

) (4.8)

W is a factor that accounts for any change in noise due to the weighting scheme.

Ncore and Nremote are the number of core and remote stations respectively. Score

and Sremote are the SEFDs for the core and the remote stations respectively.

This expression can be rewritten to include any combination of core, remote

or international stations. The sensitivity computed by Van Haarlem et al.

(2013) for various observing frequencies and station configurations is provided

in Fig. 4.6.
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4.3 CEP & LTA

Figure 4.6: Table with sensitivity calculated for different observing frequencies and
station configurations. Image Credit: Van Haarlem et al. (2013)

4.3 CEP & LTA

LOFAR’s central processing facility (CEP, Van Haarlem et al. (2013)) is lo-

cated in Groningen, the Netherlands. When LOFAR is being operated in

international mode, the data from all stations is transferred to CEP for pro-

cessing. These raw voltages can be used to produce a variety of data products,

including correlated visibilities and beamformed data files. CEP is divided into

“online” and “offline” sections. The online section processes the station datas-

treams in real-time and completes operations on the data before it is written

to disk. The offline section is responsible for the less time critical operations

to produce the final LOFAR data products. CEP is capable of temporary,

short-term storage of these data products but data must be regularly moved

on to make space for new observations.

94



4.4 Observing Modes

LOFAR’s long-term archive (LTA) is a repository that stores raw and par-

tially processed data products. As LOFAR can produce up to 80 Gbits/s of

data, several locations throughout the Netherlands, Germany and Poland are

required for storage. The LTA has an online interface so that users can eas-

ily search, request and retrieve data. The data in the LTA has a one year

hold period where it can only be accessed by those named on the observation

proposal.

4.4 Observing Modes

LOFAR has three different observing modes; an interferometric mode, a beam-

formed mode and a direct storage mode.

Interferometric Mode

The interferometric mode is the mode most commonly used for LOFAR imag-

ing of astrophysical sources. The station beams are transferred to the central

correlator, COBALT, which outputs the correlated visibilities. The data is

stored on CEP as tables in a file format specific to radio interferometry called

a measurement set (MS). Here the MS files can be pre-processed with various

pipelines that perform averaging in time and frequency and then calibration.

Alternatively the data is transferred directly to the LTA where it is stored

until processed by the scientific community. Prior to this thesis, interferomet-

ric imaging of the Sun using LOFAR was uncommon, but in the last 5 years

a small community has been working on developing pipelines to produce in-
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4.4 Observing Modes

Figure 4.7: SDO/AIA 193 Å image with 60–80 MHz interferometric LOFAR contours
overlaid from 2019 March 30. The contours are 60–100% the peak intensity of LOFAR
image in steps of 5%. The white tick mark measures 5'.

terferometric images of the quiet Sun and solar radio bursts (Maguire et al.,

2020; Zhang et al., 2020; Murphy et al., 2021b; Ryan et al., 2021). See Fig. 4.7

for an example of contours from solar interferometric imaging with LOFAR

overlaid on an SDO/AIA 193 Å image.
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Beamformed Mode

LOFAR’s beamformed mode differs from the interferometric mode as the sta-

tion beams are not correlated. Instead the uncorrelated beams are either

summed coherently or incoherently to produce high time resolution dynamic

spectra or time series. There are three “sub-modes”; (1) coherent stokes, (2)

incoherent stokes, (3) fly’s fye.

1. The coherent stokes sub-mode coherently sums the station beams of

multiple stations to form a “tied-array beam”. The tied-array beams

are then tessellated across the FOV providing a dynamic spectrum for

each beam. This is illustrated in Fig. 4.8 for a solar observation. This

results in intensity information over time and frequency and can be used

to make pseudo images without the use of interferometry. Several studies

have used tied array observations to study solar phenomena, including

Morosan et al. (2014); Kontar et al. (2017) and Chrysaphi et al. (2018).

This method is only possible using the core stations as they are on the

same clock. In addition, as these stations are so close together the same

ionospheric conditions are assumed for all the stations which simplifies

the calibration. The FOV is approximately 5o (at LBA frequencies),

meaning that ∼127 tied-array beams are required to make an image (de-

pending on frequency). Tied-array imaging has many benefits including

high time resolution and sensitivity, however the angular resolution is

always limited by the use of core stations only.

2. The incoherent stokes sub-mode involves incoherently summing the sta-

97



4.4 Observing Modes

Figure 4.8: LOFAR tied-array beam observations of Type III radio bursts and solar S
bursts as observed by Morosan et al. (2015). a) Map of the 170 tied-array beams used
in this observation. The red circle represents the full-width half-maximum (FWHM) of
the beams at zenith at a frequency of 60 MHz. The yellow circle represents the size of
the optical Sun. b) Dynamic spectrum for a period of 1.3 min for Beam 14. c) Dynamic
spectrum recorded for a period of 1.3 min for to Beam 35. The two arrows indicate the
beams that recorded the two dynamic spectra in b) and c) pointing at the time and
frequency corresponding to the intensity values in a). Image Credit: Morosan et al.
(2015)

tion beams from several stations. It does this by summing the powers

after correcting for the geometric delay. The advantage of this sub-mode

includes an increase in FOV and not being restricted to core stations

only. However, this sub-mode results in an overall decrease in sensitiv-

ity.

3. The fly’s eye sub-mode records the station beams without summing them

together. This mode is often used for station maintenance and health di-

agnostics but can also be used alongside other imaging modes to provide

dynamic spectrum information.
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Direct Storage Mode

Direct storage mode is the least commonly used of the three observing modes.

It differs from the other two modes as instead of sending the data to the

correlator, COBALT, the data is recorded locally or sent directly to CEP for

analysis. The direct storage mode is mostly used for transient buffer board

(TBB) observations or single station observations. TBB observations can be

triggered in the case of transient events such as comic ray detections. Once

triggered, the data in the TBB is extracted at nanosecond time resolution and

sent to CEP or remote computing facilities for additional analysis. Similarly,

in the case of single station observations (like those made by I-LOFAR) the

correlated or beamformed data from the station is transferred to a remote

computing facility where further post-processing can be carried out.

This chapter has discussed the specifics of the International LOFAR Tele-

scope, paying special attention to the station layouts, imaging capabilities,

data processing and observing modes. The following chapter will focus on the

Irish station of the LOFAR telescope, I-LOFAR.
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5
The Irish LOFAR Station, I-LOFAR

I-LOFAR is the Irish station of the international LOFAR telescope. It is

located on the grounds of Birr Castle in Co.Offaly. This is in the centre of

Ireland which is extremely radio quiet and thus free from strong radio inter-

ference. I-LOFAR was built in 2017 as the 12th international station in the

LOFAR array, which extended the longest baseline to approximately 2000 km.

I-LOFAR is operated as part of a consortium made up of astrophysicists,

engineers and computer scientists from universities and third level institutes

all over Ireland and Northern Ireland. The project was lead by Trinity College

Dublin, with the support of University College Dublin, Dublin City University,

Athlone Institute of Technology, the National University of Ireland Galway,

University College Cork, the Dublin Institute for Advanced Studies and Ar-

magh Observatory. This telescope facilitates Irish researchers to be involved

in some of the most ground-breaking astrophysics research and innovative so-

lutions to “big data” computing problems. The following chapter details the

telescope’s design, antennas, data products and the process of construction

and station testing in order to produce the first scientific results.

5.1 I-LOFAR Design

As an international station, I-LOFAR is made up 96 LBA antennas and 96

HBA antennas (Fig. 4.2(c)). They are arranged in a very specific pattern

which can be seen in the top-down view in Fig. 5.1. Each of the antennas

100



5.1 I-LOFAR Design

Figure 5.1: I-LOFAR as seen from a hot air balloon. The HBAs are on the left and
the LBAs are on the right. The grey container in the centre contains the computer
boards which do the initial signal processing steps.

has two coaxial cables (one for each polarisation) which connect the antennas,

through the cable trenches to a receiver unit board in the container. Here

much of the initial signal processing is carried out before the data is sent to

either LOFAR’s central data processing in Groningen or to the on-site control

room (affectionately known as the “Sheep Shed”) in Birr where much of the

local data processing is carried out. The antennas and signal processing are

discussed in further detail in the following sections, Section 5.1.1, Section 5.1.2

and Section 5.1.3.
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5.1 I-LOFAR Design

Figure 5.2: (a) Image of LBA antenna. The 5m x 5m metal ground plane/mirror is
the on the ground, the low noise amplifier is on top of the plastic pole from which the
four dipole antennas emerge. (b) Interior of a HBA tile, zoomed in on one of the 16
elements. One of the four bow-tie antennas can be seen supported by the styrofoam
(the rest hidden from view). The pre-amplifier is in the centre, connected to each of
the antennas. The metal ground plane is beneath the tile. Image Credit: lofar.ie

5.1.1 Low Band Antennas – LBAs

Low Band Antennas (LBAs) are antennas that observe in the lower part of

LOFAR’s frequency spectrum, between 10 MHz and 90 MHz. Fig. 5.2(a)

is an image of a typical LBA found in each of the three types of LOFAR

station (core, remote and international). The metal grate on the ground acts

as a reflector or mirror for radio waves. The 1.7 m heavy-duty plastic pole

at the centre of the grate serves as a conduit for two copper coaxial cables

that travel between the low noise amplifier (at the top of the pole) and the

receiver units in the electronics container. The two cables correspond to x and

y polarisations. There are four inverted v-shape dipole antennas that emerge

from the amplifier at 90o and are anchored at each corner of the metal grate.

Each of the dipoles has a length of 1.38 m giving the LBAs a resonance peak

at 52 MHz which, because of the amplifier’s impedance, is shifted to 58 MHz
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5.1 I-LOFAR Design

Figure 5.3: (a) Spectrum for one LBA at the Irish LOFAR station, I-LOFAR. The
resonance peak of the LBA is shown at 58 MHz. There is also a number of Radio
Frequency Interference (RFI) most notedly below 20 MHz. (b) Spectrum for a single
I-LOFAR HBA. The spectrum is a lot flatter than that of the LBA but there is a
resonance peak ∼125MHz. The spectrum has two prominent RFI peaks. Image Credit:
Joe McCauley

(Fig. 5.3(a)). The LBAs can observe the whole sky at the same time, therefore

it is after observations that digital beamforming is carried out (see Section 4.4

for more information on the beamformed mode).

5.1.2 High Band Antennas – HBAs

The High Band Antennas (HBAs) observe at a higher frequency range, 110–

240 MHz, than the previously mentioned LBAs. The HBAs are very different

in appearance to the LBAs (Fig. 5.2(b)). Each of the 5 m x 5 m tiles is

covered by a large heavy-duty plastic tarpaulin. Inside, a styrofoam structure

holds in place 16 (4 x 4) dipole elements. Each element contains 4 bow-tie

(dual-polarised) antennas which are connected to a pre-amplifier in the centre.

Similarly to the LBAs, each of the 16 dipole units has two coaxial cables that

connect to the tile’s summator from which two cables connect to the receiver

units inside the electronics container. The HBAs also have a metal ground
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5.1 I-LOFAR Design

Mode RCU input Frequency Range (MHz)
0 - -
1 LBL 10–90
2 LBL 30–90
3 LBH 10–90
4 LBH 30–90
5 HBA 110–190
6 HBA 170–230
7 HBA 210–270

Table 5.1: LOFAR single station observing modes, RCU input and frequency range.
Image Credit: Norden (2018).

plane or reflector, though the grid size is much smaller making it suitable

for higher frequencies. HBAs, unlike LBAs, are not sensitive to the full sky.

Instead, in order to point, analogue beamforming is performed for each tile

which is followed by digital beamforming in the container. A HBA’s spectrum

is much flatter than that of a LBA with a gradual peak near 125 MHz and

another smaller peak at 160 MHz Fig. 5.3(b).

5.1.3 Receiver Units – RCUs

The Receiver Units (RCUs) are housed in an on-site electronics container next

to the array, into which the coaxial cables from every antenna is fed. There

is a single RCU corresponding to a particular polarisation of each HBA-LBA

pair. The RCUs filter, amplify and digitise the input signal.

It is the sampling frequency teamed with the signal path that determines

which of the seven observing modes is being used. The observing mode, RCU

input and frequency range is detailed in Table 5.1. There are three mains

signal paths in LOFAR RCUs, two for the LBA (low-band low and low-band
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5.1 I-LOFAR Design

Figure 5.4: Signal path for LBAs and HBAs within the RCUs. The signal is passed
through a number of bandpass filters and high and low band filters. The signal path
and sampling clock define the observing mode of the station. Image Credit: Norden
(2018)

high) and one for the HBA. One of the LBA paths, LBL, is currently not

used. It is optimised for a low-band antenna in the 10–30 MHz range which

was never implemented in the LOFAR array. Modes 1 and 2 are therefore

redundant.

The signal from the LBAs enters the LBH input and is filtered by either

a 10 MHz or 30 MHz high-pass filter (top signal path in Fig. 5.4). This

corresponds to either mode 3 (10–90 MHz) or mode 4 (30–90 MHz), detailed

in Table 5.1. This signal is then amplified and passed through a 10–90 MHz

bandpass, amplified again and finally passed through a 90 MHz low pass filter.

The signal from the HBAs enters the RCU via the HBA input (bottom

signal path in Fig. 5.4). The signal is initially passed through a 110–290 MHz

bandpass. It then has the choice of three paths which correspond to modes

5, 6 and 7 (110–190 MHz, 170–230 MHz and 210–270 MHz as detailed in

Table 5.1). It is finally amplified and before going through a 270 MHz low
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5.1 I-LOFAR Design

pass filter.

Both the LBA and HBA signals are passed through a 12-bit A/D converter

with a sampling frequency of 160 MHz or 200 MHz. The 200 MHz sampling

clock is most commonly used and caters for modes 3, 4, 5 and 7. As its Nyquist

edge causes aliasing around 100 MHz the 160 MHz sampling clock can be used

to observe in mode 6.

5.1.4 Remote Station Processing Boards – RSPs

The signal leaves the RCUs filtered and digitised. It then enters the remote

station processing boards (RSPs) where a number of different data products

can be produced depending on which signal path is selected. Each RSP board

contains four antenna processors (AP) which in turn have two orthogonal

antenna polarisations. A RSP board receives signal from 8 different RCUs,

which means that an international station, like I-LOFAR, has 24 RSP boards

in total (Norden, 2009).

The container signal processing pipeline is shown in Fig. 5.5. A zoom-in,

inset of an RCU is on the left and the rest of the RSP board on the right. After

the RCU, the signal passes through a FIFO buffer. This buffer introduces time

delays to the signals coming from each of the antennas to compensate for the

fact that their cables are all different lengths. The signal then moves on to a

polyphase filter bank where it is divided into 1024 complex frequency channels

called subbands (512 real subbands). The frequency resolution of the subbands

depends on the observing mode selected in the RCU; 195 kHz for modes 3, 4,

5, 7 and 156 kHz for mode 6. The data can be extracted at this point as a data
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5.1 I-LOFAR Design

product called subband statistics (SSTs). The primary function of SSTs is for

monitoring antenna functionality and performing station health diagnostics.

512 SST files can be produced for each time-step with a maximum of 1 s time

cadence (Norden, 2018).

Alternatively, the signal can pass through the transient buffer board (TBB)

before or after the polyphase filter bank (Fig. 5.5). The TBBs store 5 s of

raw voltage data at increased time resolution (∼ 5 ns) in a ring buffer via

two different modes; transient mode where raw signal is taken straight after

the FIFO buffer or subband mode where the subband data is taken after the

polyphase filter (Norden, 2018).

After this, the signal path bifurcates to go through either beamforming or

cross-correlation which results in two different data products, beamlet statis-

tics (BSTs) and array-covariance cubes or crosslet statistics (ACCs or XSTs).

A beamlet is a beamformed subband in a given direction on the sky. Depend-

ing on the bit-mode chosen, there can be 488 or 244 beamlets per observation.

These beamlets can be allocated so that there are multiple beams of different

subbands pointing in a given direction or alternatively, a number of beams of

the same subband pointed in different directions (or a combination of both).

BST data can be used to produce station dynamic spectra which record in-

tensity of an astronomical object over time and frequency.

ACCs and XSTs are files that contain visibility data for baseline pairs in

the array. An ACC file is a cube of visibility data for each of the 512 subbands

integrated over time. An XST differs from an ACC as a single files contains

data for one subband at one second. Both ACC and XST visibility data can
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5.2 I-LOFAR Data Processing

be used to make single station images.

5.2 I-LOFAR Data Processing

As mentioned previously, when I-LOFAR is in international mode the data

is sent to the COBALT correlator (Broekema et al., 2018) in Groningen, the

Netherlands. When I-LOFAR is in stand-alone or single station mode the

data is sent from the local control unit (LCU) to the machines in the onsite

control room (“Sheep Shed”). SST, BST, XST and ACC files can be accessed

using the Linux Gateway Computer (LGC) to perform station diagnostics

and scientific analysis. However, all of this data is at 1 s time resolution

whereas the maximum resolution attainable is on the order of µs. In order

to access this full resolution data a computational back-end, called REAL-

time Transient Acquisition backend (REALTA; from the Irish word for star,

réalta), was designed for the capture, processing, and storage, of stand-alone

BST data.

REALTA (Murphy et al., 2021a) is a seven node computer cluster which

was designed to record and analyse the raw BST data in real-time. A block

diagram of how the hardware in the I-LOFAR container and REALTA are

connected is shown in Fig. 5.6. As mentioned previously, the filtered, digitised

signal is recorded by the RSPs (bottom left of Fig. 5.6). The signal then goes

through a series of fibre switches in the container which split the data into four

separate lanes so that the data is more easily transferable. The data is then

sent via fibre to REALTA in the Sheep Shed. The orange arrows in Fig. 5.6

109



5.2 I-LOFAR Data Processing

Figure 5.6: Block diagram of I-LOFAR and REALTA hardware components and how
they are connected to each other. Image Credit: Murphy et al. (2021a)

indicate fibre connections, the blue arrows are 1 Gbps ethernet connections

and the red arrows show infiniband connectivity. REALTA is made up of 4

computing nodes, one storage node, one Breakthough Listen head node and

one Breakthough Listen computing node. The hardware specifications are

described in more detail in Table 5.2.

REALTA’s design was originally based on that of the ARTEMIS backend

which is part of the UK station of LOFAR (Serylak et al., 2012; Karastergiou

et al., 2015). REALTA has significantly improved upon ARTEMIS’s hardware

using components with greater computational power. REALTA is designed so

that it can be integrated into any international LOFAR station.

The details of I-LOFAR’s station components and data processing have
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5.3 I-LOFAR Construction

Compute Node
(x4)

Storage Node BL Headnode
BL Compute
Node

Machine
Name

Dell Poweredge
R740XD

Dell Poweredge
R730XD

Super Micro
1029U-TRTP2

Super Micro
6049P-
E1CR24H

CPU Model
Intel Xeon
Gold 6130 (2x)

Intel Xeon
E5-2640v4 (2x)

Intel Xeon
Silver 4110 (2x)

Intel Xeon
Silver 4110 (2x)

CPU Clock
Speed

2.10 GHz 2.10 GHz 2.10 GHz 2.10 GHz

No. CPU
Cores

32 (64) 20 (40) 16 (32) 16 (32)

RAM 256 GB 256 GB 93 GB 96 GB
Storage 210 TB 128 TB N/A 144 TB

GPU
16 GB
NVIDIA
Tesla V100

N/A N/A
11 GB
NVIDIA
RTX 2080Ti

*The 110TB is distributed across REALTA’s 4 compute nodes

Table 5.2: REALTA computing hardware specifications. Credit: Murphy et al.
(2021a)

been outlined above in Section 5.1 and Section 5.2. The following sections will

highlight the steps involved in I-LOFAR’s construction and testing carried out

by a small team of students and engineers.

5.3 I-LOFAR Construction

I-LOFAR was built in 2017 by a team of students, building contractors and

experts from ASTRON. I had a pivotal role in the early stages of I-LOFAR

and was jointly responsible for the planning, construction and integration the

station. I have been heavily involved in the project from it’s planning and or-

ganisation stage in 2016, to it’s construction and testing in 2017, right up until

present day when I still perform station maintenance and take observations.
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5.3 I-LOFAR Construction

Working hands-on with such a modern, cutting-edge telescope has given me

an invaluable insight into radio observations and analysis.

Site Preparation

The site preparation, excavation and initial ground works began in Autumn

2016. The I-LOFAR site had to be raised by ∼1 m in order to protect the

station from possible flooding. Material was transported from another field to

the site before it was compacted to create a stable, raised plinth. The first

deliveries of equipment and antenna components arrived in April 2017. In

May 2017 the antenna positions and cable trenches were marked with the aid

of a GPS receiver as is shown in Fig. 5.7(a). These positions were calculated

by engineers in ASTRON with +/-3 cm precision for the HBAs and +/-5 cm

precision for the LBAs.

Construction Phases

On 22 May 2017, a team of undergraduate and postgraduate students from

universities throughout Ireland (and beyond) came together in Birr to con-

struct the telescope. The first phase of the build focused on the cabling of

the array (Fig. 5.7(b)). The second phase involved constructing HBA tiles

and deploying them onto the array (Fig. 5.8(a)). The third phase was the

construction of the the LBAs in position on the array. In the final phase each

cable was fed into the container in the middle of the array where they were

connected to the corresponding RCU (Fig. 5.8(b)). The next steps were to

carry out station testing which will be discussed in the following section.
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Figure 5.7: (a) Marking of antenna positions using GPS receiver in 2017. (b) Laying
of cables in cable trenches from each antenna to the container.

Figure 5.8: (a) Installation of pre-amplifier in at the centre of the bow-tie antennas
in one of the 16 dipole units in a high band antenna tile. (b) Connecting the antenna
cables to corresponding receiver unit boards in the container.

5.4 Station Testing

In July 2017, the team moved on to the commissioning of I-LOFAR with the

help of visiting system engineers from ASTRON. The first step was to turn

on the antennas and observe the SST spectra from each RCU. (This moment
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Figure 5.9: I-LOFAR’s first light.

is captured in Fig. 5.9.) This was done for both the LBAs and HBAs. One of

the first all-sky images taken by I-LOFAR is shown in Fig. 5.10. A ∼40 MHz

radio image from 2017 July 25 is overlaid on a Stellarium sky map at the same

time which shows that there is bright radio emission coming from the Milky

Way and Cas A.

The station performance had to be tested to establish that the data being

produced by I-LOFAR was as expected and in line with the other international

stations. Much of the initial testing revolved round ensuring there was com-

munication between I-LOFAR and the control room at ASTRON via the 10

GB fibre connection. After this, the spectra for each antenna was examined.
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Figure 5.10: One of I-LOFAR’s first all-sky maps taken at ∼ 40 MHz on 2017 July
25. The radio image is overlaid on a Stellarium map of the sky at the same time.

It was found that there was an error with one HBA tile whose SST spectrum

was not as expected. The tile had to be opened and the connection from each

antenna to the pre-amplifier and summator inspected. A tiny metal flake was

found between the pin and outer edge of the connector which was causing a

short circuit.

Another important test was verifying that the X and Y polarisation of each

antenna were connected correctly. This was done by simply bringing a source
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of radio frequency interference (in this case a laptop) close to each antenna.

The increase in signal was then noted on the spectrum of the RCU associated

with the relevant polarisation.

To check if the HBAs were in the the right position and working correctly,

a radio frequency generator was set up at the edge of the array. Radio waves

were emitted at different frequencies and then recorded by the HBAs. As the

frequency changed the distance between the wave-fronts also changed, resulting

in the increase of signal in the spectra of HBAs at different distances from the

generator.

Since this commissioning phase, I-LOFAR has been used by a consortium

of astrophysicists, data and computer scientists from universities and research

institutes in the Republic of Ireland and Northern Ireland. Presently, I remain

among the first generation of researchers to operate I-LOFAR and develop

radio-specific software that will be used by the astro- and solar communities

in Ireland. I am a member of the I-LOFAR observing team and make reg-

ular observations of the Sun and other astronomical targets. The primary

results from such observations made by I-LOFAR will now be discussed in the

following section.

5.5 First Results

Over the last four years, I-LOFAR has been used by scientists and students

to carry out research on pulsars, all-sky surveys, planetary magnetospheres,

planetary lightening, space weather and the Sun. As mentioned previously,
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Figure 5.11: The solar flare, CME and associated radio emission observed on 2017
September 10 by Morosan et al. (2019). (a) 211 ÅAIA images showing the evolution of
the plasmoid eruption. (b) SUVI and LASCO composite images showing the expansion
of the CME. The white arrows are the CME shock and the white circle is the solar
limb. (c) I-LOFAR dynamic spectrum showing the Type II radio burst. (d) Higher
temporal resolution LOFAR core dynamic spectra with herringbones. Image Credit:
Morosan et al. (2019)
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I-LOFAR can be used in stand-alone mode to make observations. To observe

the Sun a special observing mode called Mode 357 was adopted. Mode 357

was developed as part of the KAIRA Background Task (KBT) suite by the

researchers at the KAIRA LOFAR station, Finland. Mode 357 allows one to

observe with RCU mode 3, 5 and 7 simultaneously so that a more complete

picture of the sky across the full frequency range can be achieved. The modes

are interleaved, so that there is still a distribution of antennas for each which

allows beam-forming to take place and a dynamic spectrum to be produced.

A dynamic spectrum plots radio intensity over time for a range of frequencies

and is used regularly in solar physics for diagnostics of radio emission. Mode

357 was used in the analysis outlined below, before the relevant spectra were

cropped to focus on the most interesting features.

Coronal mass ejections (CMEs) are explosions in the Sun’s atmosphere

which are accompanied by bursts of radiation observable at radio frequencies.

It is thought that much of this radio emission is produced by electron acceler-

ation in the shock driven at the nose of the CME and/or the flank. However,

to date, much of the fundamental physics to explain such bursts of radio waves

and their association with the solar storms remains unclear. Morosan et al.

(2019) made I-LOFAR and LOFAR observations, along with white-light and

ultraviolet imaging, of the second largest flare in solar cycle 24 and its associ-

ated fast CME. A type II burst was observed in I-LOFAR’s dynamic spectrum.

Type II bursts are slowly drifting features in a radio dynamic spectrum which

are thought to be as a result of plasma emission in the CME shock (For more

on solar radio bursts see Section 2.3.2.1). Upon further examination a num-
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Figure 5.12: (a)–(c) Base difference images of the CME as observed with SUVI 195
Å. (d)–(e) Base difference images of the CME as observed with LASCO C2. (f) GOES
0.5-4 Å and 1-8 Å soft X-ray flux of the C7.7 class solar flare. (g) WIND/WAVES
RAD 1 (20–1040 kHz). (h) WIND/WAVES RAD 2 (0.5–16 MHz). (i) I-LOFAR (20–88
MHz). (j) ORFÉES (140–1000 MHz). Image Credit: Maguire et al. (2020)
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ber of small scale features called herringbones (Cairns and Robinson, 1987;

Cane and White, 1989) were noted. Herringbones are indicative of electron

beams being accelerated at the shock front, directed towards and away from

the solar surface. Morosan et al. (2019) imaged a multitude of acceleration

sites at different locations along the CME shock. These observations, includ-

ing I-LOFAR’s dynamic spectrum (Fig. 5.11(c)), supported existing theories

of non-uniform, rippled shock fronts associated with expanding CMEs in the

solar corona.

Maguire et al. (2020) used I-LOFAR dynamic spectrum observations of

a type II radio burst (Fig. 5.12(i)) to explain the evolution of shock prop-

erties. Using I-LOFAR, teamed with EUV and optical observations from

the GOES’s Solar Ultraviolet Imager (SUVI; Seaton and Darnel, 2018) and

SOHO’s Large Angle and Spectrometric Coronagraph (LASCO; Brueckner

et al., 1995), Maguire et al. (2020) applied three methods to calculate the

shock Alfvén Mach number which is related to the shock strength. These were

(1) examining shock geometry, (2) comparing CME speed to a model of the

coronal Alfvén speed and (3) investigating type II bandsplitting in the dy-

namic spectrum. This analysis proved that single station radio observations,

such as those made by I-LOFAR, are an invaluable tool to determine CME

shock properties.

Here the results of single station data have been briefly presented. The

following two chapters will focus interferometric imaging results from obser-

vations made using the core and remote LOFAR stations. This works aims to
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further the solar community’s current understanding of the quiet Sun, radio

eclipse observations, radio wave scattering at low frequencies, microflares and

coronal heating.
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6
LOFAR imaging of the solar corona

during the 2015 March 20 solar eclipse

Ryan et al., Astronomy & Astrophysics, (2021)

As discussed in Chapter 1 and Chapter 2, the solar corona is a highly-

structured plasma which emits radiation via coherent and incoherent emission

mechanisms and is observable at low frequencies. However at such low frequen-

cies (decimetric and metric wavelengths), radio waves are subject to propa-

gation effects such as scattering and refraction. They are thought to alter

radio source position, change source shape and considerably increase imaged

radio source sizes, up to several arcminutes. However, exactly how source

size relates to scattering due to turbulence is still subject to investigation.

The theoretical predictions relating source broadening to propagation effects

have not been fully confirmed by observations due to the rarity of high spatial

resolution observations of the solar corona at low frequencies.

Here, the LOw Frequency ARray (LOFAR) was used to observe the solar

corona at 120–180 MHz using baselines of up to ∼3.5 km, which corresponds to

a resolution of ∼1–2'. Observations took place during the partial solar eclipse

of 2015 March 20. Two techniques to image the quiet sun emission were

implemented and the results from each were compared. The first technique

was multi-scale, multi-frequency approach to interferometric imaging. Multi-

frequency synthesis (MFS) was employed to image this solar eclipse, as it
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helped to increase u, v coverage and improve image fidelity.

The second approach to imaging was a lunar de-occultation technique,

which was used to achieve higher spatial resolution (∼0.6') than that at-

tainable via standard interferometric imaging (∼2.4'). This high resolution

imaging technique provided a means of studying the contribution of scatter-

ing to apparent source size broadening. It was found that the de-occultation

technique revealed a more structured quiet corona that is not resolved from

standard imaging, implying scattering may be overestimated in the quiet Sun

when using standard imaging techniques. However, when the different imag-

ing techniques were applied to an active region it was found that the source

was ∼4' no matter the technique used. This can be explained by the increased

scattering of radio waves by turbulent density fluctuations in active regions,

which is more severe than in the quiet Sun.

This chapter presents MFS interferometric images of a solar eclipse ob-

served by LOFAR, which is the first such observation made at these frequen-

cies with LOFAR’s angular resolution. It examines the small-scale structure in

the quiet Sun and attempts to quantify source sizes. It then goes on to present

images made via a lunar de-occultation technique and compare these to what

is produced via standard interferometric imaging. This chapter is based on

work published in Astronomy and Astrophysics by Ryan et al. (2021).
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6.1 Introduction

Solar radio observations are an invaluable tool to better understand solar

eruptive processes and the structure of the quiet solar corona, as discussed

in Chapter 2. As radio waves travel through the corona, they are subject to

propagation effects (see Section 2.4 for more details) such as scattering off of

density inhomogeneities as well as refraction due to a changing electron den-

sity and refractive index (Erickson, 1964). This results in apparent angular

broadening of the radio sources, which is directly related to coronal density

turbulence and inhomogeneities (Hewish, 1958; Steinberg et al., 1971). The

effect of apparent angular broadening is observable at decimetric and metric

wavelengths and becomes more severe as the observed frequency approaches

the local plasma frequency. This broadening also worsens if there are in-

creasing levels of density fluctuations due to higher turbulence, for example,

near an active region (Abramenko and Yurchyshyn, 2010, 2020). Therefore,

the study of radio source size variation can provide greater insight into radio

wave propagation effects as well as the nature of density inhomogeneities in

the corona. However, to date, the exact relationship between source size and

coronal scattering remains somewhat inconclusive. This ambiguity emphasises

the importance and necessity of high spatial resolution, low frequency (10–300

MHz) radio observations of the smallest sources of compact radio emission in

the corona.

Many observational studies of the solar corona at low frequencies have mea-

sured observed source sizes. Lang and Willson (1987) and Zlobec et al. (1992)
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resolved sources of 30–40'' using the Very Large Array (VLA; Thompson et al.,

1980; Napier et al., 1983) between 328–333 MHz. A sub-arcminute structure

associated with a Type I noise storm was observed by Kerdraon (1979) at

169 MHz using the Nançay Radioheliograph (NRH; Kerdraon and Delouis,

1997) and by Mercier et al. (2006, 2015) at 236 MHz and 327 MHz using the

NRH and the Giant Meterwave Radio Telescope (GMRT; Ananthakrishnan

and Rao, 2002) in tandem. At lower frequencies, Ramesh and Sastry (2000)

observed sources of approximately 3' at 34.5 MHz using the Decameter Wave

Radio Telescope in the Gauribidanur Observatory (Sastry, 1995). However,

due to insufficient baselines lengths, none of the aforementioned studies have

imaged sub-arcsecond structure in the metric and decimetric regime, despite

X-ray and EUV imaging showing the corona to be highly structured on arc-

second and sub-arcsecond scales (Walker et al., 1988; Koutchmy, 1988; Golub

et al., 1990).

The lack of small-scale coronal structures at low frequencies is theoretically

due to the large amount of scattering experienced by radio emission in coronal

plasma. There have been numerous studies on the effects of scattering on the

broadening of source sizes (Steinberg et al., 1971), the shift in source position

(Fokker, 1965), and change in the intensity of observed radio emission (Riddle,

1974; Robinson, 1983). A number of studies have carried out comparisons of

observed source size to theoretical predictions of turbulence made with the use

of coronal scattering models (McMullin and Helfer, 1977; Melrose and Dulk,

1988; Mercier et al., 2006; Thejappa and MacDowall, 2008; Subramanian and

Cairns, 2011; Kontar et al., 2019). It has been theorised that the angular size of
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Figure 6.1: (a) 3 s of a dynamic spectrum showing finely-structured Type IIIb striae
between 32–36 MHz. The striae have frequency widths of 0.1–0.3 MHz. (b) LOFAR
image (32.5 MHz) of the fine structure components of the burst overplot onto SDO/AIA
171Å image. The pink ellipse is the fundamental emission and the blue ellipse is the
harmonic. Image Credit: adapted from Kontar et al. (2017)

sources in solar radio observations is limited to arcminute scales due to coronal

scattering (Bastian, 1992, 1994). Kontar et al. (2017) showed scattering to be

quite severe at low frequencies, using tied-array imaging to show that a 0.1'

radio source, observed at 32 MHz, can be broadened to∼20' by scattering alone

(illustrated in Fig. 6.1). However, the large size of the observed source may be

due (in part) to the tied-array technique (LOFAR observing modes discussed

in Section 4.4) rather than inherent source size (Murphy et al., 2021b).

Recently, the increasing need for improved resolution and sensitivity at low

radio frequencies has encouraged the use of larger arrays spread across several

hundreds of kilometres, such as LOFAR (see Chapter 4) and on a smaller scale

MWA. These arrays are now providing regular imaging of both the quiet and

active Sun (Breitling et al., 2015; McCauley et al., 2017; Vocks et al., 2018;

Zhang et al., 2020). The large baselines help in increasing the resolution of
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Figure 6.2: Curved lines showing the orientation of the lunar limb at various times
as seen from Owens Valley Radio Observatory (OVRO). The underlying image is a 4.9
GHz map from the Very Large Array (VLA). The lunar limb can be seen to cross the
active region from ∼16:15–16:27 UT. Image Credit: Gary and Hurford (1987)

these instruments, allowing them to provide radio observations in the metric

range with which we can probe the small-scale coronal structures. As well as

this, Very Long Baseline Interferometry (VLBI) observations have been used

to achieve sub-arcsecond resolution in the microwave regime (Tapping et al.,

1983; Benz et al., 1996). However, in the absence of longer baselines or indeed

VLBI observations, radio solar eclipse observations can be exploited to achieve
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superior angular resolution. These high resolution observations can then be

used to measure source sizes and further constrain the extent of scattering ef-

fects. This technique has been used with microwave observations, for example,

Marsh et al. (1980) and Gary and Hurford (1987), where the motion of the lu-

nar disc across the Sun provided the ability to resolve source sizes smaller than

that possible using standard interferometry. A figure from Gary and Hurford

(1987) showing the orientation of the lunar limb as it transitted across the Sun

as seen by the VLA at 4.9 GHz is shown in Fig. 6.2. This motivates a similar

type of study in the metric range, where scattering is considered to be more

prominent.

In the next section, interferometric LOFAR observations of a solar eclipse

on 2015 March 20 are presented. This is the first LOFAR observation of a

solar eclipse, which granted a unique opportunity to probe coronal source sizes

via the lunar de-occultation technique. Section 6.2 gives context to the solar

activity at the time of the observation and introduces the LOFAR telescope,

providing a description of the instrument’s specifications. Following on, an

overview of the observing campaign is given. Section 6.3 details the methods

used for imaging and source size determination. Section 6.4 focuses on the

results of this work. Lastly, Section 6.5 provides an analysis of the results in

the context of previous observations.
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Figure 6.3: Multi-wavelength images for 2015 March 20 with NOAA active regions
labelled. (a) SDO/HMI magnetogram. (b) SDO/HMI 6173 Å image. (c) Hinode/XRT
image. (d) SDO/AIA 171 Å image. (e) SDO/AIA 193 Å image. (f) SDO/AIA 211 Å
image.

6.2 Observation

On 2015 March 20 between 08:32 and 10:50 UT a partial solar eclipse (80%

totality) was observed as part of a 5-hour LOFAR observing campaign that

was carried out between 07:20 and 12:00 UT. During the observation, there

were a number of active regions (NOAA 12297, 12299, 12302, 12303, 12304)

visible on the solar disc. These are shown, as seen in different layers of the

solar atmosphere, in Fig. 6.3 where the Sun is imaged in different wave-

lengths. The strength and location of the magnetic field on disc is shown

in a SDO/Helioseismic and Magnetic Imager (HMI; Scherrer et al. (2012))
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Figure 6.4: (a) GOES data for the 2015 March 20. The blue vertical line shows
the time of the C-class flare. The orange line is at 03:24, corresponding to the time
of the CME shown in (b) . The grey shaded region outlines the time over which the
LOFAR observation takes place (07:20 - 12:00 UT). (b) LASCO C2 image of the CME
the morning before the solar eclipse at 03:24 UT, 2015 March 20.

magnetogram in Fig. 6.3(a). The lowest layer of the solar atmosphere, the

photosphere, is shown in a SDO/HMI 6173 Å image in Fig. 6.3(b). The outer-

most layer of the solar atmosphere, the corona, is shown in a Hinode/X-Ray

Telescope (Hinode; Kosugi et al. (2007), XRT; Golub et al. (2008)) image in

Fig. 6.3(c). Lastly, different layers of the solar corona in 171 Å, 193 Å and

211Å SDO/AIA images are shown in Fig. 6.3(d), (e) and (f) respectively.

There were also a number of C-class flares (medium-sized flares) prior to

the eclipse, most notably a C7.9 as seen in Fig. 6.4(a) which peaked at 00:58

UT. This was accompanied by a partial halo CME (Fig. 6.4(b)) which was

first observed in SOHO/LASCO’s C2 field of view at 01:05 UT.

In this study, the HBAs from 23 of LOFAR’s core stations were used, pro-

viding a maximum baseline of ∼3.5 km, which is shown in Fig. 6.5(a). Raw

visibility data were produced using LOFAR’s interferometric mode (observing
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Figure 6.5: (a) Position of the core stations used in the observation of the solar eclipse
of 2015 March 20. A zoom-in is included of the superterp which is the most central
part of LOFAR’s core.(b) Angular resolution achievable with the frequency range of
the observation and the maximum baseline shown in (a).

modes discussed in Section 4.4) for 253 baselines, providing a temporal reso-

lution of 1 s and spectral resolution of 12.207 kHz (Van Haarlem et al., 2013).

Observations were taken for a number of subbands, every 10 MHz between

120 MHz and 180 MHz, and integrated over 5.5 seconds in order to increase

signal-to-noise. The angular resolution of the 23 station array ranges from 2.0'

at 120 MHz and 1.2' at 180 MHz (Fig. 6.5(b)). In the following analysis, the

data from the core stations were used to produce interferometric maps and

carry out the lunar de-occultation technique.

6.3 Data Analysis

In this section the interferometric imaging and lunar de-occultation techniques

will be explained in detail.
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6.3.1 Interferometric imaging

This analysis was divided up into two distinct parts, namely the interferometric

imaging of the solar eclipse and the implementation of the lunar de-occultation

technique. This section is dedicated to the interferometric imaging.

Averaging, Flagging & Calibration with DPPP

Firstly, the raw interferometric data from LOFAR’s LTA was transferred to

CEP, LOFAR’s central processing unit. The data was in the form of measure-

ment sets which are a series of directories containing tables of metadata as

well as u, v visibilities. Raw measurement sets are extremely large (10s of ter-

abytes) and therefore very difficult to work with. For this reason, the Default

Pre-Processing Pipeline (DPPP; van Diepen and Dijkema, 2018) was used to

average the data over 2.5 seconds and apply weights to the visibilities using

autocorrelations to account for the array configuration. DPPP is also capable

of performing flagging for radio frequency interference (RFI). This was not ap-

plied as automated RFI flaggers are susceptible to flagging solar radio bursts

and sometimes quiet solar emission. Instead, the data were manually inspected

and flagged for RFI and malfunctioning antennas. A bandpass calibration was

applied using static calibration tables generated from a 20 minute observation

of Cygnus A prior to the eclipse. This calibration removes the possibility that

any change in intensity observed is due to ionospheric disturbances. (Ideally,

an observation of the calibrator before and after or intermittently during an

observation to ensure atmospheric conditions have not changed is preferable
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Figure 6.6: u, v coverage for the multi-frequency band 140–160 MHz. Each of the
coloured points on the u, v plane correspond to a different frequency observed for a given
baseline. A series of red rings illustrate an example of the baselines which contribute
to achieving a particular angular resolution for 140 MHz, i.e. the longer baselines are
responsible for resolving the smaller structure.

and hence this observation could not be used for complex gain calibration.)

In order to increase signal-to-noise and image fidelity, longer exposure aper-

ture synthesis is often used when performing interferometric imaging (Fig. 3.5).

However, as this was an eclipse observation, with the Moon transiting the Sun
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resulting in a constantly varying source, aperture synthesis was deemed un-

suitable. Snapshot imaging was used instead and in order to increase the

u, v coverage, multi-frequency synthesis (MFS) was implemented (McCready

et al., 1947; Conway et al., 1990; Sault and Conway, 1999). As discussed in

Section 3.5.3, MFS is a useful technique to increase u, v coverage without the

inclusion of additional baselines. Fig. 6.6 demonstrates that for a particular

baseline it is possible to have many u, v points corresponding to different fre-

quencies. For this work a frequency range of 120–180 MHz was divided into

three separate multi-frequency (MF) bands; 120–140 MHz, 140–160 MHz, and

160–180 MHz. Each band has a width of 20 MHz as the spectral brightness of

the radio non-flaring Sun is known not to vary greatly over this range at these

frequencies.

CLEANing with CASA

To perform MFS, the visibilities at several frequencies were concatenated into

a MF band. Then a number of iterations of self-calibration (see Section 3.5.4)

were applied using a multiscale, multi-frequency synthesis (MS-MFS) CLEAN1

(McMullin et al., 2007; Rau and Cornwell, 2011). A number of CLEAN pa-

rameters (such as weighting schemes, gain, threshold/number of CLEAN it-

erations, masking, small-scale bias) were investigated in order to produce a

CLEAN map with the highest fidelity possible. A series of MF CLEAN maps

were produced every 10 minutes for the duration of the observation, an example

of which can be seen in Fig. 6.7. The weighting scheme chosen here can have a

1Common Astronomy Software Applications (CASA; McMullin et al., 2007) was used
to carrying out the CLEANing.
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Figure 6.7: LOFAR multi-frequency maps at ingress, maximum phase, and egress of
the partial solar eclipse on 2015 March 20. Time increases from left to right, whereby
the first column is 08:45 UT, the second column is 09:45 UT, and the third column is
10:45 UT. Frequency increases from top to bottom of the grid. The top row is the 120–
140 MHz multi-frequency band, the middle row is the 140–160 MHz multi-frequency
band, and the bottom row is the 160–180 MHz multi-frequency-band. In each image,
the solid white circle is the visible solar limb and the pink dashed outline is the lunar
limb. The white ellipse in the bottom left corner of each image is representative of the
beamsize.

huge impact on the resulting source size achieved via the image reconstruction,

as demonstrated by Murphy et al. (2021b). For this reason, each weighting

scheme (as well as the Briggs robustness factor) was carefully tested in order to
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achieve the best compromise between angular resolution (uniform weighting)

and sensitivity (natural weighting). The optimum weighting scheme, which

was then used for subsequent processing, was found to be Briggs -1 weighting.

From here on, imaging carried out as described above shall be referred

to as standard interferometric imaging or STIM. These maps were plot in a

helioprojective coordinate system. Each row is a different MF band, increasing

in frequency from top to bottom. The first column is at 08:45 UT, the second

column at 09:45 UT, and the third column at 10:45 UT. These CLEAN maps

show clearly the passage of the Moon (pink dashed circle) across the Sun as

the eclipse transitions through ingress, maximum phase (80 %), and egress.

Certain features are more apparent in the different MF maps as is shown

in Fig. 6.7. The structure in the lower frequency band images appeared more

diffuse, most likely due to the decreased angular resolution at these frequencies.

This is evident when comparing Fig. 6.7(c), (f), and (i) where the features

appear extended in the lower frequency bands in comparison to the compact

features seen in the higher frequency bands. The unique set-up of a solar

eclipse allows for the implementation of the lunar de-occultation technique

which can provide better spatial resolution than what is achieved via standard

interferometric imaging (STIM) as in Fig. 6.7.

6.3.2 Lunar de-occultation

Lunar de-occultation is a unique method that exploits imaging observations

of a solar eclipse. Over time, as the moon reveals the solar surface, the in-

tensity in the maps changes as coronal structure is revealed. The change in
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intensity over time can be related to intensity variation in space. In prac-

tice, this was carried out by subtracting data from consecutive timestamps

during the egress of the eclipse and summing the differenced data together

(summarised in Fig. 6.12). In the following sections we explore two differ-

ent approaches to lunar de-occultation; namely image-differencing (IMD) and

visibility-differencing (VISD). However, for this method to work, it must be

assumed that all changes in intensity are due to the de-occultation of coronal

sources.

6.3.2.1 The search for solar activity

To ensure that all variation in intensity were due to the revelation of coronal

sources, various signs of solar activity during the de-ocultation period were

investigated. Firstly, GOES X-ray lightcurves (as in Fig. 6.4) and several

radio dynamic spectra were examined. The spectra from the Nancay Deca-

metric Array (NDA; Lecacheux, 2000) and Observations Radio pour Fedome

et l’Etude des Eruptions Solaires (ORFEES; Hamini et al., 2021) for 2015

March 20 is shown in Fig. 6.8. A blue box outlined the time range over which

the de-occultation technique was carried out, i.e. from maximum phase (09:40

UT) to the time of last contact (10:51 UT). From these spectra it is clear that

there was no notable solar activity during the Moon’s egress. However, these

dynamic spectra straddle the frequency range of the LOFAR eclipse obser-

vation (120-180 MHz). As there was no beamformed observations taken by

LOFAR at the time of the eclipse, a “pseudo” dynamic spectrum was made

using the interferometric data instead. Fig. 6.9 is a dynamic spectrum for the
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Figure 6.8: Dynamic spectra from the NDA and ORFEES radio-spectrograph for
2015 March 20 from 08:00–15:00 UT. The blue box outlines the time from maximum
phase (09:40 UT) to the time of last contact (10:51 UT).

time range 07:21–12:00 UT and frequency range 115–185 MHz. It was made

by cross-correlating the visibility data from two of the core stations, CS002

and CS006. These two stations are ∼140 m apart which corresponds to the

angular diameter of the Sun at the highest frequency, 185 MHz. The inten-

sity units here are arbitrary as the spectrum is not calibrated. The darkened

area between 09:30–10:12 UT corresponds to the eclipse. Using this dynamic

spectrum, any timesteps that were found to be associated with small bursts

were flagged and removed. In addition, Fig. 6.9 shows that the 120–140 MHz

band was very noisy with significant RFI. The 160–180 MHz band too exhib-
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Figure 6.9: Dynamic spectrum made by correlating the interferometric data from two
core stations for 2015 March 20. The orange box outlines the time and frequency range
used in the de-occultation technique.

ited strong RFI at 169 MHz and corrupted subbands at 178 MHz and 181

MHz. Consequently, the 140–160 MHz MF band was chosen for the lunar de-

occultation analysis as it was the band with the least radio RFI. The orange

box in Fig. 6.9 outlines the time and frequency range used in the de-occultation

technique. An example of a CLEAN 140–160 MHz map is shown in Fig. 6.10.

The contours of the solar radio emission were overlaid onto an SDO/AIA image

from 11:05 UT. The LOFAR contours where shown to interweave between the
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Figure 6.10: LOFAR contours 50–95 % (blue to red) of the peak intensity on top
of a SDO/AIA 193 Å image. The contours are from a multi-frequency LOFAR map
(140–160 MHz) and the 193 Å EUV image is from 11:05 UT, 2015 March 20.

coronal holes and small bright regions on the Sun as seen in the 193 Å EUV

image. The brightest source of radio emission observed, was situated close

to the north-eastern limb, and was associated with the active region NOAA

12303.
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Figure 6.11: Image normalisation procedure to account for instrumental effects. (a)–
(c) The top row of images are the CLEAN maps for three different timesteps; 10:00
UT, 10:27 UT, 10:55 UT. There are four different coloured boxes on each map. (d) The
bottom row is a plot of the average intensity in each box over time.

6.3.2.2 Image normalisation

The previous section established that there was no solar activity during the

eclipse egress. However, to ensure that all changes in intensity were due to the

de-occultation of solar coronal structure, any instrumental effects not removed

by the calibration had to be taken account of by normalising the maps.

Image normalisation was done by dividing the entire CLEAN map by the

average intensity in a quiet Sun region for each timestep. A suitable quiet

Sun region was chosen based on two criteria. Firstly, the CLEAN maps were

compared to EUV images, such as in Fig. 6.10, to make sure that the quiet Sun

region was not associated with any NOAA active regions. This was important

so that when the intensity over the small quiet Sun area was averaged it could
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be assumed that it should remain constant over time. The second criterion

was that the quiet Sun region remained visible at all times during the eclipse

egress. Four potential quiet Sun regions are shown in Fig. 6.11 (pink, red,

orange, green boxes). By plotting the mean intensity in each box (Fig. 6.11(d))

over time, it is clear that each region exhibits similar intensity variations. This

is indicative of an instrumental effect which has not been eliminated during

calibration. The orange box was taken as the most represenatitve of the quiet

Sun as it is within both the visible and radio solar limb and it is not associated

with any of the NOAA active regions in Fig. 6.3. To normalise each image

relative to the orange box, each pixel was first divide by the standard deviation

of that pixel over time. At this point each pixel was divided by the average

intensity in the orange box. Any small variations left in the lightcurves acted

as a lower limit for the observed intensity variations when using the lunar

de-occultation technique in the following sections.

6.3.2.3 Method: Image-differencing (IMD)

As aforementioned, the lunar de-occultation technique is implemented via the

subtraction of data from consecutive timesteps as the Moon transits across

the Sun (Fig. 6.12(a)), followed by the summation of the differenced data

(Fig. 6.12(b)). Two different approaches are discussed below; image-differencing

(IMD) and visibility-differencing (VISD).

The resulting map after one step of the image-differencing (IMD) method is

shown in Fig. 6.13(a). The IMD method involved firstly performing the inverse

Fourier transform of visibility data to make a series of dirty maps with 1 minute
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Figure 6.12: Cartoon describing the lunar de-occultation technique. (a) Shows how
the differencing of the visibility data was carried out. (b) Shows how the crescent shaped
portions were summed together to make a higher spatial resolution interferometric
image.

cadence. These dirty maps were then CLEANed and self-calibrated using a

MS-MSF CLEAN, as described above. The pixel values in each CLEAN map

were subtracted from the pixel values of the following map (Fig. 6.12(a)), that

is, Imt+1(l,m) - Imt(l,m). Hereafter Im(l,m) is written as Im. An example

of a resulting differenced map, Imdiff , when two CLEAN maps 1 minute apart

were differenced is shown in Fig. 6.13(a). Imdiff is a crescent-shaped portion

of the solar corona. It is effectively an annular aperture which can be used to

probe the coronal structure revealed in the time interval between Imt+1 and

Imt.
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Figure 6.13: Demonstration of two different approaches to the lunar de-occultation
technique. (a) contains the results from differencing two CLEAN maps via the image-
differencing (IMD) method, i.e. Imdiff . (b) is the output when the visibility data are
differenced first before CLEANing, as per the visibility-differencing (VISD) method,
i.e. F−1{Vdiff}. In both (a) and (b), the differenced data are 1 minute apart. The
solid white circle is the visible solar limb and the dashed pink circle is the visible lunar
limb.

6.3.2.4 Method: Visibility-differencing (VISD)

The resulting map after one step of the second approach, the visibility-differencing

(VISD) method, is shown in Fig. 6.13(b). With the VISD method, the raw

visibility data were used instead. Consecutive visibility data were subtracted

from each other (Fig. 6.12(a)), that is, Vt+1(u, v) - Vt(u, v). Hereafter V (u, v)

is written as V . The inverse Fourier transform was then taken of differenced

visibility data, Vdiff , to produce a dirty map. The dirty maps were CLEANed

and self-calibrated as mentioned previously, to produce Imdiff . An example

of the CLEANed crescent-shaped annulus produced via VISD can be seen in

Fig. 6.13(b) whereby visibility data 1 minute apart were differenced.
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The last step taken in both the IMD and VISD methods was to produce

a map comparable to an image made via standard interferometric imaging

(STIM) at 10:59 UT. As described by Gary and Hurford (1987), the Point

Spread Function (PSF) is modified when using this de-occultation technique.

In 1 minute the ‘knife-edge’ lunar limb profile has moved by 0.6'. This is

convolved with the instrument beam producing a ramp-like profile. When two

of these ramps are differenced it results in a triangular-shaped profile. This

causes the emission extending beyond the dashed pink circle in Fig. 6.13(a).

The convolution of the instrument beam and the triangular window results

in a broader Gaussian beam with a lower amplitude than the synthesised

beam. This was taken into account by dividing each Imdiff CLEAN map by

a correction factor of 0.1, calculated using Equation 1 of Gary and Hurford

(1987).

After this correction was applied, the differenced maps were summed to-

gether (Fig. 6.12(b)), that is, ΣImdiff [t]. Fig. 6.14 is a comparison of a map

made using STIM and maps made using the IMD and VISD methods. It is

clear from Fig. 6.14(b) and (c) that finer structure in the quiet Sun is revealed

when using the lunar de-occultation technique. This observation of smaller

sources in the corona implies that the effects of scattering are not as severe

as it might be concluded from Fig. 6.14(a), where radio sources appear larger

and broader. In order to quantify the obtained improved resolution, 1D inten-

sity profiles were taken across the brightest emission (corresponding with the

active region NOAA 12303) and the quiet Sun in each map.
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Figure 6.14: Three LOFAR maps produced using three different methods. (a) A
CLEAN map made via standard interferometric imaging (STIM) at 10:59 UT. (b) A
map made by summing the Imdiff produced by differencing consecutive CLEAN maps,
1 minute apart (IMD). (c) A map made by summing the Imdiff , made by differencing
consecutive visibility data, 1 minute apart (VISD). Each map is normalised and the
contours are 50–95 % the max intensity. The solid white circle is the visible solar limb.
The white crescent is the area not de-occulted by the moon.

6.3.3 Source size determination

In order to directly compare the maps shown in Fig. 6.14, their intensities were

first normalised. One of the brighter sources in all three maps is associated

with the active region NOAA 12303. A horizontal slice was taken across the

bright emission in each map, depicted by a cyan, orange or purple dashed

line in Fig. 6.14(a)–(c). Another vertical slice was taken across a region of

quiet Sun in each map, represented my the dotted-dashed coloured lines in

Fig. 6.14(a)–(c). The width of the highest peak in each intensity profile was

measured at 80% the maxiumum intensity, the results of which are detailed in

Table 6.1.

Though it is apparent from Fig. 6.14 that the resolution achieved via the

two de-occultation methods is superior, comparing the source sizes in each of

the three maps was a difficult and tedious task. Efforts were made to fit the
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STIM IMD VISD
θ 2.4±0.6 0.6±0.1 0.6±0.1
AR width 4.0±0.6 4.1±0.1 4.3±0.1
QS width 13.0±0.6 9.6±0.1 7.6±0.1

Table 6.1: Width of sources at 80 % maximum intensity in the maps produced via the
three imaging techniques; standard interferometric imaging (STIM), image-differencing
(IMD), and visibility differencing (VISD). The beamwidth (θ) for STIM is given in the
direction of the minor axis.

sources with 1-D and 2-D Gaussians. However, it is clear that the sources

(especially those in the QS) are not well approximated by simple Gaussians.

For this reason, it was deemed more appropriate to take a series of cross-

sections in the north-south and east-west directions. To compare like with like

the width of each cross-section was taken at 80% of the maximum intensity.

However, it should be noted that the values quoted in Table 6.1 are of course

somewhat dependent on the location of the cross-section and have been chosen

to best describe the increase in resolution evident in Fig. 6.14.

6.4 Results

6.4.1 Comparison of imaging techniques

From Fig. 6.14, it is apparent that the maps from both de-occultation tech-

niques display more detail than those when using STIM. 1D slices were taken

across the radio emission associated with active region NOAA 12303 (AR pro-

file) and a region of quiet Sun (QS profile) in each of the STIM, IMD, and

VISD maps. The intensity profiles in Fig. 6.15 correspond to the same coloured

lines in Fig. 6.14. The width of the tallest peaks in each intensity profile can
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Figure 6.15: Plot of the intensity slices across the bright active region (AR) emission
corresponding to NOAA 12303 (- -) and the quiet Sun (QS) emission (-.). The profile
colours correspond to the horizontal and vertical, coloured, dashed lines in Fig. 6.14(a)–
(c). The widths have been determined for the tallest peak, in each profile, as is labelled
above.

be seen in Fig. 6.15 and is also detailed in Table 6.1. The error in the width for

the STIM map was taken to be 1/4 of the beamsize at this frequency (0.6').

The error in the widths for both the IMD and VISD maps was calculated as

1/4 of the crescent aperture de-occulted in 1 minute (0.1').

From Table 6.1, the peak in the AR profile was found to be 4.3±0.6' in

the VISD map, 4.1±0.1' in the IMD map, and 4.0±0.1' in the STIM map.

These are all within error of each other and therefore no improved resolution

was achieved in the AR. However, it is clear from Fig. 6.14 that the contours
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around the AR in both the VISD and IMD maps suggest a more complex

morphology that is not resolved by the STIM map.

In addition, from examination of Fig. 6.14(a)–(c), it is evident that there is

also finer structure resolved in the QS by the lunar de-occultation techniques.

The contours marked by white arrows in Fig. 6.14(c) provide tentative evi-

dence of a structure as small as 2–3' that is not resolved by the STIM map of

Fig. 6.14(a). In addition, the VISD profile in Fig. 6.15(b) appears to reveal a

double-peaked feature more clearly instead of the single-peaked feature of the

STIM and IMD profiles. The width of the QS source was found to be 7.6±0.1'

in the VISD map, as shown in Table 6.1. This is 1.4 times smaller than that

of the IMD profile (9.6±0.1') and 1.7 times smaller than that of the STIM

profile (13.0±0.6'). This implies that this QS source size is overestimated by

40–70 % when using the IMD lunar de-occultation technique or STIM. This

has implications for determining the effects of scattering, that is, if QS source

sizes from STIM or IMD were used to determine the level of scattering, the

effect would be overestimated. The following section seeks to quantify this

overestimation.

6.5 Discussion

Theoretically, the IMD and VISD methods offer an angular resolution that is

a factor of ∼4 times better than that of the STIM method. In this study, the

VISD and IMD methods reveal a QS source to be ∼7.6' and 9.6' in the north-

south direction, which are 1.7 and 1.4 times smaller than the sources revealed
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by the STIM method. As discussed in Section 6.4, finer structure is evident

in both the IMD and VISD maps of the quiet Sun. However, though smaller

scales are found in the QS source, all three methods yield similar results for the

AR source, which was found to be ∼4'. This difference may be a consequence

of radio wave scattering being more significant in the active region. That is,

the plasma in and above that AR is expected to have more density fluctuations

than the QS due to higher levels of turbulence (Abramenko and Yurchyshyn,

2010, 2020). Increased levels of turbulence results in more scattering and larger

source sizes.

Both Fig. 6.14(b) and (c) reveal structure that is not obvious in Fig. 6.14(a)

around both the AR and QS sources. The resolution of smaller structure

is due to the data differencing implemented during the lunar de-occultation

procedure. Differencing consecutive visibilities or maps results in the removal

of the background as well as enhanced spatial resolution. In this case the

background is in fact the QS emission. By removing it, one reveals the small-

scale structure normally embedded in the QS background. Using a similar

approach, Marsh et al. (1980) were able to resolve source sizes of 9-25'' at 4.9

GHz. Here, the smallest source size resolved using IMD and VISD was the

AR, measuring 4.1±0.1' and 4.3±0.1' as well as tentative evidence of features

as small as 2–3'.

The difference in resolution achieved by the two lunar de-occultation ap-

proaches (IMD and VISD) can be attributed to the fact that the deconvolution

performed by the CLEAN algorithm is a nonlinear process. Therefore, in the

case of IMD, when differencing two CLEAN maps you are not guaranteed to
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remove the effect of the beam as the non linear process is different each time.

Artefacts can therefore be introduced via the IMD method for each image in

the series and these can interfere constructively or destructively when differ-

enced. On the other hand, by differencing the visibilities first and then making

a CLEAN map, the introduction of artefacts via the imaging procedure occurs

only once, namely at the final step in making Imdiff .

The overestimation of source sizes by STIM in the QS corona has implica-

tions for our approximation of the effects of scattering as these two properties

are intrinsically related. Using equations (3), (6), and (7) from Steinberg

et al. (1971) and equation (8) from Chrysaphi et al. (2018) angular broad-

ening, d〈θ2〉/dr, can be related to the level of turbulence caused by coronal

density inhomogeneities, δn2/n2.

d〈θ2〉
dr

=

√
π

2h

f 4
pe(r)

(f 2 − f 2
pe(r))

2

〈δn2〉
n2

(6.1)

where h is the correlation scale for the inhomogeneities in the corona, fpe is

the plasma frequency, and f the frequency of the observed emission. Equation

1 shows angular broadening is proportional to the relative level of density

fluctuation. Therefore, by taking the ratio of angular broadening in the QS

between VISD and STIM, scattering is overestimated by a factor of 70 %.

Similarly, IMD would yield an overestimation in the effects of scattering in the

QS by a factor of 40 %. This suggests a possible over-estimation of the effects

of radio scattering in the corona in previous studies (Kontar et al., 2017).
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6.6 Conclusions

Due to propagation effects such as refraction and scattering, it is accepted that

observed sources in the solar corona may undergo changes in shape, position,

and indeed size. Presently, the actual extent of coronal scattering is still not

fully understood. This work has highlighted the possible issues associated

with using observed source size in radio imaging to constrain the effects of

scattering.

The ambiguity surrounding the effects of scattering has been abetted by, up

until now, the rarity of high spatial resolution imaging of the Sun. Therefore,

it was impossible to understand if the lack of observations of the sub-arcminute

source sizes is due to scattering effects or, due to insufficient resolution of the

observations.

Here the first LOFAR observation of a solar eclipse was presented. This

rare observation has provided a unique opportunity to probe coronal source

sizes and push interferometric imaging beyond its limit when longer baseline

observations were not available. It enabled the use of a special technique,

namely lunar de-occultation, to achieve higher spatial resolution than that

attainable via standard interferometric imaging. Using the VISD lunar de-

occultation technique source sizes as small as a few arcminutes were resolved.

This agrees with previous studies that claim the effects of scattering at low

frequencies prevent sub-arcminute structure being observed regardless of the

angular resolution of the instrument (Bastian, 1994).

Due to increased turbulence around the AR (Abramenko and Yurchyshyn,
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2010, 2020) the effects of scattering were deemed so severe that, regardless of

the imaging technique, no better resolution was achieved. However, the lunar

de-occultation techniques provided better resolution than standard interfero-

metric imaging of the QS corona. Similar results were found at microwave

frequencies by Marsh et al. (1980) and Gary and Hurford (1987). A difference

in results depending on which approach was taken when performing the lunar

de-occultation technique was noted. The smallest source sizes were found in

the maps made via the VISD method. An over-estimation of QS source sizes by

a factor of 1.4–1.7 when using IMD or STIM was demonstrated, highlighting

the implications for estimation of the effects of coronal scattering. As angu-

lar broadening and coronal turbulence are directly proportional, QS sources

measured in maps from IMD or STIM maps would yield an over-estimation of

scattering of 40–70 %.

This work endorses the future use of longer baseline solar imaging, to push

the limits of high spatial resolution interferometers in order to more accurately

quantify the effects of scattering. Though solar eclipses are infrequent events,

the addition of a number of low-frequency radio interferometers around the

world (such as the MWA) increases our chance of performing similar analysis at

even lower frequencies where the effects of radio wave propagation are known

to be even more severe. In addition, ERS, while not applicable during the

eclipse, could be performed prior to or after a solar eclipse event to act as a

comparison for angular resolution achieved via lunar de-occultation techniques.
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7
LOFAR imaging of polar type III burst

associated with a coronal bright point

Ryan et al., Solar Physics (in prep.)

The solar corona is a highly-dynamic plasma, which can reach temperatures

of more than ∼2 MK. The Sun goes through cycles of high and low activity

dictated by the evolution of its magnetic fields. However, a solar feature that

is omnipresent in both periods of solar activity and inactivity is coronal bright

points (CBPs). CBPs, effectively small-scale active regions, are characterised

by a series of small-scale coronal loops (20–30'') that confine plasma until it is

heated to millions of degrees. This heating can lead to rare CBP-related mi-

croflares that can be observed across the multiple wavelengths. CBPs remain

a growing area of solar physics research as CBP microflares may be (partially)

responsible for coronal heating.

In this chapter, the LOw Frequency ARray (LOFAR) was used to observe

the quiet solar corona at 30–80 MHz using baselines of up to ∼41 km on 2019

March 30. Multi-frequency synthesis (MFS) was performed for two 20 MHz

multi-frequency bands to maximise sensitivity and improve image fidelity at

these low frequencies. In addition, a novel imaging technique making use of

the standard deviation of pixel brightness over time was developed in order to

image an extremely faint type III radio burst that was 0.2 times brighter than

the quiet Sun. Using images produced from this technique, the kinematics of
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the burst were determined and revealed that the type III originated from a

CBP located in a polar coronal hole (CH).

This chapter details the first LOFAR observations of a type III originating

from a polar region on the Sun. Furthermore, this was the first time that this

standard deviation imaging technique has been used to image a solar radio

burst and revealed the faintest burst observed by LOFAR to date. These are

the first LOFAR observations of a burst related to a microflare associated with

a CBP. This chapter presents promising results that could be repeated in the

hunt for even fainter bursts related to CBP microflares that may be ubiquitous

throughout the solar corona. Such findings would have major consequences for

research into coronal heating. This chapter is based on work in preparation to

be published in the Solar Physics journal.

7.1 Introduction

The Sun is a highly dynamic, active star that can produce a variety of large-

scale, energetic events such as coronal mass ejections (CMEs), solar flares,

erupting prominences and jets (Klein et al., 1999; Dauphin et al., 2006; Mo-

rosan et al., 2019; Maguire et al., 2020). Such explosive events can result in

energy releases of on average ∼ 1030 ergs s-1. On the other end of the energy

spectrum is a phenomenon called coronal bright point (CBP) flaring or mi-

croflares which has an associated energy release of ∼ 1024ergs s-1 (Habbal and

Withbroe, 1981). CBPs are a class of solar activity, characterised by a series of

small-scale coronal loops with enhanced emission in the EUV and X-ray parts
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Figure 7.1: Multi-wavelength images from 2021 December 19. (a) Hinode/XRT image
at 05:41 UT. (b) Zoom-in of (a) with arrow pointing towards X-ray bright point (XBP).
(c) SDO/AIA 193 Å image at 04:25 UT. (d) Zoom-in of (c) with arrow pointing towards
coronal bright point (CBP). (e) HMI magnetogram from 06:58 UT. (f) Zoom-in of
(e) with arrow pointing towards white circle around the magnetic footpoints of the
XBP/CBP.
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of the electromagnetic spectrum (Madjarska, 2019). An example of a CBP

from 2021 December 19 as seen in X-ray and EUV is shown in Fig. 7.1(a)–(d).

They have short lifetimes (less than a day) and have a diameter of 20–30'',

with a bright core of 5–10'' that is surrounded by diffuse emission (Golub et al.,

1974). Just like their larger counterparts, active regions, CBP connect regions

of opposite magnetic polarity, which is demonstrated in the HMI magnetogram

of Fig. 7.1(e) and zoom-in provided in (f). CBP magnetic loops confine plasma

that is heated up to millions of degrees Kelvin. CBPs are ubiquitous through-

out the solar corona and can be observed in the quiet Sun (QS), near active

regions (ARs) or indeed coronal holes (CHs) (Madjarska, 2019). Due to their

prevalence in the corona and their likely role in coronal heating, CBPs have

been a topic of intensive research since their discovery in 1969 (Vaiana et al.,

1973; Vaiana et al., 1973). Despite the numerous theoretical and observational

studies that have been carried out over the last five decades, a range of ques-

tions remain including, most crucially, understanding the mechanism behind

heating these small-scale loops to coronal temperatures.

Solar radio observations are an invaluable tool to better understand the

structure and dynamics of the seemingly ‘quiet’ solar corona and its CBPs.

The first radio observations associated with CBPs were by Zirin et al. (1978)

and Janssen et al. (1979) at 0.8 to 11 cm, who noted interferometric signals

varying on time-scales of 5–30 minutes (similar timescales to CBPs). However,

at the time, it was not fully understood that these temporal variations were

in fact coronal in origin. This was confirmed by the eclipse observation of

Marsh et al. (1980) (6 cm with the VLA) that measured sources of 9–25'' and
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Figure 7.2: Figure from Marsh et al. (1980) showing no correspondence between CBP
observed at microwave frequencies and the chromospheric network as observed in h-
alpha. (a) VLA 4.9 GHz map of part of the crescent-shaped section of the microwave
Sun made using a de-occultation technique. (b) H-alpha image of the region mapped by
VLA. The crosses mark three possible locations for six microwave sources detected in
(a). These images show that there is no one-to-one correspondence between microwave
sources and bright Ha features. Image Credit: adapted from Marsh et al. (1980)
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found they were unrelated to the chromospheric network observed in H-alpha

maps, as can be seen in Fig. 7.2. Prior, Hachenberg et al. (1978) had observed

radio CBPs at 8.5 mm and was able to confirm that their lifetimes were in

the order of hours and they experienced brightness temperature variations over

minutes/seconds, similar to CBPs as seen in EUV and X-ray. These brightness

temperature variations were thought to be due to pressure fluctuations as a

result of plasma flows along field lines, or indeed caused by changes of the

magnetic topology at transition region heights (Habbal et al., 1986). Radio

observations made by Habbal et al. (1986) at 20 cm using the VLA were

used to determine the magnetic field strength of CBPs from the brightness

temperature of the extraordinary and the ordinary wave modes. It was found

to be between 50–200 G, which was the first and only time this measurement

was made. Radio sources associated with CBPs are thought to be produced

by optically thin free-free bremsstrahlung emission, which was confirmed by

observations made by Kundu et al. (1988) at 6cm and 20cm with the VLA.

Radio emission associated with CBPs is also known to have a non-thermal

component. The main advantage of using radio observations is that the obser-

vational signatures of these non thermal-emissions are intrinsically very bright.

This means that radio observations are able to probe much weaker energetics

than possible with the current generation of EUV and X-ray instrumentation

(Mondal et al., 2020). Particles can be accelerated to non-thermal velocities by

large energy release events, such as magnetic reconnection, where by magnetic

energy is converted to kinetic energy, e.g. during a flare. The faster electrons

outpace the slower ones and result in a bump-on-tail instability in the electron
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velocity distribution. The presence of a bump-on-tail instability induces the

growth of plasma oscillations, also known as Langmuir waves (Robinson et al.,

1993). Through a variety of wave-wave interactions involving Langmuir waves

and ion-acoustic waves, radio waves at the local plasma frequency (fp) and

its harmonics can be generated (2 or higher fp; Bastian et al. (1998)). This

process is called plasma emission (see Section 2.3.2). A type III radio burst is

the radio signature of an electron beam propagating along open magnetic field

lines. Type III bursts were first described by Wild (1950) as rapidly drifting

(high to low frequencies) bursts of radiation at metre wavelengths with du-

rations of a few seconds. Type IIIs are most commonly observed below 150

MHz (Saint-Hilaire et al., 2012), however they have been detected at both kHz

(Krupar et al., 2010) and GHz frequencies (Ma et al., 2012).

Though flaring CBPs are quite rare (∼10% of CBPs are flaring; Kundu

et al. (1980)), type III bursts associated with CBPs have been observed by

Skylab (Belew, 1973), Yohkoh (Acton et al., 1992; Kundu et al., 1994, 1995)

and Clark Lake Radio Observatory interferometer (Kundu et al., 1983, 1980).

The rarity of CBP type IIIs may be because type III bursts require nearby

open magnetic field lines along which electrons can be accelerated (e.g. open

magnetic field lines of a coronal hole). Kundu et al. (1995) observed that

type III bursts often occurred during the impulsive phase of X-ray BP (XBP)

microflares and were found to be co-spatial with the XBP. These findings

showed that CBP microflares are similar to AR flares and also suggested that

the physical mechanism that takes place can produce non-thermal electron

beams (Madjarska, 2019).
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In this chapter, interferometric LOFAR observations of a faint type III

burst associated with a CBP on 2019 March 30 are presented. This is the first

LOFAR observation of a type III burst from a polar region. CBP brightness

temperatures vary on the time-scale of minutes/seconds and are 10s of arcsec-

onds in size. This emphasises the importance and necessity of high spatial and

temporal resolution, low frequency (10–300 MHz) radio observations that were

carried out as part of this study. Section 7.2 gives an overview of the LOFAR

observing campaign during this event, on 2019 March 30. The imaging pro-

cedures for both the QS and the burst are described as part of Section 7.3.1

and Section 7.3.2. Section 7.3.3 then goes on to present the kinematics of

the burst. The origin of the radio burst is discussed in detail in Section 7.4.

Finally, Section 7.5 presents this chapter’s conclusions as well as possible next

steps to further the work of this study.

7.2 Observations

This observation took place on 2019 March 30 as part of a 13-hour LOFAR

observing campaign that was carried out between 05:40–18:44 UT. This study

focuses on a period between 13:42–15:38 UT. At this time the Sun was ex-

tremely quiet with no active regions visible on disc. This time interval was

purposely chosen as the goal of this chapter was to examine the Sun during a

seemingly ‘quiet’ time. Different layers of the solar atmosphere are shown in

Fig. 7.3 to demonstrate the lack of solar activity. The magnetic field strength

is shown in a SDO/HMI magnetogram in Fig. 7.3(a). The lowest layer of the
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7.2 Observations

Figure 7.3: Multi-wavelength images for 2019 March 30. (a) SDO/HMI magnetogram.
(b) SDO/HMI 6173 Å image. (c) Hinode/XRT image. (d) SDO/AIA 171 Å image.
(e) SDO/AIA 193 Å image. (f) SDO/AIA 211 Å image. (g) GOES data for the 2019
March 30.
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Figure 7.4: (a) Position of the core and remote stations used during the observation
of 2019 March 30. A zoom-in is included of the core stations. (b) Angular resolution
achievable with the frequency range of the observation and the maximum baseline shown
in (a).

solar atmosphere, the photosphere, is shown in a SDO/HMI 6173 Å image

in Fig. 7.3(b). The outer-most layer of the solar atmosphere, the corona, is

shown in a Hinode/XRT image in Fig. 7.3(c). Three different layers of the so-

lar corona as observed in 171 Å, 193 Å and 211Å SDO/AIA images are shown

in Fig. 7.3(d), (e) and (f) respectively. The GOES X-ray flux data shows no

evidence of flaring activity at the time of the observation which is shown in

Fig. 7.3(g). There was one C-class flare (C1.4) a week prior on the 2019 March

23 at 20:13 UT.

This study was part of a series of coordinated observations between LOFAR

and Parker Solar Probe (PSP; Fox et al., 2016) during PSP’s second perihelion.

The radio observation made use of the LBAs from 24 of LOFAR’s core stations

and 12 of LOFAR’s remote stations. This resulted in a maximum baseline of

41 km (shown in Fig. 7.4(a)) and a frequency range of 10–90 MHz. As in
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Chapter 6, LOFAR was operating in its interferometric mode (see Section 4.4

for details of LOFAR’s observing modes) to produce correlated visibilities for

the 666 baselines used in this observation, providing a spectral resolution of

12.207 kHz and a (much higher than before) time resolution of 0.16 s. The

visibilitiy data was averaged over the 16 frequency channels in each subband to

increase the signal-to-noise ratio. The angular resolution of the 36 station array

ranged from 2.0' at 10 MHz to 0.25' at 90 MHz (Fig. 7.4(b)). In the following

analysis the data from the 36 stations was used to perform interferometric

imaging of the Sun as observed by LOFAR between 13:42–15:38 UT 2019

March 30.

7.3 Data Analysis & Results

In the following section the data analysis techniques are outlined, including

the approach taken to the interferometric imaging and a novel method em-

ployed to image an extremely faint solar radio burst. The kinematics of this

burst are then discussed in order to better understand its origin and emission

mechanism.

7.3.1 Interferometric imaging

Similar to the steps outlined in Chapter 6 (Section 6.3.1), the correlated visibil-

ity data from COBALT (LOFAR’s correlator) was transferred to CEP where

most of the processing was carried out. This data took the form of measure-

ment sets which are a series of directories containing tables of metadata as
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Figure 7.5: (a), (c) and (e) are the u, v planes for three MF bands, 5 MHz, 10 MHz
and 18 MHz as observed on 2019 March 30 at 13:42 UT for 0.16 s. (b), (d) and (f) are
the corresponding calibrated, CLEANed maps for the three different bands. The peak
intensity in the white box and the rms of the intensity in the pink box were calculated
in order to compute the peak/rms for each map.

165



7.3 Data Analysis & Results

well as u, v visibilities. DPPP was used to average the data in frequency, over

the 16 channels per subband, and in time, over 0.32 s. Autoweights were also

applied to the visibility data which took account of the array configuration.

DPPP was then used to compute calibration tables using simultaneous obser-

vations of Tau A. These calibration tables were applied to the solar visibility

data and a correction was made for LOFAR’s beam shape.

As in Chapter 7, it was necessary to use MFS in this study to increase

the sensitivity of the imaging. Long exposure aperture synthesis was deemed

unsuitable as CBPs are known to vary on a time-scale of minutes to seconds.

For this reason, it was considered better to integrate over frequency instead of

time. To decide on the ideal bandwidth of the multi-frequency band a series

of maps were made integrating over different frequency bands. An example of

this can be seen in Fig. 7.5 where a 5 MHz, 10 MHz and 18 MHz MF band

map and their corresponding u, v coverage is shown. The peak intensity in

the white box and the root mean square (rms) of the intensity in the pink box

were calculated for each map. From this, it is clear that the signal-to-noise

(peak/rms) in the map increases significantly as the u, v coverage increases.

A 20 MHz band from 60–80 MHz was chosen as the ideal bandwidth, so to

maximise the sensitivity. (Cornwell (2008) states that a MF band should not

exceed 15% either side of the central frequency. In addition, the QS is known

not to vary considerably over 20 MHz at these frequencies.)

The CLEANing procedure implemented in this chapter differed from that

used in Chapter 7. Instead of CASA’s MS-MFS CLEAN, a multiscale, multi-

frequency version of WSCLEAN (Offringa et al., 2014b,a) was chosen due
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Figure 7.6: Series of plots describing the imaging procedure of a faint burst on 2019
March 30. (a) A dynamic spectrum made by summing the cross-correlated visibility
data from 200 of the 666 baselines. The grey dashed line acts as a visual aid to highlight
the position of the burst in the spectrum. (b)–(d) CLEAN 60-80 MHz MF maps for
three different times; 14:14:47 UT, 14:14:52 UT and 14:14:58 UT. The contours refer
to 60–100% the peak intensity. (e) Example lightcurve for pixel (30,30) over the same
time interval as the dynamic spectrum. The mean (µ) brightness temperature for this
pixel is marked by a dashed, grey line. The mean +/- the standard deviation (σ) is
marked by the dotted, grey lines. (f) The mean brightness temperature map. The
contours refer to 50–100% the peak intensity. (g) A map of the standard deviation for
each pixel in a helioprojective coordinate system. Again the contours refer to 50–100%
the peak intensity.
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being 2–12 faster than other CLEAN algorithms (depending on array configu-

ration). Again, a number of CLEAN parameters (such as weighting schemes,

gain, threshold/number of CLEAN iterations, masking, small-scale bias) were

investigated in order to produce a CLEAN map with the highest fidelity pos-

sible.

A series of 60–80 MHz MF CLEAN maps were produced every 0.32 s for

certain time intervals during the observation period, an example of which

can be seen in Fig. 7.6(b)–(d). These maps were plot in a helioprojective

coordinate system. Fig. 7.6(a) is a dynamic spectrum made using correlated

visibility data from a number of stations. The three vertical lines correspond

to the times of the three CLEAN maps below in (b)–(d). The CLEAN maps

show clearly the stability of the QS over time. For this reason, the MF CLEAN

maps were then used to perform a novel imaging technique to image a faint

solar radio burst.

7.3.2 Imaging of burst

As outlined above, a series of 60–80 MHz MF CLEAN maps were made for

0.32s intervals for a number of time windows during the observation. An

example of a dynamic spectrum from 14:14:40–14:15:04 UT and three CLEAN

maps are shown in Fig. 7.6(a)–(d). The next step in the imaging procedure

was to plot a time series for each pixel in the 251x251 image array, that for

pixel (30,30) is shown in Fig. 7.6(e). Here, it is clear that the brightness

temperature changes over time throughout this window. The horizontal grey

dashed line corresponds to the mean and the horizontal grey dotted line is
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the mean +/- standard deviation of the lightcurve. This was repeated for

each pixel over 64 minutes (24 s of which is shown in Fig. 7.6). The mean and

standard deviation of each pixel was calculated and represented as a map in the

same helioprojective coordinate system. The mean map (in Fig. 7.6(f)) shows

the average brightness temperature of the QS over 15 minutes. The standard

deviation map (in Fig. 7.6(g)) shows which pixels under went the greatest

variation from mean over the 24 s window. It is clear from the map that there

was a significant source of radio emission that occurred at the northern pole.

The next step in this analysis is to investigate the kinematics of the burst and

thus determine the its origin.

7.3.3 Kinematics of burst from dynamic spectrum

In order to investigate more about this faint solar radio burst, an analysis of

its kinematics was carried out. From the dynamic spectrum, the frequency

drift rate (df/dt) was found to be -14 MHz s-1 between 30–80 MHz. This is

comparable to studies of type III radio bursts which have found drift rates

from -2 to -17 MHz s-1 at 30–60 MHz (Morosan et al., 2014), and an average

drift rate of -11 MHz s-1 between 40–70 MHz (Mann and Klassen, 2002).

As the drift rate and frequency range of this burst are similar to that of a

typical type III radio burst, it was assumed that this burst is caused by plasma

emission. Therefore the electron density (Ne in cm-3) can be estimated using

the following expression.

f = nfp = nC
√
Ne Hz (7.1)
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f is the emission frequency, n is the harmonic number, fp is the plasma fre-

quency and C is a constant which takes the form of 8980 Hz cm3/2. From

Eq. 7.1, it is clear that the electron density and emission frequency are pro-

portional to each other, therefore if the frequency increases so will the electron

density. The velocity of the burst can be calculated as follows.

v =
2
√
Ne

C

(
dNe

dr

)−1
df

dt
(7.2)

As df/dt can be calculated from the dynamic spectrum, dNe/dr is the biggest

unknown in the above equation. This can be calculated using one of many

coronal density models that assumed that the electron density (and therefore

the frequency) decreases with increasing height (r) in the corona. Three such

coronal density models are shown in Fig. 7.7. As the burst that was observed

in Fig. 7.6(g) seems to originate in the north pole region above a coronal hole,

the most suitable model to relate height in the corona to electron density was

the Newkirk Jr (1967) 1-fold model. The burst was assumed to be harmonic

plasma emission (n = 2) as the free-free absorption for harmonic radiation

is less severe and therefore more it is more probable to observe rather than

the accompanying fundamental emission (Bastian et al., 1998). Propagation

effects, such as scattering, are known to be minimal for harmonic plasma

emission (Maguire et al., 2020). For this reason the effects of scattering were

deemed negligible in this case. Using these assumptions, the velocity of the

burst was found to be 0.37c (+/-0.08c), where c is the speed of light. This

velocity seems to agree with velocities found in previous studies, 0.05–0.58c
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Figure 7.7: Plot of the relationship between electron coronal density and height in the
corona for three commonly used 1-D, coronal, electron density models, Allen (1947);
Newkirk Jr (1967); Saito et al. (1977)

(Dulk et al., 1987; Lin et al., 1981, 1986; Morosan et al., 2014). The next

step in this analysis was to compare the velocity calculated from the dynamic

spectrum to velocity derived from the standard deviation method.

7.3.4 Kinematics of burst from standard deviation maps

The velocity found above was compared to that found by making standard de-

viation maps using interferometric imaging as outlined above in Section 7.3.1.

An additional MF band, 30–50 MHz, was imaged over the same time window.

To remove the QS, the standard deviation was calculated for each of the pix-

els over the 24 s. This was represented, as before, in a helioprojective map.

The contours from the two MF maps are overplot onto an AIA 193 Å image
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Figure 7.8: Series of images showing the burst as imaged using two MF bands overplot
on AIA 193 Å with PFSS field lines. (a) Full disc AIA 193 Å image with PFSS magnetic
field lines. The red lines are the closed magnetic field lines and the cyan lines are the
open magnetic field lines. The purple contours are from the standard deviation map
made from the 60–80 MHz MF band map. Similarly, the green contours are from the
30–50 MHz map. (b) Zoom-in of (a) so to better identify the origin of the burst. (c)
Dynamic spectrum for 20–80 MHz over the time window 14:14:10–14:15:56 UT. This
dynamic spectrum was made by cross-correlating the visibility data from 200 of the 666
baselines available. The grey dashed line acts as a visual aid to highlight the position
of the burst in the spectrum.

in Fig. 7.8(a) and (b). The purple contours are 60–100% of the peak inten-

sity in the 60–80 MHz map. The green contours are the same for the 30–50
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MHz map. The red and cyan lines represent the Sun’s coronal magnetic field

lines (closed and open respectively). These were extrapolated from the photo-

spheric magnetic field data of the Global Oscillation Network Group (GONG;

Harvey et al., 1996), using the Potential-Field Source Surface model (PFSS)

implemented in a Python package pfsspy (Stansby et al., 2020).

The path travelled by the electrons between the purple and green centroids

was assumed to be a straight line (following the magnetic configuration implied

by the PFSS). Using the distance between the centroids (161'') and the time

taken for the burst to travel outwards (3 s) the velocity was calculated to be

0.39c (+/-0.13c). The two methods yield a similar result which is expected

for a burst that is travelling in the plane-of-sky. The velocity calculated here

will be used in Section 7.4.2 to help determine the origin of the burst.

7.4 Discussion

This section discusses the results presented above and builds an interpretation

surrounding the origin of this unusual, faint, polar solar radio burst.

7.4.1 Novel imaging technique

This study presents a unique imaging approach that, to date, has not been

used before for the identification and imaging of extremely faint solar radio

bursts. By combining MFS and the production of standard deviation maps, an

extremely faint type III was observed which was only 0.2 times brighter than

the QS. Of course, one must consider the robustness of the standard deviation
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imaging technique when it comes to distinguishing between faint radio bursts

and increases in intensity due to RFI, e.g. ionospheric disturbances. For this

reason, special care must be given to the bandwidth and time window over

which to integrate in order to improve the signal-to-noise ratio. As ionospheric

disturbances normally last on the order of minutes it can be (cautiously) as-

sumed that jumps in intensity over second timescales are not ionospheric in

origin (De Gasperin et al., 2018).

The observed type III which was only 0.2 times brighter than the QS, is

tiny in comparison to a typical type III burst that can reach over 1000 times

the brightness of the QS (Zhang et al., 2020). For this reason when using

standard interferometric imaging a faint burst could in fact be confused with

QS emission. This is evident in Fig. 7.6(d) where increased emission can be

seen in the north pole region but it is unclear what exactly is responsible for

that increase in brightness. By plotting a map of the standard deviation for

each pixel over time (Fig. 7.6(g)) the radio burst becomes significantly more

distinct. This method is effectively removing the QS background.

Other forms of QS subtraction have been trialled in the hunt for microflares

and nanoflares (Dr. Rohit Sharma, private communication). One such ap-

proach is the averaging of QS visibility data for a period of time, followed

by the visibility subtraction of this averaged data from a time with a burst.

However, this method has a number of limitations. One must have prior knowl-

edge of the solar activity in order to choose a QS period. As was discussed

in the previous chapter, a dynamic spectrum is not always available when in-

terferometric observations are taking place. In addition, if there is a dynamic
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spectrum provided, it is often from a single station and therefore does not have

the sensitivity to identify very faint bursts, as was the case for this observa-

tion. Instead using a standard deviation map requires no a priori knowledge of

the solar activity during the observation. This method can give flux, temporal

and spatial information about the burst as seen in radio. The origin of this

unusual burst will now be discussed in more detail in the following section.

7.4.2 Origin of burst

Though a solar radio burst originating from a polar region on the Sun is quite

rare, they have been reported by some long-term studies like that of Saint-

Hilaire et al. (2012) who compiled a decade of NRH observations of type III

radio bursts. The purpose of this section is to discuss if we can more precisely

determine the source of the radio emission in this north pole region.

The first step in determining the origin of this polar burst was to use the

velocity computed in Section 7.3 and a coronal density model to calculate

the time that the emission was generated. As the EUV image of Fig. 7.8(b)

shows little evidence of large coronal loop structures we can assume that the

radio was generated quiet low down in the corona, close to 1 R�. Therefore,

using the Newkirk Jr (1967) model, it was found that any brightening in the

EUV image related to the radio burst would have occurred ∼4 s prior to the

burst’s appearance in the dynamic spectrum. However, it is important to note

that this calculation is dependent on the electron density model employed and

subject to change with a different model. The Newkirk model was deemed the

most suitable to represent QS environment.

175



7.4 Discussion

The next step was to look at a series of 193 Å images during the same time

window as the burst in the dynamic spectrum. Close examination of 193 Å

images from SDO/AIA revealed a number of small EUV bright points who’s

intensity varied over time. The intensity in a number of individual 50''x50''

regions ((see Fig. 7.9) (a)) was summed over time and compared to the radio

lightcurve at 70 MHz. The closest correlation was found for the blue box

shown in Fig. 7.9(a) which encloses a bright region right on the northern solar

limb. An increase in brightness in the EUV image is shown to occur at the

same time as a spike in radio flux in Fig. 7.9(b). Though one would expect

the EUV brightening to happen first, the fact they are co-temporal may just

be an artefact of the 12 s temporal resolution of the AIA 193Å images. From

this analysis the origin of the solar radio emission can be more accurately

estimated. The nature of the north pole bright point will be discussed in more

detail in the following section.

7.4.3 Coronal bright point microflare

A type III radio burst originating from a polar coronal hole is quite a rare

event and has never been observed by LOFAR. However, it is not altogether

impossible. This section will present an interpretation of the analysis detailed

above.

In fact, there have been a few observations of polar type III radio bursts by

other instruments in the MHz regime, like those of Saint-Hilaire et al. (2012)

who compiled a study of all the type IIIs observed from a decade of NRH data.

They found that during solar maximum type IIIs were observed to occupy two
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Figure 7.9: EUV image and corresponding lightcurve over a time window in which a
burst is observed at 70 MHz. (a) AIA 193 Å image from 2019 March 30 at 14:14:16
UT. The blue box is a 50''x50'' region which encloses an EUV brightening. (b) EUV
and radio lightcurves over 9 minutes. The blue curve correpsonds to the sum of the
intensity in the blue box over time. The purple curve is the intensity at 70 MHz made
by taking a slice across a dynamic spectrum.

distinct bands approximately +/-15o above and below the equator. However,

as the solar cycle progressed towards minimum the type IIIs originated from

lower latitudes, closer to polar regions. This is in agreement with the ob-

servations of this study as we are currently coming out of a solar minimum.

However, it was noted by Saint-Hilaire et al. (2012) that closer to solar mini-

mum most type III’s were located south of the equator, which is aligned with

observations of the location of active regions during a minimum.

From Section 7.4.2, it is clear that the radio burst seen in the dynamic spec-

trum and interferometric imaging is co-temporal with an increase in brightness

of the blue region in the EUV image of Fig. 7.9. This is what is known as a

coronal bright point (CBP). The CBP is a brightening seen in EUV caused by

the confinement of hot plasma (∼ 106 K) by a series of small closed magnetic

loops (20–30'' in diameter; (Golub et al., 1974)).
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Figure 7.10: Cartoon explaining the magnetic configuration of a CBP in a coronal
hole (grey). The red lines are closed magentic field lines associated with the CBP. The
cyan lines are open magnetic field lines. A green star marks a potential location for
magnetic reconnection. Black arrows show the direction of accelerated electrons and
the purple waves denote a type III radio burst.

CBP are ubiquitous throughout the solar corona and have been observed

in the QS, near ARs and (most relevant to this work) within CHs (Madjarska,

2019). In fact, CBP that are associated with CHs provide the perfect environ-

ment for CBP microflares to occur. This is depicted in Fig. 7.10 where the size

of the CBP has been exaggerated for illustrative purposes. Here, it is shown

that the open magnetic field lines of the coronal hole can be oppositely ori-

ented to those of the closed magnetic loops associated with the CBP. If these
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were to interact magnetic reconnection can occur. This is a highly energetic

process which involves the reordering of the magnetic field lines, converting

magnetic energy to thermal and kinetic energy, and can accelerate electrons to

non-thermal velocities. This in turn can result in a type III radio burst caused

by excited Langmuir waves interacting. CBP flaring in a coronal hole has

been observed by Kundu et al. (1994) who used the NRH and Yohkoh/SXT

to observe co-temporal metric radio and soft X-ray emission to establish that

microflares associated with XBPs located in coronal holes gave rise to non-

thermal emission in the form of type III radio bursts. Unfortunately, there

was no X-ray imaging available during the time of the type III emission, as it

would have been interesting to see if there was any X-ray brightening during

the same time due to precipitating electrons accelerated towards the solar at-

mosphere. However, X-ray images from the 2019 March 29 did confirmed that

there was an XBP visible in the same location as the CBP as seen in EUV.

7.5 Conclusions

To summarise, in this chapter, LOFAR was used to interferometrically image

the Sun at solar minimum during a time of inactivity on the 2019 March

30. MFS was performed over a 20 MHz band every 0.32 s. This was in an

effort to increase sensitivity while maintaining high temporal resolution. This

approach increases the chances of observing a faint, short microflare. Along

with standard interferometric imaging, a unique technique which makes use of

pixel variance over time was employed. This is the first time a method like this
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has been used to observe a type III radio burst. This technique allowed for the

identification of a faint type III radio burst (0.2 times brighter than the QS)

emanating from a coronal hole near the north pole of the Sun. This unique

set of observations and imaging techniques highlight the faint radio emission

associated with QS solar activity that may be contributing to coronal heating

Using the dynamic spectrum and the standard deviation maps, the type III

burst was found to have a drift rate of -14 MHz s-1 and velocity of 0.37–0.39c

which are in agreement with values found in previous MHz studies (Morosan

et al., 2014; Mann and Klassen, 2002). One caveat to the these velocity mea-

surements is that they are highly dependent on the coronal density model

used. One potential improvement on this work would be to use a data driven

model like that of Zucca et al. (2014) which would be more accurate for the

time period in question.

By examining EUV imaging, it was found a CBP brightening took place

at the same time as the type III. This CBP was located in a CH, with its

footpoints most likely occulted by the solar limb. The CBP within the CH

provided an ideal magnetic configuration, of opposing magnetic field lines, for

a microflare to occur. This is the first microflare observed by LOFAR and the

first time any size flare has been observed at such high altitudes by LOFAR.

Currently there are a number of observations yet to be analysed, from

satellites like SOHO, Hinode, SDO, Transition Region and Coronal Explorer

(TRACE; Handy et al., 1999), Solar Terrestrial Relations Observatory (STEREO;

Socker et al., 2000), and Interface Region Imaging Spectrograph (IRIS; De Pon-

tieu et al., 2014), that could help in the investigation of plasma and magnetic
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properties of CBPs. However, it is the Solar Orbiter mission (Müller et al.,

2020) that will provide the highest quality and resolution remote sensing mea-

surements. These future observations should grant a new understanding of

the physics of coronal bright points and help in the verification of existing

theoretical models. In addition, this study has emphasised the importance

of radio observations of faint solar radio bursts. Continued high spatial and

temporal resolution observations with interferometric arrays such as LOFAR,

MWA, and in the future SKA, could contribute to a deeper understanding of

how CBPs and indeed microflares play a role in coronal heating.
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8
Conclusions & Future Work

The work presented in this thesis uses novel techniques paired with stan-

dard interferometric imaging of the low frequency QS. The results from these

imaging studies provide a better understanding of the physics involved in so-

lar phenomena, such as scattering, turbulence and coronal heating. Each of

the techniques outlined in Chapter 5 and Chapter 6 took advantage of high

temporal resolution observations made by LOFAR. There are, however, still

many open, unanswered questions regarding the extent of coronal turbulence

and indeed the contribution of micro- and nanoflares to the heating of the

corona. Much of the work of this thesis can be expanded upon to further our

understanding of these areas of solar physics. This chapter summarises the

main conclusions of Chapter 5, Chapter 6 and Chapter 7. It then goes on

to present details of future work directions and preliminary new results that

build upon the results of this thesis.

8.1 I-LOFAR

8.1.1 Primary Conclusions

Chapter 5 described the planning, construction, testing and first scientific re-

sults of I-LOFAR, the Irish LOFAR station. I-LOFAR’s construction resulted

in the extension of LOFAR’s longest baseline, which is now facilitating pre-

eminent observations that require extremely high angular resolution, such as
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Figure 8.1: Schematic showing Ireland’s connection to the LOFAR network. Each
blue dot represents a LOFAR station.

studies of the primordial galaxies of the Universe as well as the structure of

the cosmological magnetic fields. However, the primary conclusion of Chap-

ter 5 is that now, as part of LOFAR, Ireland is connected to a European

network of scientists and scientific institutions which has enabled Irish engi-

neers, astronomers and data scientists to be involved in one of the world’s

largest scientific collaborations (see Fig. 8.1 for schematic of Ireland’s connec-

tion to the LOFAR network). We now not only have access first class radio

data but also the expertise to aid in the analysis and interpretation of the

data. Already there have been numerous Irish PhD and Postdoc researchers
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working on LOFAR data in partnership with many of our European partners.

The work of this PhD thesis is a prime example of such a collaboration.

In addition, there have been publications highlighting the work of I-LOFAR

as a single stand-alone station, most prominently Morosan et al. (2019) and

Maguire et al. (2020). These two works have contributed greatly to the com-

munity’s knowledge of CME shock dynamics which was integrally aided by

observations taken by I-LOFAR of type II radio bursts. Furthermore, it is

I-LOFAR’s high time resolution capabilities provided by REALTA (Murphy

et al., 2021a) that will facilitate a plethora of exciting new projects, that can

be discussed as part of future work.

8.1.2 Future Work

8.1.2.1 Observations with REALTA

Although I-LOFAR, as a single international station can only make spectro-

scopic observations of the Sun (not imaging), spectra can be extremely helpful

in determining the nature of accelerated electrons that are responsible for the

radio emission. As well as this, observations of shorter duration solar radio

bursts can be used to understand better magnetohydrodynamic oscillations in

the solar corona (Carley et al., 2019).

With the help of REALTA, I-LOFAR is now capable of making observa-

tions with unrivalled temporal and spectral resolution, 81.92 µs per 12.2 kHz

(Murphy et al., 2021a). This makes I-LOFAR the perfect instrument to use

when observing the QS in the hunt for micro- or nanoflares. For example, in

184



8.1 I-LOFAR

Figure 8.2: Dynamic spectrum of solar noise storm as observed by I-LOFAR on 2020
November 2. (a) This is a mode 357 observation which makes use of both the LBAs
and HBAs to span the entire 10–270 MHz frequency range. A number of bright bursts
are evident above 110 MHz. The spectrum is from 12:00–14:00 UT and has a temporal
resolution of 10 ms. (b) Zoom-in of 1 minute of the panel above with 1 ms temporal
resolution. The inset shows an individual burst over 3 seconds at a temporal resolution
of 1 ms. Image Credit: Murphy et al. (2021a)
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Chapter 7 the core and remote stations were used to image the Sun during a

seemingly quiet period of little/no activity. The maximum temporal resolution

of the LOFAR interferometric observations was 0.16 s. However, if I-LOFAR

spectra were used in conjunction with ILT imaging, information about bursts

at a milli- or microsecond resolution could be achieved. An example of an

observation with millisecond resolution is shown in Fig. 8.2. Here the high

temporal resolution is exploited to show the substructure of a burst that could

not be resolved otherwise.

One issue that must be considered is the sensitivity achievable with one

international station. Micro- and nanoflares are known to be extremely faint,

as small as ∼mSFU (Mondal et al., 2020). One possible solution would be

for several stations to adopt a similar backened architecture to REALTA so

that joined observations could be made at the same time. This may allow

for the averaging of the beamformed data observed which would increase the

overall signal and cancel out the random noise. Another alternative observing

strategy would be to observe micro- and nanoflares associated with active

regions. These would be intrinsically brighter and therefore easier to observe.

These, as well as other, future work plans will be guided to a large extent by

the future station upgrades that are planned for I-LOFAR.

8.1.2.2 Station Upgrades

LOFAR 2.0 is the umbrella name given to a number of projects that aim to up-

grade the hardware and software of the entire International LOFAR Telescope.

LOFAR 2.0 will be carried out over the next 10 years in several phases. One of
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the main goals of LOFAR 2.0 is to enable observations with LBAs and HBAs

simultaneously which will require an upgrade to the correlator, COBALT 2.0,

so that it can work in so-called MegaMode. In addition, LOFAR 2.0 aims to

improve each international station’s instantaneous bandwidth, sensitivity and

RFI rejection. This will require I-LOFAR to implement a hardware upgrade;

the installation of new receiver units, new station beamformers (based on the

Uniboard2 architecture (Schoonderbeek et al., 2019)) and a new power, clock

and control board.

Another proposed upgrade to the ILT is LOFAR for Space Weather (LO-

FAR4SW). LOFAR4SW aims to use LOFAR for constant real-time monitor-

ing of space weather. Space weather is defined as any change (interplanetary

scintillation, ionospheric disturbances, etc.) in the heliospheric environment

caused by solar phenomena, such as CMEs, solar flares and solar wind (Carley

et al., 2020). The upgrade would allow LOFAR to observe the Sun, helio-

sphere, ionosphere and Jupiter simultaneously and constantly, while at the

same time observing other astrophysical objects. This would require upgrades

to each station’s hardware, the development of new software pipelines and a

renovation of the telescope’s operation and administration. These upgrades

would necessitate the use of a backend like REALTA, capable of capturing and

processing the data-streams in order to identify signatures of space weather.

(Machine learning algorithms are already in development by members of the

I-LOFAR team to detect solar radio bursts). Such an upgrade would of course

be of great use to solar physicists, heliophysicists and space weather scientists.

In addition, such a scheme would be advantageous for other radio astronomers
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so that space weather effects on radio observations of other sources can be

better understood and accounted for.
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8.2 Radio Solar Eclipse Studies

8.2.1 Primary Conclusions

Chapter 6 detailed a study of novel imaging techniques applied to a solar

eclipse observation in 2015 March 20. This work was published in Astronomy

& Astrophysics, Ryan et al. (2021). The main overarching conclusions of this

chapter will be detailed here.

Scattering is one of several propagation effects that is known to affect ob-

served coronal source shape, source position and (most relevantly to this work)

source size. (See Section 2.4 for detailed discussion on propagation effects.)

Scattering occurs when radio waves travelling outwards in the corona interact

with density inhomogeneities which are often caused by coronal turbulence.

Turbulence in the corona is an area of great interest as it is one of the most

efficient ways of transporting energy, momentum, and mass (Gurgiolo et al.,

2013). For this reason, measurements of source sizes in radio images are used

in an attempt to constrain the level of turbulence in the corona. Recent work

includes that of Kontar et al. (2019) who designed a ray tracing simulation

that compared computed source sizes for different levels of turbulence to those

found by tied-array imaging (Kontar et al., 2017). However, the results of

Ryan et al. (2021) would caution the use of such a technique, as described

below.

Conclusions from Ryan et al. (2021)

• Ryan et al. (2021) presented the first LOFAR observations of a solar
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Figure 8.3: Cartoon describing the lunar de-occultation technique. (a) Shows how the
differencing of the visibility data was carried out. (b) Shows how the crescent shaped
portions were summed together to make a higher spatial resolution interferometric
image.

eclipse.

• MFS interferometric imaging of the Sun during the eclipse provided

the rare opportunity to carry out a lunar de-occultation technique (see

Fig. 8.3 for description of method) which could achieve better resolution

than standard interferometric imaging.

• It was found that the QS source sizes were overestimated by 1.7 times

when using standard interferometric imaging in comparison to VISD. In

this case, if these imaged source sizes were used as part of simulation

(like those of Kontar et al. (2019)) scattering would be overestimated in

the QS by 70%.

• This work emphasises the necessity for care to be taken to ensure en-
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larged source sizes are truly related to propagation effects and not a

by-product of imaging procedures.

8.2.2 Future Work

8.2.2.1 Quantifying the overestimation in scattering using simula-

tions

As mentioned above, Ryan et al. (2021) found that that the de-occultation

technique revealed more structure in the quiet Sun corona. This structure was

not resolved with standard imaging. This in turn implies that scattering may

be overestimated in the case of the quiet Sun when using standard imaging

techniques. The amount of scattering in the corona can be quantified using the

parameter ε2/h. ε is related to the root mean squared of the electron density

fluctuations,
√
〈δn2〉/n. h is the effective scale length where scattering occurs.

(See Section 2.4 for more detail.) Ryan et al. (2021) attempted to quantify

this overestimation using Eq. 6.1 to equate the angular broadening to electron

density fluctuations. However if one wants to quantitatively compute ε a model

is required that simulates observed changes in shape and position of solar radio

bursts caused by scattering off coronal turbulences, like those of Kontar et al.

(2019); Krupar et al. (2018) and Krupar et al. (2020). This approach requires

the computation of several coronal plasma parameters which in turn will lead

to a greater understanding of local plasma conditions.

This section focuses on the application of the simulations developed by

Kontar et al. (2019). These are based on the Fokker-Planck and Langevin
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Figure 8.4: SDO/AIA 171Å of active region NOAA 12303 rotated back to 2015 March
17. There are a series of concentric white circles that correspond to different heights
above the Sun’s surface.

equations of the transport of radio waves in a medium that is subject to

anisotropic electron density fluctuations. To develop this, Kontar et al. (2019)

examined the characteristic source sizes and burst decay times for Type III so-

lar radio bursts. There were several model inputs required by the simulation;

asymmetry (asym), the degree of anisotropic scattering (anis), the emission

height (Rinit), ratio of plasma and emission frequencies (fratio) and finally ε.
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asym & anis

The value chosen for asym was 1.0 and anis was 0.3 as these were found to be

most suitable by Kontar et al. (2019) when simulated sources where compared

to observations of Type III bursts.

Rinit

In order to calculate Rinit the Sun was rotated backwards to 2015 March 17

when the active region NOAA 12303 appeared on the limb as shown in Fig. 8.4.

Here it is evident that the height of the coronal loop tops (most probable emis-

sion site) are ∼1.2 R�.

fratio

fratio is the ratio of plasma frequency (fpe) and emission frequency (f). As f is

a known quantity, fpe must be caluclated using the value for Rinit found above

and a coronal density model. This emission is associated with an active region

so a 2-fold Newkirk (Newkirk Jr, 1967) model was deemed most suitable. This

resulted in a value of 1.01 for fratio.

FWHMscatt

Lastly, the source size as a result of scattering (FWHMscatt) was calculated.

To do this, firstly the simulated source size (FWHMsim) was computed for

different values of ε input into the simulation. FWHMsim was then added to
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Figure 8.5: Hinode/XRT image with LOFAR contours of 2015 March 20 and zoom-in
of active region NOAA 12303 on the right.

the initial source size (FWHMinit).

FWHMscatt = (FWHMsim(ε)2 + FWHM2
init)

1/2 (8.1)

FWHMinit was estimated by examining EUV and X-ray images of the ac-

tive region NOAA 12303 (shown in Fig. 8.5) and found to be between 50–200''.

The results of the simulations are shown in Fig. 8.6(a)–(c). The pink and green

points/lines are the source’s major and minor FWHM. The red point marks

the value of the FWHMinit used. The cyan, orange and purple horizontal

lines refer to the FWHM found using the 1-D slices of the QS for each of the

SIM, IMD and VISD imaging techniques. It is clear from Fig. 8.6 that in each

case the STIM (standard imaging) overestimates the value for ε by 30–77%. ε

is calculated to be 0.0281–0.0512. The results are summarised in Table 8.1.
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Figure 8.6: Results from simulations to find a value for ε. The pink and green
points/lines are the source’s major and minor FWHM. The red point marks the value of
the FWHMinit used. The cyan, orange and purple horizontal lines refer to the FWHM
found using the 1-D slices for each of the SIM, IMD and VISD imaging techniques.

Results

This analysis provides tantalising results which allow for the approximation

of ε. From Table 8.1, it is clear that the level of scattering simulated for each

of the three initial source sizes is approximately the same. This implies that

no matter the initial source size guess, we can see that the STIM will overes-

timate the scattering levels. The values of ε found here are more in line with

those of Krupar et al. (2018) (∼0.06–0.07) rather than those of Kontar et al.

(2019) (∼0.8). However, the Kontar et al. (2019) simulations were designed to

model Type III plasma emission, not (like in the case of this event) quiet Sun

bremsstrahlung emission. Therefore in order to more accurately determine a
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FWHMinit ('') εSTIM εIMD εV ISD
50 0.0512 0.0397 0.0315
100 0.0509 0.0390 0.0308
200 0.0498 0.0372 0.0281

Table 8.1: Table detailing the results from simulations to find a value for ε for three
different values of initial source size, 50'', 100'' and 200 ''.

value for ε one would have to consider how/if the emission mechanism would

alter the existing simulations. This will be considered more thoroughly as

part of future work. In addition, future work will include the implementation

of a more elaborate electron density model based on magnetohydrodynamic

(MHD) simulations of the solar corona (Gombosi et al., 2018) instead of the

aforementioned 1-D Newkirk Jr (1967) model.

A similar analysis using the de-occultation technique followed by the use

of ray tracing simulations should be repeated at different frequencies and tem-

poral resolution in order to get a fuller picture of the small-structure in the

QS at different heights in the coronal. One such event is that of 2021 June 10

which will be discussed in more detail in the following section.

8.2.2.2 NRH imaging of partial eclipse 2021 June 10

Introduction

The Sun’s outermost layer of atmosphere, the corona, is a highly-structured

plasma and undergoes huge variations in density and temperature. From pre-

vious imaging studies at low frequencies it has been shown that propagation

effects such as scattering and refraction can change the observed source size,

shape, position and brightness considerably.
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Figure 8.7: The north-south arm of the Nançay Radio Heliograph. Each of the 24
dishes is 5 m in diameter. Image Credit: http://secchirh.obspm.fr/

Ryan et al. (2021) (Chapter 6) presented LOFAR observations of the 2015

March 20 partial solar eclipse at 120–180 MHz using baselines of up to ∼3.5

km which corresponds to a resolution of ∼1–2'. MFS and lunar de-occultation

techniques were used to maximise the angular resolution achievable when imag-

ing. These techniques provided a means of studying the contribution of scat-

tering to apparent source size broadening. It was found that the de-occultation

technique revealed a more structured quiet corona that is not resolved from

standard imaging, implying scattering may be overestimated in the quiet Sun

when using standard imaging techniques.

These promising results in Chapter 6 motivated a similar analysis at higher

frequencies and increased temporal resolution. To do this observations of the

2021 June 10 partial eclipse were observed by Nançay Radioheliograph (NRH;
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Kerdraon and Delouis, 1997). The following sections introduce the initial anal-

ysis of this event and the primary interferometric imaging performed.
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Figure 8.8: Multi-wavelength images for 2021 June 10. (a) SDO/HMI magnetogram.
(b) SDO/HMI 6173 Å image. (c) Hinode/XRT image. (d) SDO/AIA 171 Å image. (e)
SDO/AIA 193 Å image. (f) SDO/AIA 211 Å image. (g) GOES data for the 2021 June
10.
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Instrumentation

NRH is a solar dedicated interferometric array of radio telescopes based in

Nançay, France. It can observe Stokes I and V between 150–450 MHz with

a temporal resolution of 0.125 s. NRH consists of 44 antennas, ranging from

2–10 m in size, arranged in two directions, north-south (2440 m) and east-west

(3200 m). This results in 576 individual baselines that can be exploited for

imaging purposes. There are 24 dishes in the north-south direction (Fig. 8.7),

each 5 m in diameter with 4 orthogonal dipoles feeds which provides dual po-

larisation. In the east-west direction, there are 15 dipole antennas providing

linear polarisations and 4 dishes with parabolic collectors, each with 4 orthog-

onal dipoles feeds (Kerdraon and Delouis, 1997).

Observations

On 2021 June 10 between 09:12–11:08 UT a partial solar eclipse was observ-

able from Nançay, France. The eclipse maximum (when the Moon and Sun

centre are at their closest point) was 20% at 10:08 UT. At the time of the

eclipse there were two active regions on disc, NOAA 12829, 12832, which can

be seen in Fig. 8.8 (a)–(f). The strength and location of the magnetic field on

disc is shown in a SDO/HMI magnetogram in Fig. 8.8(a). The photosphere is

shown in a SDO/HMI 6173 Å image in Fig. 8.8(b). The corona is shown in a

Hinode/XRT image in Fig. 8.8(c). Lastly, different layers of the solar corona

in 171 Å, 193 Å and 211Å SDO/AIA images are shown in Fig. 8.8(d), (e) and

(f) respectively. There was one C-class and one B-class flare in the hours lead-

ing up to the partial eclipse, shown in Fig. 8.8(g). These were accompanied
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Figure 8.9: 150 MHz CLEAN maps from Nançay Radioheliograph during the 2021
June 10 partial solar eclipse. The white circle marks the visible solar limb and the pink
circle is that of the Moon.

by small CMEs first observed by SOHO/LASCO C2 at 07:00 and 09:36 UT

respectively.

In this study, the NRH’s 44 antennas were used to observe the partial

eclipse at 150, 173, 270, 298, 327, 408 and 432 MHz. This gave an angular

resolution of 1.5' – 40''. Complex visibility data was produced for each of the

576 baselines and integrated over 11 seconds.

Data Analysis

The first step in this analysis was to interferometrically image the Sun at each

of frequency bands. This was done using an IDL SolarSoft integrated package

specific to the NRH. Similar to the event discussed in Chapter 6, longer expo-

sure aperture synthesis was deemed unsuitable as the Moon’s motion in front of

the Sun results in a constantly changing brightness temperature. Fig. 8.9(a)–

(c) is an example of the imaging performed for the 150 MHz band close to

ingress, maximum and egress. The most notable feature in these series of
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Figure 8.10: ORFEES dynamic spectrum for 2021 June 10. The blue, shaded region
outlines the time over which NRH observes the partial eclipse (09:12 - 11:08 UT). There
is evidence of strong vertical bands of RFI ∼09:36 UT.

images is the bright emission off the south-westerly limb. From examining

Fig. 8.8, the bright radio emission is associated with the active region NOAA

12829. This may be a type I noise storm because of its characteristic long

duration (∼1 hour). However, interestingly, the ORFEES dynamic spectrum

(Fig. 8.10) shows no significant radio emission. (There is evidence of strong

vertical bands of RFI ∼09:36 UT within the blue, shaded region which outlines

the time over which NRH observes the partial eclipse.)

Next Steps

The next steps in this analysis are to (1) request access to Nenufar or LOFAR

dynamic spectra for the time period in question. Dynamic spectra with supe-
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rior sensitivity to that of ORFEES are required in order to identify the type

of radio burst observed in the interferometric imaging. Step (2) is to perform

interferometric imaging for an MF band. This will increase the sensitivity and

perhaps allow for the use of a higher temporal (0.125 s) than was achievable

with the LOFAR observations (0.25 s) of Chapter 6. In addition, ERS, while

not applicable during the eclipse, could be performed prior to or after a solar

eclipse event to act as a comparison for angular resolution achieved via lunar

de-occultation techniques. ERS is a very useful tool when observing the Quiet

Sun, especially when mapping low contrast quiescent structures in the solar

corona. At this stage, step (3), the lunar de-occultation technique, can be

applied to the visibility and image data for a period during the eclipse egress.

Increased temporal resolution is integral to this method as an increase in tem-

poral resolution leads to an increase in angular resolution. One would expect

that, similarly to Chapter 6, this will allow for the resolving of features in the

quiet Sun with superior spatial resolution to standard interferometric imaging.

NRH observations from 150–450 MHz will take steps to fill in the frequency

gap between the analysis of Ryan et al. (2021) (Chapter 6) and the gigahertz

study of Marsh et al. (1980) and Gary and Hurford (1987).
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8.3 CBPs & Microflares

8.3.1 Primary Conclusions

Chapter 7 detailed a study of novel imaging techniques applied to a LOFAR

observation on 2019 March 30. This work is in preparation to be submitted to

the Solar Physics journal. The main overarching conclusions of this chapter

will be discussed here.

Chapter 6 presented an observation of a type III solar radio burst as-

sociated with a polar CBP. CBPs are small-scale coronal loops that confine

plasma which undergoes heating to several million degrees. CBPs are common

throughout the solar corona during all times of the solar cycle. When located

near open magnetic field lines (e.g. near a coronal hole) reconnection can occur

resulting in the release of the stored magnetic energy in the form of thermal

and kinetic energy. For these reason, CBPs are a very interesting topic of

research when trying to address the coronal heating problem (aforementioned

in Section 1.0.3).

Conclusions from Ryan et al., in prep.

• Using MFS paired with a novel imaging technique, calculating the each

pixel’s standard deviation over time, a faint type III burst was imaged

using interferometric observations from LOFAR on 2019 March 30.

• This type III burst was only 0.2 times brighter than the quiet Sun and

was the faintest solar radio burst imaged by LOFAR thus far.
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Figure 8.11: Cartoon explaining the magnetic configuration of a CBP in a coronal
hole (grey). The red lines are closed magentic field lines associated with the CBP. The
cyan lines are open magnetic field lines. A green star marks a potential location for
magnetic reconnection. Black arrows show the direction of accelerated electrons and
the purple waves denote a type III radio burst.

• The type III was found to be associated with a microflare related to

a CBP within a coronal hole (reminder of magnetic configuration in

Fig. 8.11).

• This was made possible by the standard deviation technique which effec-

tively removed the quiet Sun emission as it remained relatively constant

over time.

• This method has huge potential to identify even fainter bursts related to

CBP micro- and nanoflares. In turn this would have lead to major steps
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forward in the efforts to solve the coronal heating problem.

8.3.2 Future Work

8.3.2.1 Spectral index map

As mentioned above, the imaging technique developed as part of Chapter 7

can aid in the hunt for micro- and nanoflares. This section will explore the

steps involved in a possible application of this imaging technique in order to

produce a so-called spectral index map.

Introduction & Background

As mentioned in Section 1.0.3, the corona can reach temperatures of ∼MK

while the photosphere is much cooler at ∼5800 K. The mystery behind this

dramatic increase in temperature in the corona is called the coronal heating

problem. One possible solution to the coronal heating problem is called the

direct current (DC) theory. This involves micro- and nanoflares directly heat-

ing the surrounding corona. These small-scale flares are thought to be caused

by slow convective plasma motions below the photosphere which causes the

movement of magnetic footpoints, resulting in a shearing of the magnetic field,

heating of the coronal plasma and reconnection events where the stored en-

ergy is released. Klimchuk (2015) defines nanoflares as small impulsive heating

events occurring on small spatial scales without regard to the actual physical

mechanism.

According to Hudson (1991), if flares (of any size) are to be considered
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Figure 8.12: Figure from Mondal et al. (2020) which shows the (a) spectral index
of fluctuations, (b) temporal width and (c) wait time associated with weak, quiet Sun
impulsive events.

responsible for coronal heating α must be greater than 2, where N(E) ∝

E−α. E is the flare energy and N(E) is the number of flares observed with

that energy. Aschwanden et al. (2000) found EUV and HXR observations

of impulsive events with energies between 1024 and 1032 ergs did not satisfy

the criterion (α =1.79–0.08). The main advantage of using radio observations

to observe micro- or nanoflares is that the signatures of these non-thermal

emissions are intrinsically very bright at longer wavelengths. This means that

radio observations are able to probe much weaker energetics than possible

with the current generation of EUV and X-ray instrumentation (Mondal et al.,
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2020). However, it should be noted that it is in fact notoriously difficult to

get accurate energy information from radio measurements alone due to the

complex emission process called plasma emission (discussed in further detail

in Section 2.3.2).

Nonetheless, a number of studies have been able to satisfy the slope cri-

terion when observing small type I bursts near active regions (Mercier and

Trottet, 1997; Ramesh et al., 2012; Suresh et al., 2017; Mohan et al., 2019).

However, to date, only Mondal et al. (2020) has been able to confirm that

nanoflares present in the quiet Sun satisfy the α > 2 condition (Fig. 8.12(a)),

i.e. nanoflares may indeed be responsible for the heating of the corona.

Mondal et al. (2020) looked at the change in pixel brightness for different

regions in the quiet Sun over 2 hours for 80–240 MHz at 0.5 s cadence. They

were able to detect weak impulsive radio emission (mSFU) from the quiet

solar corona. This was an improvement of two orders of magnitude on the

weakest such emissions observed before this study. They plotted a histogram

of (∆F/F )i,ν , which was defined as (Fi,ν − 〈Fi,ν〉)/〈Fi,ν〉 where 〈Fi,ν〉 is the

mean brightness temperature for region i and frequency ν. In Fig. 8.12(a), the

spectral index for the selected frequency bands is shown to be greater than 2.

In addition, the histograms to calculate the temporal width and wait time are

in Fig. 8.12(b) and (c) respectively.

The observation of 2019 March 30, presented in Chapter 7, could provide

a complimentary study of the same weak, impulsive events at even lower fre-

quencies (10–90 MHz). In addition, LOFAR’s superior temporal resolution

(0.16 s) would allow for a more accurate estimation of the temporal width and
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Figure 8.13: Steps taken to produce a spectral index map. (a) and (b) are lightcurves
from pixel (0,9) and pixel (103,104) respectively.(c) and (d) are the histograms of the
lightcurves shown above in (a) and (b). The red line is fitted to the histogram and the
value for α is the slope or the spectral index. (e) The spectral index map is plot in
helioprojective coordinates where the white circle is representative of the visible solar
limb. Two black arrows indicate the position of pixels numbered (0,9) and (103,104) in
the spectral index map.

wait time associated with these nanoflares. The first steps of data analysis are

outlined below.
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Data Analysis & Next Steps

One of the most important considerations for such an analysis is the telescope

sensitivity. The Mondal et al. (2020) study was able to detect bursts as weak

as mSFU. MFS is the best way of increasing u, v coverage while maintaining

a high temporal resolution of 0.32 s. The Sun was imaged for 2 MF bands of

20 MHz bandwidth, 30–50 MHz and 60–80 MHz. As before, a lightcurve was

made for each pixel in the image array over time. The brightness temperature

of each pixel was then represented as a histogram, as is shown in Fig. 8.13. At

this stage a slope was fitted to the histogram for each pixel, as in Fig. 8.13.

This slope is the spectral index and, as mentioned above, a value greater than

2 implies the flaring activity could contribute to coronal heating. The spectral

indices for each pixel were extracted and plot in helioprojective coordinates as

a map. This acted as a visual representation of where on the solar disc the

micro- or nanoflares are occurring.

Fig. 8.13 illustrates preliminary analysis of this approach. Fig. 8.13 shows

that the slope values found are not accurate as a slope of -2 was found for

areas in the image that contain no solar emission. One possible reason for the

non physical values for the slope is that there are not enough magnitudes over

which to do the fitting. It is important to ensure that the fitting is done for a

long period of time, ideally ∼ 1 hour, so that all the size-scales of variations

in brightness temperature can be captured in the histogram. The next steps

are to re-do this analysis (1) for a longer time window, (2) for a down-sampled

images with larger ‘marcopixels’. This may result in histograms with a larger

range of scales for the fitting to be carried out. However, the initial results
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presented here are promising and the method has the potential of developing a

spectral index map that can identify the location of the micro- and nanoflares

that may be contributing to coronal heating.

8.3.2.2 The Square Kilometre Array (SKA)

The Square Kilometre Array (SKA; Dewdney et al., 2009) will be a state-

of-the-art, interferometric array that is currently in its planning/construction

stage and will be ready for observations by the mid 2020s. It will be con-

structed in two parts. Phase 1 is made up of SKA1-LOW and SKA1-MID

which are located in Australia and South Africa respectively and observe be-

tween 50 MHz and 15.3 GHz (Dewdney et al., 2009). SKA will offer unprece-

dented angular, spectral and temporal resolution as well as an improvement in

sensitivity achievable by other instruments (see Table 8.2). There is a Solar,

Heliospheric and Ionospheric Science Working Group (SHI SWG) that repre-

sents the solar community in the planning of SKA. The goal of the SHI SWG is

to ensure that the telescope will be able to make observations of the quiet Sun,

non-flaring active regions, solar flares, CMEs, the solar wind, the Sun-Earth

system, and the ionosphere (Nindos et al., 2019).

In the context of this thesis, one of the most interesting opportunities

provided by SKA is to observe weak transient events in an effort to gain a

deeper understanding of coronal heating. As mentioned previously, the coronal

heating problem remains one of the biggest unsolved conundrums of modern

solar physics (see De Moortel and Browning (2015)). The two leading theories

to explain this heating are (1) MHD waves transporting heat through the
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Figure 8.14: Comparison of sensitivity for SKA1, SKA2, LOFAR, GMRT and The
Jansky Very Large Array (JVLA). The sensitivity of both SKA1 and SKA is superior
to that of the other radio instruments.

corona (Van Doorsselaere et al., 2020), and (2) small-scale reconnection events

directly heating the corona (Klimchuk, 2006). SKA will be able to discern

which of the two theories is more accurate.

SKA will take time series of temperature, density and magnetic field in

different coronal structures (ARs,CHs, streamers, etc.) with extremely fine

temporal resolution, as small as 1 ms (Table 8.2). This will allow for the

calculation of the rate of energy storage in different parts of the corona over

time which can then be compared to existing MHD wave heating models.

Radio observations are extremely useful as they are sensitive to small pop-

ulations of nonthermal electrons present due to reconnection. In addition,

SKA’s superior sensitivity (evident in Fig. 8.14) and resolution (angular, spec-

tral and temporal) will allow for the possible detection of weak transient events
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8.3 CBPs & Microflares

Frequency
Range (MHz)

Angular
Res. ('')

Frequency
Res. (kHz)

Temporal
Res. (s)

LOFAR 10–90 60–540 195 0.16
SKA1-LOW 50–350 4–24 5 0.001–9
SKA1-MID 350–15,300 0.025–1 15–76 0.001–9

Table 8.2: Comparison of the angular, spectral and temporal resolution for the differ-
ent frequency ranges of LOFAR and SKA.

that are shorter in duration and more narrow band than have been observed

before (e.g. Chapter 7). Calculating the rate of these events as well as the en-

ergy involved, will aid assessing the role of small reconnection events in coronal

heating.
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8.4 Coronal Hole Study

Chapter 6 and Chapter 7 focused on the interferometric imaging of the quiet

Sun at low radio frequencies using LOFAR. Chapter 6 detailed imaging made

using the LBAs (10–90 MHz) whereas Chapter 7 contains images made using

the HBAs (110–270 MHz). One distinct difference was observed when com-

paring the images made using the two different frequency ranges, coronal holes

on disc appeared dark at higher frequencies and bright at lower frequencies.

This is evident in Fig. 8.15. This is an interesting effect that can be explored

further in future work.

Coronal Hole Brightness

Coronal holes are dark regions in the solar corona when observed in the EUV or

X-ray part of the electromagnetic spectrum. Their dark appearance is because

they are less dense and therefore cooler than the surrounding plasma. They

are characterised by open, unipolar magnetic field lines which are responsible

for allowing the fast solar wind to escape into the heliosphere. However, the

question must be asked, why do coronal holes appear dark in EUV and X-ray

images but bright below 100 MHz?

This effect was first discovered by Dulk and Sheridan (1974) and Lantos

et al. (1987) when single-channel observations were made of the Sun using

Nançay Radioheliograph and the Clark Lake Radioheliograph (Kundu et al.,

1983). Later on, McCauley et al. (2017) was the first to observe equato-

rial coronal holes over the whole frequency band where this transition occurs
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8.4 Coronal Hole Study

Figure 8.15: Comparison of imaging of coronal holes at LBA and HBA frequencies.
(a) is an SDO/AIA 193 Å image with 60–80 MHz contours overlaid. This is from the
2019-03-30. Similarly, (b) is an SDO/AIA 193 Å image with 140–160 MHz contours
overlaid. This is from the 2015-03-20.

(at ∼120 MHz). It was found that not only were coronal holes brighter at

low frequencies but occasionally low-latitude coronal hole emission can actu-

ally exceed that of active regions on disc. A study by Rahman et al. (2019)

using MWA observations expanded on this work by characterising coronal

hole intensities. They presented coronal holes that exhibited significant low-

frequency enhancements and some that, to the contrary, did not follow this

trend. From these observations, Rahman et al. (2019) were able to devise a

qualitative model based on the work of Lantos et al. (1987) and Alissandrakis

and Chiuderi-Drago (1994). It was proposed that coronal holes appear bright

at low frequencies due to the refraction of radio waves at the coronal hole

boundary. This results in emission generated outside a coronal hole being sys-

tematically redirected into it from an observer’s perspective. This is a very
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promising theory but it has yet to be qualitatively proven using rigorous mod-

elling of refraction in the solar corona. This is something that can be explored

in future work.

Bullseye Effect

Another peculiar effect noted by McCauley et al. (2017) was the so-called

“bullseye” pattern observed when imaging the circular polarisation in a coro-

nal hole. Imaging the polarisation of coronal holes is an additional step that

has yet to be taken with LOFAR solar imaging. McCauley et al. (2017) ob-

served the central part of the coronal hole emission to be circularly polarised

in a given direction and surrounded by a ring of emission circularly polarised

in the opposite sense. One explanation is that the o- and x- modes separate

during their propagation through the corona due to different refractive indices.

If this difference in propagation path is significant enough it may be respon-

sible for an unexpectedly large polarization fraction and/or a reversal in the

polarization sense. In order to test this theory ray tracing simulations could

be performed as part of future work to study the propagation of o- and x-

modes in different coronal density environments.

Direction of Polarisation

Another oddity observed by McCauley et al. (2017) was the fact that the di-

rection of the central circularly polarised emission associated with a coronal

hole was not as expected for thermal bremsstrahlung. This may be because

the emission from coronal holes is in fact made up of a combination of ther-
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mal bremsstrahlung and plasma emission, which is in keeping with coronal jet

observations (Filippov et al., 2009). These coronal jets and their relationship

to coronal hole polarisation can be explored in greater detail with more mul-

tifrequency observations, like those in Chapter 7, of the quiet Sun with large

coronal holes on disc.

However, it should be noted that there is an inherent difficulty in making

accurate polarisation measurements (in particular for the quiet Sun), which

makes the existing and recent literature on the topic controversial. More em-

pirical measurements with LOFAR and, in the future, SKA will help eliminate

any ambiguity.

8.5 Concluding remarks

The work detailed in this thesis has focused on the observation of the seem-

ingly ‘quiet’ Sun during times of minimal solar activity. It has shown how

such observations are crucial to help in the understanding of two of the largest

questions in solar physics today. (1) How does scattering affect observed radio

emission from the Sun? (2) Are micro- and nanoflares contributing to the

heating of the solar corona? This work has contributed to these important ar-

eas of solar physics, and made steps forward in answering the above questions.

However, it is clear that there is much work still to be done, and with the

advent of upgrades to LOFAR and the construction of SKA there promises to

be a number of exciting years of radio solar physics research ahead.
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lickỳ, M., and Lin, J. (2006). Shrinking

and cooling of flare loops in a two-ribbon

flare. Solar Physics, 234(2):273–299. 22

Walker, A. B., Lindblom, J. F., BARBEE,

T. W., and Hoover, R. B. (1988). Soft

x-ray images of the solar corona with

a normal-incidence cassegrain multilayer

telescope. Science, 241(4874):1781–1787.

125

Wentzel, D., Zlobec, P., and Messerotti, M.

(1986). A test for large-angle radio scat-

tering in the solar corona. Astronomy

and Astrophysics, 159:40–48. 59

Wheaton, B. R. (2009). Bremsstrahlung. In

Compendium of Quantum Physics, pages

78–81. Springer. 46

Wild, J. (1950). Observations of the

243



REFERENCES

spectrum of high-intensity solar radia-

tion at metre wavelengths. iii. isolated

bursts. Australian Journal of Chemistry,

3(4):541–557. 53

Wild, J. and McCready, L. (1950). Obser-

vatioas of the spectrum of high-intensity

solar radiation at metre wavelengths. i.

the apparatus and spectral types of so-

lar burst observed. Australian Journal of

Chemistry, 3(3):387–398. 51

Wild, J., Sheridan, K., and Trent,

G. (1959). The transverse motions

of the sources of solar radio bursts.

In Symposium-International Astronom-

ical Union, volume 9, pages 176–185.

Cambridge University Press. 55

Wild, J., Smerd, S., and Weiss, A. (1963).

Solar bursts. Annual Review of Astron-

omy and Astrophysics, 1(1):291–366. 51,

53

Wild, J. P. (1950). Observations of the

Spectrum of High-Intensity Solar Radi-

ation at Metre Wavelengths. III. Isolated

Bursts. Australian Journal of Scientific

Research A Physical Sciences, 3:541–557.

160

Wohlmuth, R., Plettemeier, D., Edenhofer,

P., Bird, M., Efimov, A., Andreev, V.,

Samoznaev, L., and Chashei, I. (2001).

Radio frequency fluctuation spectra dur-

ing the solar conjunctions of the ulysses

and galileo spacecraft. Space Science Re-

views, 97(1):9–12. 62

Woo, R. (2007). Filamentary structures

of coronal white-light images. Solar

Physics, 241(2):251–261. 29

Young, C. (1895). The sun, revised edition.

New York: D. Appleton and Company.

29

Zhang, P., Zucca, P., Sridhar, S. S., Wang,

C., Morosan, D. E., Dabrowski, B.,

Krankowski, A., Bisi, M. M., Mag-

dalenic, J., Vocks, C., et al. (2020). In-

terferometric imaging with lofar remote

baselines of the fine structures of a so-

lar type iiib radio burst. arXiv preprint

arXiv:2005.09419. 96, 126, 174

Zheleznyakov, V. (1970). Review of publi-

cations: Radio emission of the sun and

planets. Journal of the Royal Astronom-

ical Society of Canada, 64:261. 56

Zheleznyakov, V. (1977). Electromag-

netic waves in cosmic plasma: genera-

tion and propagation. elektromagnitnye

244



REFERENCES

volny vkosmicheskoi plazme;: generat-

siya i rasprostranenie. 55

Zirin, H., Hurford, G., and Marsh, K.

(1978). The small-scale sources of quiet-

sun centimeter-wave radio emission. The

Astrophysical Journal, 224:1043–1047.

157

Zlobec, P., Messerotti, M., Dulk, G., and

Kucera, T. (1992). Vla and trieste obser-

vations of type i storms, type iv and pul-

sations. Solar physics, 141(1):165–180.

124

Zucca, P., Carley, E. P., Bloomfield, D. S.,

and Gallagher, P. T. (2014). The for-

mation heights of coronal shocks from 2d

density and alfvén speed maps. Astron-

omy & Astrophysics, 564:A47. 180

245


	List of Publications
	List of Figures
	1 The Sun
	1.0.1 Photosphere
	1.0.2 Chromosphere
	1.0.3 Transition Region
	1.0.4 Corona

	1.1 Active Sun versus Quiet Sun
	1.1.1 Solar Magnetic Field
	1.1.2 Solar Flares
	1.1.2.1 Flare Classes
	1.1.2.2 Standard Flare Model
	1.1.2.3 Flare Observables

	1.1.3 Microflares & Nanoflares

	1.2 Solar Eclipses & their Science
	1.2.1 White-light solar eclipse observations
	1.2.2 Radio solar eclipse observations

	1.3 Thesis Outline

	2 The Radio Sun
	2.1 Low Frequency Radio Observations
	2.2 Radiative Transfer Basics
	2.3 Radio Emission Mechanisms
	2.3.1 Bremsstrahlung Emission
	2.3.2 Plasma Emission
	2.3.2.1 Solar Radio Bursts


	2.4 Propagation of radio waves
	2.5 Turbulence in the Corona

	3 Radio Interferometry
	3.1 What is an Interferometer?
	3.2 Interferometric Imaging
	3.3 Calibration
	3.4 Making a Dirty Map
	3.5 Deconvolution
	3.5.1 Weighting Schemes
	3.5.2 Gain
	3.5.3 Multi-Frequency Synthesis
	3.5.4 Self-calibration


	4 The International LOFAR Telescope (ILT)
	4.1 Station Layouts
	4.2 LOFAR imaging capabilities
	4.3 CEP & LTA
	4.4 Observing Modes

	5 The Irish LOFAR Station, I-LOFAR
	5.1 I-LOFAR Design
	5.1.1 Low Band Antennas – LBAs
	5.1.2 High Band Antennas – HBAs
	5.1.3 Receiver Units – RCUs
	5.1.4 Remote Station Processing Boards – RSPs

	5.2 I-LOFAR Data Processing
	5.3 I-LOFAR Construction
	5.4 Station Testing
	5.5 First Results

	6 LOFAR imaging of the solar corona during the 2015 March 20 solar eclipse
	6.1 Introduction
	6.2 Observation
	6.3 Data Analysis
	6.3.1 Interferometric imaging
	6.3.2 Lunar de-occultation
	6.3.2.1 The search for solar activity
	6.3.2.2 Image normalisation
	6.3.2.3 Method: Image-differencing (IMD)
	6.3.2.4 Method: Visibility-differencing (VISD)

	6.3.3 Source size determination

	6.4 Results
	6.4.1 Comparison of imaging techniques

	6.5 Discussion
	6.6 Conclusions

	7 LOFAR imaging of polar type III burst associated with a coronal bright point
	7.1 Introduction
	7.2 Observations
	7.3 Data Analysis & Results
	7.3.1 Interferometric imaging
	7.3.2 Imaging of burst
	7.3.3 Kinematics of burst from dynamic spectrum
	7.3.4 Kinematics of burst from standard deviation maps

	7.4 Discussion
	7.4.1 Novel imaging technique
	7.4.2 Origin of burst
	7.4.3 Coronal bright point microflare

	7.5 Conclusions

	8 Conclusions & Future Work
	8.1 I-LOFAR
	8.1.1 Primary Conclusions
	8.1.2 Future Work
	8.1.2.1 Observations with REALTA
	8.1.2.2 Station Upgrades


	8.2 Radio Solar Eclipse Studies
	8.2.1 Primary Conclusions
	8.2.2 Future Work
	8.2.2.1 Quantifying the overestimation in scattering using simulations
	8.2.2.2 NRH imaging of partial eclipse 2021 June 10


	8.3 CBPs & Microflares
	8.3.1 Primary Conclusions
	8.3.2 Future Work
	8.3.2.1 Spectral index map
	8.3.2.2 The Square Kilometre Array (SKA)


	8.4 Coronal Hole Study
	8.5 Concluding remarks

	References

