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Abstract
Low-frequency radio observations of the quiet Sun provide information
about the stratification of the electron temperature in the solar corona.
This in turn helps distinguish between localized versus distributed
coronal heating processes. We present flux calibrated brightness
temperature maps of the Sun from a prototype of the Murchison
Widefield Array (MWA) at 5 frequencies between 85 and 235 MHz,
corresponding to heights above the photosphere between approximately
0.1 and 1 solar radii.

Consisting of 32 electronically pointed tiles, each a phased array of 16
dual polarization dipole antennae and operating between 80 and 300
MHz, the 32 element MWA prototype (32T) provides a test bed for
the novel design of the full 512 element array. One objective of the
MWA is to advance solar and heliospheric science with fast cadence,
high fidelity images of the Sun.

In this work we compare integrated flux densities of the quiet Sun produced by the MWA 32T with theoretical expectations and established
results. We additionally examine radial brightness temperature profiles and provide a discussion of their possible connections with the
large scale electron temperature and density distributions in the solar
corona.
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Chapter 1
Introduction
The Sun, being the star nearest to the Earth, presents an unique opportunity
to study in great detail many processes that go on in a typical stellar system.
One means of studying the Sun is through the electromagnetic (EM) radiation
it emits. It has been found that the Sun exhibits a wide variety of different
behaviors over the range of observable frequencies, as well as time dependence
on many scales. In X-rays and extreme ultraviolet (EUV) the most prominent
features are the active regions associated with magnetic flux emerging from the
top of the convection zone at the chromosphere and into the atmosphere above.
In visible light the Sun presents a mostly featureless disk, the photosphere,
which emits blackbody radiation at ∼5800K. Active regions are manifested
visually as “sunspots,” regions of high magnetic field in which the temperature
and total emitted optical flux are lower, making them appear dark compared to
the rest of the solar disk. When the light from the photosphere is blocked by an
occulting disk, the Sun is observed to extend out to several times its radius as
a tenuous, streaming structure called the corona. It has long been established
that the corona has a temperature in the range of 1 million Kelvin. A stream
of energetic particles, mostly electrons and protons, called the solar wind is
emitted from the upper regions of the Sun’s atmosphere. This phenomenon
was predicted and first explored theoretically in the 1950’s by E. Parker [1].
The point where the solar wind pressure matches that of the local interstellar
medium can be used to define the edge of the sphere of influence of the Sun,
called the heliosphere [2].
Radio frequencies originate from the corona due to both thermal and nonthermal processes. Thermal radiation is dominant in areas of low magnetic
activity and originates mostly as bremsstrahlung from thermal electrons in optically thin regions and is blackbody in nature if the corona becomes optically
thick at a height above the level where the radio frequency matches the elec1

tron plasma frequency. Non-thermal emission arises through various plasma
processes in a variety of situations involving the release of magnetic energy
to produce non-thermal electron energy spectra. These events include radio
bursts associated with solar flares, shocks driven by coronal mass ejections and
storms in highly magnetic regions near the surface [3].
In the absence of violent, large scale non-thermal and magnetic activities
the radio emission from the Sun is referred to as “quiet Sun” emission. Radiation from quiet Sun regions is only sensitive to the temperatures and densities
in the regions from which the radiowaves originate in the case of zero magnetic field. Radio observations of these regions can provide measurements of
the physical conditions there, giving clues about how energy is transported
into and through the corona.
In this work we introduce radio synthesis images of the Sun obtained between 85 MHz and 232 MHz using the Murchison Widefield Array (MWA) 32
element protoype (32T). We include calibrated brightness temperature maps
and show a number of observational details that are in contradiction with predictions based on models of the solar atmosphere. Other recent studies also
cast doubt on these established models of quiet Sun low-frequency radio emission [4]. The ordering of the discussion is as follows. In chapter 2 we introduce
the basics of the Sun and the plasma emission of the solar corona. In chapter
3 we provide an overview of our observations and the status of the Sun during
this time period, and continue after this in chapter 4 with a description of our
calibration and imaging procedure. We present the brightness temperature
maps we obtain, our measured spectral index, and an analysis of these results
in chapter 5, then provide concluding remarks and discussion of the potential
of future studies in chapter 6.
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Chapter 2
Background
The Sun and its connection to the heliosphere is a complex system and the
study of this system presents many experimental, observational and theoretical
challenges. Many of the processes taking place in the solar corona and in the
inner heliosphere are ultimately powered, it is thought, by the generation of
magnetic fields through a dynamo process in the convective layer directly below
the photosphere [5]. These magnetic fields then rise to the surface and emerge
into the corona. It is thought that plasma processes involving these magnetic
fields are responsible for heating the corona to temperatures much hotter than
the surface of the Sun itself. The dynamics of the magnetic fields additionally
create disturbances such as the solar flares. The outer layers of the corona
continually expand outwards and give rise to the solar wind that pushes the
heliosphere far out into space. Coronal mass ejections (CMEs) originating
in the lower atmosphere must propagate through the outer corona and inner
heliosphere as they travel outwards. Obtaining a detailed understanding of the
means of coronal heating, the origin of the solar wind, the causes of CMEs and
their dynamics as they travel through the plasma of the interplanetary medium
is of great interest as this system is directly linked to the Earth through our
planet’s own magnetosphere.

2.1

Plasma Basics

Plasma, a state of matter consisting of a gas of charged particles, exists under
an enormous range of conditions. Nearly all baryonic matter in the universe is
thought to be in the plasma state, including much of the interstellar medium,
the intergalactic medium, the cores and atmospheres of stars and compact
stellar remnants as well as the matter in the early universe. The dynamics
3

of plasmas vary widely because of the vastly different temperature, density
and magnetic field regimes that can occur in the laboratory and in space.
However, some general behaviors are typical of plasmas in many situations.
The resonant frequency of electrons in the plasma under the influence of an
electromagentic wave, the electron plasma frequency νp , is possibly the most
basic and universal plasma parameter. EM waves below this frequency cannot
propagate through the plasma because the electrons have small enough inerts
to be able to oscillate in phase with the incoming waves. This produces outgoing waves and the light is reflected, much in the same way as light reflects
off of the conducting electrons of a highly polished metal surface. We define
this frequency as
s
ne e2
.
me ǫ0

νp =

(2.1)

for electron number density ne and electron mass me .
There are many consequences of the plasma character of the solar corona.
We mention here three of them that have significance for radio studies of the
quiescent solar corona. Two of them deal with the processing of magnetic
field energy into thermal and bulk kinetic energy and the third deals with the
propagation of EM waves in the plasma. The high temperature of the corona
is hypothesized to be the result of one or more of several possible dynamical processes. Firstly, coronal heating is plausibly the result of micro-flares
occurring in the lower corona as a result of a process called magnetic reconnection. This releases energy stored in adjacent oppositely aligned magnetic
fields into the thermal energy of particles in the volume through which the
magnetic field permeates through a rearrangement of the field topology into
a lower energy distribution. Additionally, the dissipation of magnetohydrodynamic Alfvén waves in the lower corona introduces a heat flux into the plasma.
These are acoustic waves of the ions that travel along and are coupled to the
magnetic field fields. The dissipation of these waves transfers energy from
magnetic fields into the thermal energy, with observations showing heating by
this method to be able to account for roughly 15% of a region’s total radiative
loss [6]. Thirdly, gradients and small-scale inhomogeneities in the corona can
have a significant effect on the propagation of radio waves, especially at lower
frequencies. We will see that this results in some interesting properties of solar
radio maps.

4

2.2

The Solar Corona

The densities of the photosphere, chromosphere and corona are ∼ 1023 , ∼
1017 , and ∼ 1015 particles m−3 , respectively [5]. It was found through early
radio observations that the temperature of the solar corona must be in the
range of one million Kelvin. Understanding the difference between the coronal
temperature and the temperature of the photosphere has been an outstanding
problem for solar physicists. There exists a transition region at the base of
the corona in which the temperature transitions sharply from 104 K to 106 K
over a space of several thousands of kilometers, while the temperature ramps
up steeply from the chromospheric up to the coronal temperature.
At low radio frequencies the quiet Sun is dominated by bremsstrahlung
emission from the hot thermal plasma in its atmosphere. For frequencies at
which the corona is optically thick the thermal emission approaches a perfect
blackbody. At low frequencies the Planck blackbody distribution is approximated by the Rayleigh-Jeans limit. This part of the spectrum has the form of
a power law, in which the observed brightness-frequency dependence can be
written
Sν = S0 ν α ,
(2.2)
where S0 is the intensity at some arbitrary reference frequency and α is a
factor to determine the steepness of the power law. α is commonly referred to
as the spectral index. A blackbody emitter in the Rayleigh-Jeans limit has a
spectral index equal to 2.

2.3

Radiative Transfer in The Corona

The non-distorted brightness temperature distribution of the Sun can be understood quantitatively using the equation of radiative transfer. This provides
a connection between the observed brightness temperature and the line of
sight integration over the ambient temperature and optical depth. For thermal emission from both the corona and chromosphere the equation of radiative
transfer has the solution,
Z τν
TCor e−τν dτ + TChr e−τν
(2.3)
TB =
0

where TB , TCor and TChr indicate the brightness temperature, coronal electron
temperature and chromospheric electron temperature, respectively. Brightness
temperature is related to the actual brightness or intensity distribution from
5

the sky, in W atts · m−2 · Hz −1 · ster −1 , by the Rayleigh Jeans limit of the
Planck blackbody curve,
Iν c2
(2.4)
TB = 2 ,
2ν k
related to the observed flux density Sν in a telescope beam by,
Z
2kB TB ν 2
dΩ,
(2.5)
Sν =
c2
beam
where kB is the Boltzmann constant and dΩ is the differential solid angle
element. The optical depth itself is a function of the properties of the medium
and the path of the ray through the medium.
In the case of the Sun’s coronal plasma, the optical depth τ can be defined
using the absorption coefficient for thermal bremsstrahlung [7],
κ=

CNe2
3/2

TCor ν 2 n

.

(2.6)

Here, Ne is the electron number density, TCor is the coronal electron temperature, ν is the frequency of radiation in question, C is roughly a constant of
frequency, and n is the index of refraction of the medium, defined in a plasma
as
νp2
n2 = 1 − 2 .
(2.7)
ν
In terms of κ, the optical depth is
Z s
τν =
κ ds.
(2.8)
s0

where s0 is the (arbitrary) location of the observer and s is the point from
which the radiation is originating. For a uniform electron temperature distribution, as is suspected to be approximately true in the corona due to the
very high conductivity of plasmas, the equation of radiative transfer is easily integrated to reveal a simple relation between brightness temperature and
electron temperature in the corona [8],
TB = TCor (1 − e−τ ) + TChr e−τ .

(2.9)

Notice that, since τ depends on the electron temperature and density, TB is a
function of these factors as well.
A useful application of the final form of the equation of radiative transfer
is in deriving the electron temperature using models for density established
6

with other measurements. By mapping the brightness temperature of the
Sun using radio arrays, and using input density models derived from optical
studies of Thomson scattering in the corona, the actual electron temperature
in the corona can be extracted. However, there generally exist gradients in the
electron density Ne such that the index of refraction is a function of position
in the corona. This has the effect of strongly curving the paths of radio
waves that are near the plasma frequency. Additional steps must therefore
be taken to relate the observed brightness temperature distribution to the
electron temperature distribution

2.4

Radio Appearance of The Quiet Sun

The substantial density and temperature differences between the corona and
chromosphere lead to some interesting observable effects. At frequencies higher
than 30 GHz, the corona is optically thin (τ < 1) and nearly invisible except
in Thomson scattered light. All rays emerge directly from the photosphere in
an approximate blackbody spectrum at the temperature of 5800 K. Between
30 GHz and 10 MHz the corona becomes less and less transparent, making the
measured brightness temperatures increase until reaching the coronal temperature of approximately 1 million Kelvin. Below 10 MHz the corona is optically
thick (τ > 1) and all rays originate in the corona with no component being
visible of the cooler emission from the photosphere. While the emission seen at
intermediate frequencies is thermal, the spectrum does not correspond to that
of a blackbody at a specific temperature. As one is receiving radiation from
both the optically thick chromosphere at 5800 K and optically thin corona at
a few million K, the emission at higher frequencies is more influenced by the
lower and cooler parts of the Sun’s atmosphere so it is expected that α < 2.
Another effect is the increased brightness of the limb (edge) of the Sun at
intermediate frequencies. This is a result of the larger path length travelled by
rays through the corona at distances farther from the center of the solar disk.
Beyond the edge of the photosphere the rays travel directly past the optical
disk, resulting in increased optical depth for the coronal emission. This means
there is increased emission at 106 K and none from the photosphere, leading to
brightened limbs. This effect is seen in radial brightness temperature profiles
in the form of raised “horn” shapes at the edges of the solar disk, as seen in
figure 2.1.
In the MWA frequency range, radio propagation effects become significant.
Refraction and scattering of radio waves propagating through the corona at
frequencies approaching the plasma frequency lead to a distortion in the ob7

Figure 2.1: Brightness temperature of the Sun as a function of distance from
the center of the solar disk as predicted using ray tracing through a model
atmosphere with scattering neglected [9].

8

served brightness distributions of the Sun. Refraction has the effect of making
the rays travel along curved paths, and can be accounted for by using density
models to solve for the gradient in index of refraction and using ray tracing
methods to solve for the light paths. Scattering has the effect of broadening
the initially infinitely thin ray into a narrow cone of rays. This blurs out any
compact features and is more difficult to account for in ray tracing models. As
can be seen from figure 2.1, it is predicted that at the lowest frequencies the
emission is spread over an area larger than that of the solar disk with a maximum brightness temperature of 1 million Kelvin, while at higher frequencies
the limbs are brightened into “horn” features at the edges. As frequency drops
off the “horns” spread out spatially and move inwards and the wings or tails of
the brightness temperature distribution widen, all of which are consequences
of refraction.
Scattering of the radio waves is a random process that blurs any detailed
information about a ray’s origin. A set of parallel rays will slowly diverge
into a cone as they travel through a scattering medium. This causes visible
features to broaden. It generally increases the apparent size of the solar disk
and reduces the brightness temperature as the total flux is spread out over an
angular distribution presented by the corona itself. This effect becomes more
prominent at lower frequencies, being most important below 100 MHz [10],[11].
Scattering effects can be accounted for in a ray tracing algorithm using Monte
Carlo methods. These methods predict that the brightness temperature of
the Sun will decrease at lower frequencies as the scattering becomes more
significant. Rays will no longer penetrate to the layers where the optical
depth reaches unity and will instead be reflected by scattering processes in
optically thin regions. The net result is a lowering of the observed brightness
temperatures [11].
It is important to better determine the physical and dynamical conditions
in the corona in order to enable a theoretical framework that can be used to
reliably explain and eventually predict the energetic coronal processes that can
potentially affect the Earth based on real time observational input. To this
end a number of studies have taken place that use the complementarity of radio brightness temperatures from the hot thermal electrons in the corona and
spectral lines from highly ionized metals present in the same layers. Specifically, radio emissions of various frequencies have been found to coincide to a
high degree with extreme ultraviolet emission from the lower corona and soft
x-ray emission from higher levels [12]. These methods have additionally been
used as checks on the validity of coronal abundance models [13]. Emission
lines that form at temperatures at levels associated with a particular radio
frequency allow accurate determinations of electron density and temperature
9

Figure 2.2: Central brightness temperatures of the Sun predicted by a model
including the scattering of radio waves off of a Kolmogorov spectrum of density
fluctuations [11].
with few assumptions. Best fit models can be derived to provide a pressure
scale and electron temperature and density distributions based on simplifying
assumptions about the pressure as a function in the vertical direction, e.g.
assuming hydrostatic equilibrium.
Alternatively, radio brightness temperature maps can be used independently to study the structural characteristics of the corona. Microwave observations at λ = 8mm (37.5 GHz), corresponding to emission from the chromosphere, show a reduced sensitivity to the location of coronal holes [14]. At
lower frequencies coronal holes become more apparent as the emission comes
from layers higher up into the corona. While coronal holes appear as prominent
cool areas in brightness temperature maps down to 450 MHz, their prominence
decreases again at lower frequencies and they become hardly noticeable below
250 MHz [4]. This seems to provide evidence that the coronal holes are restrained to a certain range of elevations, as the plasma frequency, and thus
emission frequency and brightness, are dependent on the local electron density.
In order to maintain hydrostatic equilibrium the electron density is expected
to be a monotonic function of elevation in the corona. Radio observations
can be expected to penetrate down to the level at which the optical depth
approaches unity or else to the level at which the observed frequency matches
the local plasma frequency [4]. For emission from optically thick regions the
brightness temperature matches the electron temperature, in the absence of
10

scattering. When the emission originates just above the level where ω = ωp the
brightness temperature contains information on both the electron temperature
and density.

11

Chapter 3
Our Observations
3.1

The MWA 32T

The Murchison Widefield Array (MWA) is a low frequency radio telescope
currently under construction in remote and radio quiet Western Australia. It
will consist of 512 electronically pointed tile antennae. The MWA design is
focused on a few main science objectives, including detection of the Epoch of
Reionization [15], studies of the Sun and inner heliosphere [16], and the detection of transient radio sources [17]. The characteristics of the MWA that make
it ideal for these subjects are its wide field-of-view, high fidelity instantaneous
snapshot imaging capability, along with its high spectral resolution and sensitivity. These characteristics result from the unique design of the array enabled
by recent advances in technology, most significantly the increase in available
computing power. A detailed overview of the MWA as currently planned can
be found in Lonsdale et al. 2009 [18].
An engineering prototype consisting of 32 elements, referred to as the 32T

Figure 3.1: Aerial view of the tile positions of MWA 32T.

12

system, has been constructed on site to serve as an end to end test-bed for
integration and performance testing of the hardware, firmware and software
components. The 32T provides an opportunity to field test the system and
gain useful experience in diverse domains ranging from field deployment of the
system, field and remote operations, reliability of the system, robustness of the
monitor and control framework to assessment of data quality. It also provides
valuable datasets with which to develop and tune the calibration and imaging
system. In addition to serving the system engineering goals, the 32T system
is intended to provide an opportunity to obtain early scientific observations.
Use of the prototype to find definitive science results will provide confidence
in the project as a whole.

3.2

Data Collection

Data were captured using MWA 32T on November 18 and 19 of 2008, during
a spectacularly quiet period. Of the 32 tiles used in each observation, 7 of
the tiles were malfunctioning and one component of the polarization was not
captured by an 8th tile. Frequencies observed were 85, 114, 143, 202, and 232
MHz, with a 1.28 MHz bandwidth divided into channels of 10KHz spectral
resolution. Baseline lengths were scattered evenly in the range from tens to
3̃00 meters, translating to filling the UV plane uniformly out to radial distances
of 200 to 300 wavelengths at the longest and shortest wavelengths, respectively.
Data were correlated after wards by a software correlator. These correlated
data were averaged over two-second intervals, and each scan is five minutes
in total. The observations are summarized in table 3.1. Flux calibration was
accomplished using Cen A as a calibrator source, based on results compiled
by Alvarez et al, [19].
Table 3.1: Summary of observations.
Frequency (MHz) Wavelength (m) # of Cen A Scans
84.5
3.6
2
114
2.6
3
143.4
2.1
3
202.2
1.5
3
231.7
1.3
2
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# of Sun Scans
3
2
2
2
3

Figure 3.2: The UV coverage for the MWA 32T observations of the Sun at
232 MHz as a demonstration of the highly sampled Fourier plane.

3.3

Status of the Sun

The observations in 2008 were taken during a period of particularly low solar
activity. As demonstrated in figure 3.3, there was no large scale magnetic
activity on the Sun at the time of these observations. The pattern of small
scale fields is consistent with the usual convection of the photosphere in the
absence of sunspots. The coronagraph image indicates the polar coronal holes
associated with the solar minimum are present and the white light corona
appears to be remarkably uniform. These are ideal observing conditions for the
MWA 32T as our resolution makes the presence of any small, localized regions
of emission undesirable. Although these have intrinsic scientific interest, the
low resolution of MWA 32T would make it difficult to disentangle emission
between regions, and only the dominant emission mechanisms would be easily
discernible. The large scale quiet Sun distribution is more conducive to studies
using the imaging capabilities of the prototype array.
The Sun can be a difficult object to study as it is a very bright and large
object with a complicated morphology that exhibits time-dependent behavior
and moves constantly with respect to the background sky in addition to rotating. The size of the Sun is not an issue due to the MWA design and the
14

brightness makes a self-calibration procedure possible (as described in the following chapter). The absence of activity means that the morphology is much
more simple than is usual and the situation is not complicated by the rotation
of the features on the Sun during the observing period as a rotation of up to
a few arc-minutes will not be observable due to the beam size.

Figure 3.3: Activity (or lack thereof) on the Sun and in the corona as seen in
a magnetogram imaged (left) and coronagraph (right).
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Chapter 4
Data Reduction
4.1

Data Quality Checks

Reduction of interferometric data was performed within the AIPS package.
As the response of the 32T system had not yet been completely characterized,
care was taken to ensure data quality. The first step taken was to analyze
the visibility data as a function of spectral channel to look for radio frequency
interference (RFI) and to identify channels and tiles that were not working
properly. Bad channels, RFI and bad tiles were flagged appropriately. After
removal of frequency dependent pollution of the data we produced solutions
for each bandpass shape across the 120 channels in a given band in order to
normalize the bandpass. We additionally kept only the central 70 channels as
the edge channels had generally poor response.
The data was vector averaged over the central 70 frequency channels in
order to increase the signal to noise for the upcoming gain calibrations. Time
versus amplitude plots for each antenna were viewed in AIPS task “tvflag”
and suspect tiles were removed from the data along with obvious RFI. For all
observations 6 tiles did not function in either polarization and a 7th did not
function in one of the two linear polarization channels.

4.2

Correction for Tile Beamshapes

Another correction needed was for the response of the tile beamshapes to
changes in pointing direction. Although it is possible to synthesize a beam
in any direction using all 32 tiles, the effective collecting area of the tiles is
the projected area seen from the perspective of the pointing direction and so
the tile gain is reduced as elevation of the source decreases. Thus, an object
16

Figure 4.1: Ratio of peak gain for a given pointing to that for a beam pointed
at zenith.
at zenith will invariably appear to be brighter than the same object at some
lower elevation, leading to discrepancies between fluxes from scans at different
times and between different objects. The beamshape of the tiles also varies
with azimuth, so objects will also present different brightnesses when displaced
laterally. For example, if Centaurus A were to be imaged at an elevation of 45
degrees where the gain is approximately one half that of the gain at zenith, and
the Sun were imaged when at zenith, the flux calibrations would mistakenly
over-estimate the gain solutions for the Sun by a factor of 2 in order to make
up for the unnaturally dim appearance of Cen A.
Consequently, at this point we use simulations of the electromagnetic response of the tiles as a function of azimuth, elevation and polarization and
correct each data set using the ratio between the efficiency of the antenna response at the coordinates of the Sun during the scan and the efficiency of the
antenna predicted for an object at zenith. We show the results for the peak
tile response as a function of pointing direction in fig. 4.1. This is accounted
for by normalizing the response of the beams to pointing direction by dividing
by the plotted efficiencies.

4.3

Imaging

The signal from each baseline gives the brightness of a single directional spatial frequency on the sky. In order to form an image the data must be Fourier
transformed. The resulting image is dominated by the point spread function
(PSF). The PSF is the Fourier transform of the uv coverage of the array. This
is called the “dirty map.” The dirty map is a convolution of the brightness dis17

tribution on the sky with the PSF. The CLEAN algorithm is a deconvolution
process in which the calculated PSF is subtracted from the brightest points
in the dirty map scaled by a factor of 10%. Once all the bright points have
been fitted with PSF’s and subtracted, they are added back in to the residual
noise as actual points. The result is an image of the sky including the noise
but without flux spread throughout the image by the convolution.

4.4
4.4.1

Calibration
Gain Calibration

After all flagging of corrupted data had been completed we performed a selfcalibration process to solve for the complex antenna gains. This works works
under the principle that all baselines gains can be adjusted in order to try
to reproduce a model image of the sky via a global chi-squared minimization.
The Sun, being the brightest radio source in the sky, is well suited for selfcalibration. AIPS task “calib” was run to self-calibrate the visibility data,
starting with a point source model. Since the complex gain of each tile appears
in the cross-correlation between it and each of the N − 1 other tiles, there are
N(N − 1)/2 complex visibilities (the number of antenna combinations) that
can be used to solve for N antenna gains. This means that a global chi-squared
minimization can be performed to solve for the amplitudes and phases for each
antenna to try to match the visibilities to the given model. The final result
of this process is the minimization of the artifacts entering the data from the
receiving system and maximization of the actual signal received from the sky.
After the first run of self-calibration using a point source model had produced a set of gain solutions, the new visibilities were imaged with CLEAN.
The newly produced clean image was fed into the next iteration of the selfcalibration process as a model rather than the point source. The gain solutions
using this model were imaged and cleaned and the new clean map fed back
in as the self-calibration model. This process was repeated, with care being
taken to avoid over-cleaning (adding fictitious clean components taken from
the background noise and not the actual Sun) until the solutions appeared to
converge to a high signal to noise visibility that has small RMS differences
from the model visibilities for the previous CLEAN map. The results of this
self-calibration process are illustrated in figs 4.2 and 4.3. If fig. 4.3 the amplitudes for any given uv distance now show the response of the brightness
distribution on the sky Rather than the electron tile gains.
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Figure 4.2: Improvement of signal to noise in images from self calibration and
point source CLEAN deconvolution. The ratio of RMS noise flux in the Sun
to the peak flux is 22% before calibration(left), 11% after the self-calibration
process (center), and 0.05% after deconvolution (right).

Figure 4.3: Calibrated cross-correlation amplitudes as a function of baseline
length (uv distance) for solar visibilities at 232 MHz.
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4.4.2

Flux Calibration

The calibration process up to this point had not taken into account the relationship between the voltage received by each tile and the actual power
incoming from the sky. This was done through the process of flux calibration
in which the antenna gains were adjusted to reproduce as best as possible the
actual flux density of a calibrator source. This was accomplished by using
observations of a source with known flux density at regular intervals at the
same frequencies as the observations of the Sun. We used Centaurus A as our
flux calibrator, but it was not ideal in that the source shows structure over a
wide range of spatial frequencies. This means flux can be misplaced between
baselines during the self-calibration process and the integrated flux density we
recover from the Sun will be slightly in error. This effect was be quantified by
seeing how well we reproduced the exact flux density of the calibrator source
when we imaged it after the flux calibration process.
Cen A has been studied extensively over many frequencies. Using the
fluxes determined by Alvarez et al. we scaled the observed flux density from
Cen A to the reported flux density. The integrated fluxes of Cen A were well
suited for MWA 32T calibrations because the majority of flux integrations were
performed using single dish telescopes. This minimizes the risk of mis-matched
flux densities.
The flux calibration process itself was accomplished through a short series
of AIPS tasks. It was necessary to combine the data from the Sun and Cen
A into combined multi-source data sets at each frequency. After combining
the Cen A and Sun visibilities and organizing the visibilities within the data
sets the task “tbin,” “tbout,” and “indxr,” task “setjy” was run on the Cen
A data to scale it to the appropriate input flux density.
It was then necessary to translate the gain solutions provided by the selfcalibration of Centaurus A to the gain tables for the Sun. This done using
AIPS task “getjy,” “calib,” and “clcal.” At this point one can either move on
to analysis of the brightness maps produced by CLEAN on the fully calibrated
data, or one can explore alternative deconvolution and imaging strategies.
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Chapter 5
Analysis
5.1

Flux Measurements

After producing satisfactory gain solutions including flux calibration, the calibrated visibilities were imaged and deconvolved using the CLEAN algorithm
to produce brightness temperature maps of the Sun.
The results of flux integration are presented in fig. 5.1 and table 5.1.
Measured flux densities are several times greater than those presented by Erickson et al. (table 5.2) at the lower frequencies (under the assumption of a
Gaussian brightness distribution) Additionally, the measured spectral index,
α = 2.6 ± 0.4, is somewhat larger than the values suggested in the above
mentioned article, α = 2.38 ± 0.1, although the result is still well within experimental error.
Table 5.1: Integrated flux densities of the Sun from MWA 32T.
Frequency (MHz) Integrated Flux Density (kJy) ± (kJy)
84.5
25.9
4.8
114
94.8
11.0
143.4
172.5
20.4
202.2
225.9
44.1
231.7
478.5
101.4
There are two primary known factors contributing to the differences between the MWA 32T data and the previously published measurements and
theoretical predictions. These include:
1. The Sun is a dynamic source and its emission changes over time. This
implies that there is no standard for value for solar flux.
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Table 5.2: Integrated flux densities of the Sun from Erickson et al. [20].
Frequency (MHz) Integrated Flux Density (kJy) ± kJy)
38.1
1.6
0.4
57.7
6.3
1.03
73.8
12.05
2.42
109
29.35
4.61

Figure 5.1: The spectrum of the Sun from MWA 32T data (red) and from
Erickson et al. (blue) [20]
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2. Complications posed by using a complex emitter like Cen A as the calibrator source.
Although the quiet Sun is expected not to change significantly on small
time scales it has been known to be quite variable within the span of months
[10]. Each solar minimum has a different average level of activity and the
corona cannot be expected to have steady emission over long time scales so no
standard quiet Sun flux exists
Another factor contributing to errors in the flux calibration is the complexity of Cen A’s brightness distribution. Cen A shows structure over a range of
spatial scales from several degrees to less than 10 arc minutes. This means
that flux can be distributed improperly when the baseline gains are scaled to
match the calibrator source flux. This generally leads to over-estimates in the
total flux densities as all of the flux from Cen A is being applied to the visibility data which may only contain information from baselines sensitive to only
a fraction of the incoming flux. We do not believe it is likely that much flux
is missed due to unaccounted for emission on spatial scales not attainable by
MWA 32T as its smallest baselines correspond to tens of degrees of resolution.
The UV plane is so highly sampled that no larger structures are ignored by
having spatial scales not visible to the array. The smallest baselines in the
array correspond to emission on larger scales than the Sun itself, so the MWA
32T should show response very similar to a single dish receiver. Note, however,
the our calibrator source Cen A is more complex than the Sun. If we lack in
our ability to reproduce the exact flux of Cen A this imprecision translates to
the solar observations through the flux calibration process.

5.2

Brightness Temperatures

Some results that are not sensitive to the absolute flux calibration are the
shapes of the radial brightness temperature profiles of the Sun. The flux calibrated and cleaned images provide an effective way of looking at the brightness
temperature structure as observed by the MWA 32T. Radial profiles through
the Sun from these brightness temperature maps show some similarity to the
predictions of ray tracing methods applied to the brightness temperatures derived from electron temperature and density models, as seen in figures 5.3 and
5.4. The most apparent similarity is that the radius of the Sun clearly increases
at lower frequencies, in part because lower frequencies originate from higher
in the corona and in part because scattering increases at lower frequencies.
Although the scales for brightness temperature are in disagreement between
the MWA 32T images and the prediction, the general shapes of the profiles are
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Figure 5.2: Flux density maps and contours of the quiet Sun at 82 MHz (left),
143 MHz (center) and 231 MHz (right). Contour levels are factors of 2, scales
are in Jy/beam, beamsizes are shown in the lower left corners.
in better agreement. One source of apparent discrepancy is the low resolution
of the MWA 32T, which blurs features in the profiles. However, the effect of the
finite resolution of the instrument does fully explain the differences between
model and observation. The dip in brightness temperature at the center of the
Sun is much more pronounced in the model, and the dip is large enough that it
would not be erased when convolved with the MWA 32T beam. However, the
input electron density and temperature profiles in the model are not assured
to be correct and the Sun was passing through an unexplained long and deep
solar minima during these observations.
Although the morphology of the observed brightness distribution of the
Sun is insensitive to the flux calibration, it can easily be influenced by changes
in the beam pattern and resolution. The Sun is a large and distributed source
that cannot easily be expressed through a superposition of point sources. The
low resolution of the MWA 32T, with only several beams fitting over the
observed solar disk, means that CLEAN should have little trouble producing
images without introducing artifacts. Nevertheless, we turn to an alternative
deconvolution strategy based on the same principle as CLEAN; the multiscale (MS) CLEAN algorithm [21]. This can potentially provide an increase in
image quality by accounting more accurately for emission on different spatial
scales.
The MS CLEAN system works as a modified CLEAN algorithm that is
modified to scale by a user-specified amount the size of the PSF that point
sources are convolved with when the cleaned flux is re-introduced into the
image. A weighting scheme is used to determine which beam to use in any
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Figure 5.3: Measured brightness temperature profiles of the Sun.

Figure 5.4: Modeled brightness temperature profiles of the Sun.
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Figure 5.5: Averaged brightness temperatures of the Sun. Note that if it were
not for increased scattering at lower frequencies all measurements would be
expected to be approximately 106 Kelvin.
particular iteration based on the peak flux density of a given resolution and the
ratio of the beam size to be used to that of the smallest beam size specified
[21]. Overall the results of imaging with MS CLEAN show little difference
when compared with the results obtained used the traditional CLEAN. Flux
density integrations varied by ∼ 2%, much smaller than the overall errors in
the flux density integrations. The only potential significant difference is seen
in figure 5.6, showing the brightness temperature profile of the Sun at 232
MHz obtained from a multi-scale cleaned map. A flattening is seen in the
center of the Sun which was not apparent without the multi-scale technique.
Limb brightening is still not apparent, as might have been expected based on
results of higher-resolution imaging of the quiet Sun at similar frequencies in
Ref. [4].
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Figure 5.6: Radial brightness temperature profile of the Sun at 232 MHz from
a map generated by the multi-scale CLEAN method.
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Chapter 6
Conclusions
It is concluded that MWA 32T has produced data that is similar enough to
expectations that the dissimilarities between observation, previous publication
and theory can be explained through difficulties in the flux calibration, limited
resolution, variable emission and imperfect models for electron temperature
and density. We found a low-frequency spectral index within experimental
error of results for similar frequencies. By systematically varying models to
provide a best fit between the observed brightness temperature distributions
and the maps computed using ray tracing based on the input models it may be
possible to achieve reliable measurements of Te and Ne for a range of elevations
corresponding to the layers from which radio waves of different frequencies
originate. The model providing the best fit provides the best estimate for the
actual density and temperature structure. This is important as the model of
the quiet Sun emission introduced by Smerd has had little firm observational
validation [9].
Further observations with MWA 32T were carried out in January of 2010
to monitor the Sun as it emerges from its inexplicably deep and long period of minimum activity. These observations will provide more accurate flux
calibrations through the use of more appropriate calibrator sources and tile
beamshape corrections. It will be necessary to watch the evolution of the
brightness temperature maps with time to see any observable changes as solar
activity begins to increase. However, the introduction of non-thermal emission from active regions will complicate any discussion of the thermal radiation
from quiet regions as with out resolution we cannot easily distinguish between
separate regions and non-thermal emission often accounts for a large portion
of the total radio flux during active periods.
The completion of the full Murchison Widefield Array will represent a
milestone in observations of the radio Sun. The high fidelity images from
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the MWA will allow the techniques described in this paper to be applied much
more fruitfully. This will be a valuable opportunity for the study of the thermal
and non-thermal processes that go on in the corona. A better understanding
of the distribution of electron temperature will be necessary for more accurate
descriptions of processes possibly involved in heating the corona. The MWA is
well matched to the task of observing the Sun, and will lead towards new ways
in which to discover what it is that makes the corona so hot. The increased
resolution will provide a remarkable improvement over the MWA 32T maps
and the method of ray tracing applied to model distributions will be able to
come into its own as a remote sensing technique for the Sun’s atmosphere.
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