


Abstract

This work shows how legacy and novel radio interferometry software packages and al-
gorithms can be combined to produce high-quality reductions from modern telescopes,
as well as end-to-end simulations for upcoming instruments such as the Square Kilo-
metre Array (SKA) and its pathfinders. We first use a MeqTrees based simulations
framework to quantify how artefacts due to direction-dependent effects accumulate
with time, and the consequences of this accumulation when observing the same field
multiple times in order to reach the survey depth. Our simulations suggest that a
survey like LADUMA (Looking at the Distant Universe with MeerKAT Array), which
aims to achieve its survey depth of 16 pJy/beam in a 72 kHz at 1.42 GHz by observing
the same field for 1000 hours, will be able to reach its target depth in the presence of
these artefacts.

We also present stimela, a system agnostic scripting framework for simulating,
processing and imaging radio interferometric data. This framework is then used to
write an end-to-end simulation pipeline in order to quantify the resolution and sensi-
tivity of the SKA1-MID telescope (the first phase of the SKA mid-frequency telescope)
as a function of frequency, as well as the scale-dependent sensitivity of the telescope.
Finally, a stimela-based reduction pipeline is used to process data of the field around
the source 3C147, taken by the Karl G. Jansky Very Large Array (VLA). The recon-
structed image from this reduction has a typical 1o noise level of 2.87 pJy/beam, and
consequently a dynamic range of 8x10°:1, given the 22.58 Jy/beam flux Density of
the source 3C147.
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8 CHAPTER 1 INTRODUCTION

by South Africa and Australia. With its high sensitivity and angular resolution, the
SKA aims to answer fundamental questions about the nature of gravity in extreme
conditions [58], the origin of cosmic magnetism [33], as well as detecting and studying
the neutral hydrogen signature at the epoch of re-ionization [36], and whether other
forms of biologies exist in our Universe [27]. The SKA, along with its precursor in-
struments, MeerKAT and HERA (Hydrogen Epoch of Reionization Array) in South
Africa and ASKAP (Australian SKA Pathfinder) and MWA (Murchison Widefield
Array) in Australia, as well as the FAST and the LOFAR (Low-Frequency Array) in
Europe, places radio astronomy at the forefront of modern scientific discovery and
technological advancement.

It is worth noting that along with the development of the radio interferometry
technique and the increased capacity and complexity over the decades, algorithms
and software packages that process, visualise and analyse these data have also played
a pivotal role in the progress in the field. Radio synthesis imaging and calibration
tools such as Hogbom's clean algorithm [28], Cornwell's Maximum Entropy Method
[14, MEM] as well as his self-calibration algorithm [12], led to end-to-end data reduc-
tion packages such as AIPS and CASA, which have been the prime packages in radio
synthesis imaging and calibration. However, as radio instruments have grown more
complex so have these packages. Unlike the instruments however, which are built by
professional engineers, radio interferometry software is often written by astronomers
and not by software engineers, leading to unstable software applications that are
often difficult to install. Unfortunately, these issues are not limited to legacy soft-
ware packages, as even more recent packages that are widely used, such as MeqTrees,
newer versions of CASA, as well a whole host of novel packages have similar shortcom-
ings. Nevertheless, as we will also show in this work, these packages are sophisticated
enough that a select few suitably skilled individuals can produce simulations to ad-
dress many of the imaging and calibration issues that will come with this new gen-
eration of telescopes [20, 26, 40], as well as produce quality reductions from modern
instruments [21, 26, 42, 61]. However, given the large data rates that are expected
with these instruments, it is imperative that these reductions and simulations become
more routine; that is, the usage of theses tools (especially in combinations) becomes
easier for the general astronomer.

1.1 The Purpose of this Work

In this work we show how legacy and novel radio astronomy software packages, cou-
pled with computing platforms such as Docker can be used to develop platform ag-
nostic data synthesis and reduction frameworks that require minimal effort to install.
Docker?2 uses container technology to wrap up software applications in light-weight
complete and isolated filesystems that contain all the application dependencies (code,

2https://www.docker.com
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libraries, system tools, etc.). This means that each radio interferometry package can
be installed and executed from an isolated environment (equipped with a custom
operating system and system settings), thus avoiding many of the issues discussed
above. Moreover, this container technology has been adopted by cloud computing
platforms such as the Amazon Web Services3 (AWS) and the Google Compute En-
gine4 (GCE), which opens up possibilities for large-scale distributed data reduction
and simulation pipelines.

We will also present a system agnostic framework that combines both legacy and
novel software packages, and show how it can be used to produce SKA-scale end-
to-end simulations as well as quality wide-band and wide-field data processing and
imaging of radio data.

? )

We start with an overview of the fundamentals of radio interferometry synthesis
imaging and calibration. The purpose of this overview is to introduce some basic
concepts and nomenclature, as well as to set the stage for the work that follows.
In Chapter 3 we present a case study of how direction-dependent effects will affect
deep MeerKAT surveys. Chapter 4 introduces , a framework for flexible and
platform-independent radio data synthesis and data reductions. The framework is
then used in Chapter 5 to gauge the sensitivity and resolution of the scale-dependent
SKA1-MID sensitivity of the SKA1-MID telescope, and in Chapter 6 the same frame-
work is used to reduce a VLA observation of the field around the source 3C147.
Finally, we present our concluding remarks in Chapter 7.
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Chapter 2

Radio Interferometry
Fundamentals

In this chapter we discuss the fundamentals of radio interferometric synthesis imaging,
modelling and calibration.

2.1 The Response of an Interferometer

Figure 2.1: Two-element interferometer

1



12 CHAPTER 2. RADIO INTERFEROMETRY FUNDAMENTALS

The derivations in this section follow [10, 68]. Consider the two-element interfer-
ometer in Figure 2.1 which is made up of two identical antennas p and g at positions rp
and rq respectively. A radiation field, e, emitted from direction R by a source in the
far field is incident on the two antennas separated by a separation vector rp—rq= b
(baseline vector). Since the source is in the far field, the incident radiation can be
considered as a plane wave which arrives at rg at time t, and then arrives at rp at
time t+ rg. The radiation at antenna p arrives later because it travels an extra path
length of b ms as shown in the diagram. The resulting delay, often referred to as the
geometric delay, is

To = b ms/c, (2.1)

where ¢ = 2.998 x 108 m s-1 is the speed of light in vacuum, and s= R/|R] is a
unit vector pointing towards the source. The intensity, | (s,t,v), also known as the
surface brightness of the source, is simply the flux passing through a unit solid angle,
dQ at time t and frequency v, and is measured in Jy, with

1Jy = 10-26 Wm-2 Hz-1.

The interferometer measures the degree of correlation between measurements at
rp and rg of the radiation field, e(R, t, v). This correlation, also known as the spatial
coherence of the source intensity is given by [10]

V(rp, rq,t,v) = y I(s, t,v)e-2— (rp-rg/cdQ, (2.2)

Note that the measurement of the spatial coherence only depends on the differ-
ence vector rp —rg. For convenience, but without loss of generality, the polarization
properties of the source will not be considered in this section. The voltage responses
from the antennas are passed through amplifiers and filters that select the required
frequency band of width Av centred on v. The signals are combined in a device called
the correlator, which multiplies and averages them. The correlator receives signals
Vp(t) and vq(t), its output is proportional to

(M (D)Va(t))

where (m) represents a time average. If the signals are quasi-monochromatic then [10]

vpcos(2nv (t —1g)) (2.3)
vacos(2nvt), (2.4)

vp(t)
vq(t)

where 2nTg is a phase term that accounts for the geometric delay. The trigono-
metric identity

cos(a + b) = cos(a)cos(b) —sin(a)sin(b) (2.5)
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AO0|V]cos(0y)

7 $ (a)cos © n dQ (2.12)

AO0]V]sin(Oy) ;% (a)sin n dQ. (2.13)

Substituting (2.12) and (2.13) into (2.10) gives

r = AOAvV]V]cos N--m-mmmmmmmem 0 —0oy~ . (2.14)

In practice, to make use of (2.14) one has to introduce a more convenient coordi-
nate system. First, let the baseline vector be specified in the -.- system, where, u
points East, v points North and w points towards the phase tracking centre (normal
to the plane that contains u and v), and all are measured in wavelengths. Second,
let the sky positions be specified in the -)- coordinate system, where -)- are
direction cosines measured with respect to the u, v, w axes. These coordinate systems
are related via

vb ms
c ul + vm + wn (2.15)
vb msO
w (2.16)
c
dl dm dl dm
doQ (2.17)
n V1 —I12—m2

The visibility equation (2.11) then becomes

] dl dm
V1 —I2—m?2

V (U, v, W) A(L)  (ILm)e@ > 2)? 8(0@ (2.18)

This is a fundamental equation in radio interferometry as it relates the measured
sky coherency, V(u, v, w), to the sky brightness I(s). We will show in the next section
that this equation reduces to a two-dimensional Fourier transform.

? ##

Radio synthesis imaging involves inverting (2.18) to get a synthesized imageV

A'(l, m)I(, m)
V1 —I2—m2

V (u, v, w)e2Z™N+vm+w(VI-p-m2-1)1 du dv dw. (2.19)
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2.2.1 Visibility weighting

To maximise the sensitivity of an interferometer, each visibility point is weighted
by the inverse of the variance, a2, of the thermal noise (assumed to be Gaussian)
contribution, where a is the standard deviation of this noise. The weight for k-th
visibility point is given by

This weighting scheme is called 9 9 as it gives the natural sensitivity
of the interferometer. However, visibility points tend to be distributed more densely
near the (u, v) origin, and this non-uniform uv density (see Figure 2.2) leads to a PSF
with broad low-level wings, as can be seen in Figure 2.3. These broad wings smear
out small scale structure in the image domain, which may be undesirable for science
cases that require high angular resolution. To combat this biased visibility density,
one could give a higher weight to visibilities further away from the (u, v) origin. This
weighting, which seeks to have a uniform visibility density iscalled ,) 9 ©9-
and the weights are given by [6]

a k

v (k)" (2.33)

where, is some real constant, Ns(k) is the number of visibility points that fall
within a symmetric region, of some characteristic width, of the uv-plane centred on
the kth visibility point. In practice however, (2.21) is computed via a Fast Fourier
Transform (FFT) which requires the visibility points to be placed in a regular grid,
i.e., visibility points are placed into regular bins with dimensions that are reciprocals
of the target image dimensions. Hence, V (k) is commonly defined to be the number
of visibility points that fall in a given gridded uv-bin, i. A common choice for
is 1/a2. Since the uv-coverage tends to be more dense on shorter spacings, uniform
weighting effectively downweights visibilities closer to the centre, placing more em-
phasis on visibilities further out (or visibilities corresponding to baselines which are
more sensitive to small angular scales). However, the consequence of down-weighting
visibilities is a reduced sensitivity, and one has to choose the weighting that best suits
their science. Accounting for visibility weights, (2.31) becomes

S(u,v) = £ WK<Su —uk,v —vk). (2.34)
k
A more general visibility weighting scheme, which minimizes sidelobe power and
thermal noise, was proposed by Briggs [6]. Here, the weight for the k-th visibility is
given by

a

1+ Ni(k)f2, (2:33)
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2.3. SKY BRIGHTNESS RECONSTRUCTION 19

Figure 2.3: PSF image (natural weighting) from a 2 hour VLA (C configuration)
observation at L-Band.

27 #

As intimated in Section 2.2.1, visibility measurements can be corrupted by a variety
of instrumental and propagation effects, which will be discussed in detail in Section
2.4. In this section, we focus on the thermal noise contribution from the antenna
receivers. Using the radiometer equation we can estimate the standard deviation of
the thermal noise per visibility (real and imaginary) as [10] :

SEFD
auis (2.37)
V2AVATL,

where Av (in Hz), At (in seconds) are the frequency channel width and integra-
tion time, respectively. The SEFD (in Jy) is the so-called System equivalent flux
density, which can be interpreted as the flux density equivalent of the receiver system
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Figure 2.4: PSF image (uniform weighting) from a 2 hour VLA (C configuration)
observation at L-Band.

temperature, Tsys and is given by

2kT
SEFD = $ sys, (2.38)

where is Boltzmann’s constant (1.3806 x10-23 m2 kg s-2 K-1) and $ is the
effective area of the antenna (in m2). is in Kelvin. Note that aus is independent
for different visibilities. The “corrupted” visibility then becomes

V'(«,v) = 8 (u,v) + nvis(u,v), (2.39)

with nwvis being the thermal noise corruption with standard deviation avis and
mean of zero. The dirty image then becomes
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22 CHAPTER 2. RADIO INTERFEROMETRY FUNDAMENTALS

2.4 The Radio Interferometer Measurement Equa-
tion

The visibility measurements from an interferometer are corrupted by various propaga-
tion and instrumental effects as shown in Figure 2.5. These effects can be separated
into two classes: i) direction-independent (DI) effects and ii) direction-dependent
(DD) effects. DI effects remain constant across the FoV. Antenna receiver gains are
an example of a DI effect. On the other hand, DD effects vary across the FoV. An
example of a DD effect is the antenna’s primary beam gain.

The radio interferometer measurement equation (RIME) [24, 31] offers a simple yet
powerful formalism through which both DI effects and DD effects can be modelled
and calibrated out. The derivation of the RIME that follows is largely based on
B9, 60].

2.4.1 Signal propagation

Consider a quasi-monochromatic point source, which can be described by the complex
electric field vector e. Choosing a Cartesian coordinate system with the electric field
propagating along the z axis, the orthogonal components of the field lie along x and
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y axes. This electric field can be represented by two complex numbers

e X (2.41)

ey
All linear transformations of the 2 vector e may be represented by a matrix mul-
tiplication. That is [59],

e' = \]e, (2.42)

where J is a complex 2x2 Jones matrix [34]. Assuming that all signal corruptions
are linear transformations with respect to e, separate corruptions can be regarded as
repeated matrix multiplications, forming a; 4 ,

e'=;;( 1...J01e. (2.43)

Note that the order in which the Jones chain is constructed corresponds to the
order in which the effects occur. This order is important since matrix multiplication
is not commutative in general. Also note that the signal received by the antenna feeds
is turned into a complex voltage v. Further, we assume that each antenna has two
feeds a and b (these may be linear dipoles, or left/right circular feeds), and that the
feeds are also linear with respect to e. The relation between e and v is yet another
matrix multiplication

v=U*J = Je, 2-44)

where J is the cumulative product of all corrupting effects. Equation 2.44 rep-
resents the fundamental linear relationship between the voltage, v, measured by the
antenna feeds and the signal vector e.

The interferometer measures two independent voltage vectors vp and .7. The
correlator then outputs four pairwise correlations

(vpav*a>, (Vpv>, (vpavib>, (vivia> . (2.45)
where x* is the complex conjugate of x. These correlations may be represented in
the form of a . ) C

V= 2f (vpavia} (vpavat» (2.46)
Vg 88GH (Viob\vo>

The origin of the factor of 2 is explained in [69]. The visibility matrix can be
re-written as the product of vp (as a column vector) and the complex conjugate of vq
(as a row vector)

87 =2 <7 7 2(vpvf }> (2.47)
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2.5 Calibration

Calibration involves finding a gain matrix J that minimises

x2=£ |IDg- JpMpJH] ], (2.58)
28]
where D is the observed visibility data, M is the model visibility data and =]
represents some norm. Once a suitable J is found, the calibrated data (a.k.a corrected
data) are then

J-'DJfry, (2.59)

where ()-1 denotes the inverse of a matrix.

It is often useful to also compute the corrected residual data. As will be shown in
Chapter 6, the corrected residual data can reveal sources that may have been hidden
by uncorrected gain errors (or sidelobes of the sources in the calibration model).
Once revealed, the sources can be used to update the model to be used in subsequent
calibration step.

J-1[D - JpMJIH](IH)-1. (2.60)

2.6 Self-calibration

In interferometry, self-calibration (or simply selfcal)[16] is a process through which a
gain matrix, J, that minimises (2.58) is obtained in an iterative manner by progres-
sively generating better models Mj. The process may be described by the following
steps:

1. Using an initial sky model Mo, find a gain matrix J that minimises (2.58) in a
least squares sense, and compute the corrected data (2.59).

2. Extract an improved model, M', from the corrected data.

3. Use the improved model, M' in another calibration step and find a new gain
matrix J'. Compute the corrected data.

4. Repeat steps 2 and 3 until a satisfactory corrected data set.

2.6.1 Calibration Artefacts

The calibration problem may also be stated as

£ 110 - JpMpgJH] |< €', (2.61)
S8}
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where e' represents all unmodelled instrumental and propagation effects, and the
thermal noise component, a, mentioned earlier. That is,

e' = e(e,a), (2.62)

where e represents the unmodelled instrumental and propagation effects. Assum-
ing perfect knowledge of the sky and the instrument, the best one can do is calibrate
to the thermal noise level, that is e' = a. In this case, a can be driven arbitrarily low
by observing for longer since the thermal noise scales as the inverse of the square root
of the total observation time and frequency band. However, in practice it impossible
to have perfect knowledge of either the sky or the instrument and while e can be
driven to the thermal noise level [42, 61], it can never be totally eliminated. More-
over, as will be discussed in Chapters 3 and 6, driving calibration artefacts to the
noise level, achieving the so-called () * reduction, is not a straightforward
task.
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in spectral line mode (32768 channels); similar (sometimes higher) data rates are al-
ready a reality for the LOFAR telescope. In fact, the visibility data sets that will be
generated will be so large that keeping them for more than about six months will be
prohibitively expensive [67, private communication]. This means that the data have
to be calibrated and stored as images within this time frame (calibration requires
visibility data), hence the induced calibration artefacts will be frozen into the result-
ing images. For deep surveys, this means that the survey depth will be reached by
stacking up many images from different stages of the survey lifetime. In this thesis,
we consider the survey depth as the root mean square (RMS) of the pixel amplitudes
in the residual image (after subtracting the reconstructed sky model) from the survey
data.

In this chapter we use simulations to gauge the impact of stacking images from
noise-limited data reductions. In particular, we investigate how calibration artefacts
accumulate with time (or as many of these images are stacked over time) and the
impact of this accumulation on the survey depth. In this thesis, data reduction refers
to the process through which one solves for antenna and propagation effects using a
technique such as the self-calibration technique described in section 2.6.

Figure 3.1: Schematics of the MeerKAT antenna. These images are taken from the
MeerKAT Telescope website [67]

Table 3.1: MeerKAT frequency band information and corresponding SEFD values.
The system temperature of the S-Band receivers has not yet been confirmed, so we
use the most conservative estimates; these are marked with an asterisk.

Band Bandwidth [MHz] Band Centre [MHz] SEFD [Jy] Aeff/Tsys [m2/K]
1 (UHF) 435 800 830 6.5
2(L) 810 1400 531 4.8

3 (S) 1750 2600 531* 4.8
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Figure 3.4. The MeerKAT primary beam pattern, along with cross-sections along
X = 0 (top) and y = 0 (right).
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5. Repeat steps 1-4 until the required survey time is reached (1608 hours in this
experiment), each time saving the corrected residual image.

For MeerKAT, the expected pointing accuracy in ideal conditions is 15" and can
go up to 25" in poor conditions[67]. We do this for both low and high pointing error
conditions.

3.2.2 Telescope simulations

The [64] based [39] tool was used to create empty visibility datasets. The
standard data structure of visibility data is called a 4, a hierarchical
directory in which the data and metadata are stored as tables and sub-directories.
The [45] tool was then used to populate the MS with simulated data.

We simulate 8-hour MeerKAT observations at L-band (1-2 GHz) with ten 1 MHz
channels and integration time of 5 s at a declination of -30°. The simulations include
DI (complex receiver gains) and DD (primary beam) effects as well thermal noise (es-
timated from the system temperature values in Table 3.1 via the radiometer equation
(2.37)). For convenience we assume perfect knowledge of the primary beam, that is,
we use the same primary beam model in the simulation and calibration. In reality,
the primary beam is not known to a high level of accuracy, however this assumption is
good enough for the purposes of this work. The data are imaged with the [47]
tool.

3.2.3 The sky model

The sky model used in these simulations is from the SKA Simulated Skies (S3) ex-
tragalactic continuum sources[70]. It has 102 sources over a region covering 2 square
degrees, and a flux range of 2.42-0.01 Jy. A model with fairly bright sources was
chosen because the DD effects around bright sources dominate the contribution made
by the spurious emission (henceforth referred to as the artefact budget). The model
is shown in Figure 3.6 superimposed on the MeerKAT primary beam pattern.

3.2.4 Data calibration
The calibration is done using the package, using the RIME

N

Vg Gp NEFEPX FPEsq Egi G?. (3.3)

,5=1
In the above, the Jones matrix E accounts for all modelled DD effects; these are
the primary beam attenuation and parallactic angle rotation in our case, while the
Jones matrix G, dubbed a differential gain matrix [61], subsumes all unmodelled

4dhttps://casa.nrao.edu/Release3.3.0/docs/UserMan/UserManse7.html
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Figure 3.7: Corrected residual maps for an s-hour scan with MeerKAT. On the top
panel, the image on the left is a corrected residual image from a reduction which does
not correct for direction dependent gains, while the image on the right corrects for
direction dependent effects. The bottom panel shows the corresponding histograms
of the signal distribution for both of these images.
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Figure 3.8: Distilled (without thermal noise) residual maps for an 8-hour scan with
MeerKAT. On the top panel, the image on the left is a corrected residual image from
a reduction which does not correct for direction dependent gains, while the image on
the right corrects for direction dependent effects. The bottom panel shows histograms
of the signal distribution for both these images.
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Figure 3.9: Accumulation of spurious emission due to antenna pointing errors with
time for a pointing error of 15". The blue curve is the accumulation of corrected
residual images, the red curve is the corrected residual with the thermal noise “dis-
tilled” out (distilled residual), and the black curve is the accumulation of the thermal
noise. The extra y-axis (right) shows the derivative (in log space) of the corrected
and distilled residual w.r.t time (dashed). The red arrow marks the point at which
the pointing error artefacts (distilled residuals) start to dominate the image noise
contribution.
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Figure 3.10: Accumulation of spurious emission due to antenna pointing errors with
time for a pointing error of 25". The blue curve is the accumulation of corrected
residual images, the red curve is the corrected residual with the thermal noise “dis-
tilled” out (distilled residual), and the black curve is the accumulation of the thermal
noise. The extra y-axis (right) shows the derivative (in log space) of the corrected
and distilled residual w.r.t time (dashed). The red arrow marks the point at which
the pointing error artefacts (distilled residuals) start dominating the image noise con-
tribution.
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[Ac] Aususp xni4

Figure 3.12: Corrected residual images at different stages of the accumulation. These
images are from a simulation with a pointing accuracy of 25".
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[A&c] Ansusp xni4

Figure 3.13: Distilled residual images at different stages of the accumulation. These
images are from a simulation with a pointing accuracy of 15"
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about 9.60 NJy for a pointing error of 15" as can be seen in Figure 3.16 (derived
from Figure 3.9), and after 1748 hours it has not been reached. For a pointing
error of 25" the artefact floor is at 10.32 ~Jy as can be seen in Figure 3.17. This
is the best case scenario, since the 10 MHz bandwidth we have simulated is not
large enough to capture how systematic frequency variations (the primary beam for
example) will affect the artefact floor. Also note that the figures show a depth of
15.50 ~Jy/beam and 15.89 ~Jy/beam being reached after 1000 hours in a 72 kHz
channel in the presence of static pointing offsets with an RMS value of 15" and 25"
respectively. This is about a factor 2 deeper the 33 ~Jy targeted depth6. The factor
of 2 discrepancy can be accounted for if one considers that the MeerKAT L-Band
receiver system temperature used in our simulations is about 2 times better than the
value projected when the original survey parameters were calculated.

11111111111111111111111 1 2 31456 /%0

7 " 1:8- 88140

Figure 3.16: Accumulation of spurious emission due to antenna pointing errors with
time for a pointing error of 15" in a 72 kHz channel. The blue curve is the accumu-
lation of corrected residual images, the red curve is the corrected residual with the
thermal noise “distilled” out (distilled residual), and the black curve is the accumula-
tion of the thermal noise. The extra y-axis (right) shows the derivative (in log space)
of the corrected and distilled residual w.r.t time (dashed). The red arrow marks the
point at which the pointing error artefacts (distilled residuals) start to dominate the
image noise contribution. The black arrow marks thermal noise after 1000 hours, a
possible milestone for the LADUMA survey at L-Band, while the blue arrow marks
the effective noise (thermal noise and calibration artefacts) at the same point.

For each pointing accuracy value, the simulations in this chapter produced about
3.3 Tb of data. That includes, the visibility data, the images and the gain tables (see

6http://www.acgc.uct.ac.zal/files/Maddox.pdf
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Figure 3.17: Accumulation of spurious emission due to antenna pointing errors with
time for a pointing error of 25" in a 72 kHz channel. The blue curve is the accumu-
lation of corrected residual images, the red curve is the corrected residual with the
thermal noise “distilled” out (distilled residual), and the black curve is the accumula-
tion of the thermal noise. The extra y-axis (right) shows the derivative (in log space)
of the corrected and distilled residual w.r.t time (dashed). The red arrow marks the
point at which the pointing error artefacts (distilled residuals) start to dominate the
image noise contribution. The black arrow marks thermal noise after 1000 hours, a
possible milestone for the LADUMA survey at L-Band, while the blue arrow marks
the effective noise (thermal noise and calibration artefacts) at the same point.
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ensuring that they could co-exist on the same platform. It is this laborious software
installation process that discourages some in the community from doing simulations
like this one, which can be vital in making key scientific as well telescope design
decisions. In the next chapter, we will discuss the importance of software packaging
(in an attempt to standardise software compilation and installation) and show how
it can be used together with container technologies to produce cross-platform and
distributed data-processing packages.

3.3 Conclusions

We have shown the impact of pointing errors when stacking up multiple images from
noise-limited reductions in order to achieve a deep survey, in particular, how calibra-
tion artefacts due to pointing errors accumulate with time when observing the same
field multiple times, and how this accumulation can limit the survey depth.

The spurious emission from a single scan can be driven below the thermal noise
level, effectively achieving a noise-limited reduction. However, as such images are
accumulated, the thermal noise decreases but the spurious emission becomes increas-
ingly significant and eventually dominates the noise budget. The spurious emission
has a non-Gaussian distribution, and its accumulation eventually plateaus at some
depth, the artefact floor. Stacking up more images (observing for longer) beyond
this artefact floor becomes increasingly useless as no extra depth is gained by observ-
ing the field for longer. We estimate this artefact floor at 9.95 puJy for a LADUMA
type survey, assuming a mean pointing error of 15”7, and 10.32 uJy assuming a mean
pointing error 25”. Nonetheless, our simulations suggest that LADUMA can reach its
target depth of about 16 uJy/beam (correcting for the better than projected system
temperature of the MeerKAT L-Band receiver) in a 72 kHz channel in 1000 hours
before hitting the artefact floor.

We have also discussed the need for cross-platform and distributed data processing
in radio astronomy, a topic that will be discussed in greater detail in the next chapter.
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the Bayesian techniques are BIRO [37] and RESOLVE [35], and CS based packages
include MORESANE [17] and PURIFY [9].

On the one hand these packages and algorithms show great promise, but on the
other hand the packages are generally written by astronomers, not by software en-
gineers. Hence, most of these packages are i) difficult to build and/or to install, ii)
have multiple dependencies that often conflict with standard libraries, and iii) un-
reliable. Unfortunately, this is the case for legacy software packages as well, but
more importantly, because of the the many dependencies, getting more than one of
these software packages to work on the same machine is very difficult, and often pro-
hibitively time-consuming, which is bad for both the community and the developers;
for the community, since only a select few who are experts in radio astronomy and
computing can do state of the art data reductions, limiting the scientific outputs of
telescopes, and for developers since their tools do not get widespread usage.

4.1.1 Radio Astro PPA

Recently there has been an effort, led by Gijs Molenaars, to facilitate easy installation
and co-existence of most radio astronomy related software packages. The project
is called Radio Astro4 and provides neatly packaged versions of most legacy and
novel radio astronomy packages which are easy to install. They are hosted on the
Launchpads Personal Package Archive (PPA) and can be seamlessly installed on
any 9 ) (LTS) Ubuntu distribution. Although Radio Astro only
supports LTS Ubuntu distributions, it has already had a significant impact in the
community. For example, the 5x106:1 dynamic range radio maps obtained from
the VLA observation of the 3C147 field [42] were enabled, in part, by the fact that
multiple (novel and legacy) packages required to achieve this high dynamic range
reduction could be installed on the same machine with relative ease. Moreover, with
the emergence of cloud computing services such AWS and GCE, where one can launch
VMs with an operating system of their choice, this service will become even more
useful in the modern era.

Note that the Radio Astro project has since been re-branded and succeeded by
the Kern Suite projects.

4.2 Container Technology

Container technology facilitates operating-system-level virtualisation that allows one
to build self-contained computing environments (containers) for software applications,

3Rhodes University and University of Amsterdam

4dhttps://github.com/radio-astro

5Launchpad is a web application that allows users to host, develop and maintain software packages
online

6http://kernsuite.info
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which can then be executed on a host machine with minimal interaction with the
host’s system settings and no interaction with the host’'s applications and libraries.
This virtualisation is not new, and was already possible with Linux’s / 7, and
BSD’'s 0 8 virtualisation tools, but the widespread adoption of this technology was
catalysed by the addition of operating-system-level virtualisation to the Linux Kernel
in 2008 (version 3.8).

Container technology presents a neat solution to many of the problems that plague
radio astronomy software, as applications that are executed in containers do not place
specific requirements on the host; the host only needs a Linux kernel, and should be
able to run containers. That is, an application can be wrapped up in a complete and
isolated environment (with a custom operating system, system settings and libraries)
and shipped to users who would then require minimal effort to execute said applica-
tion. Note that, once configured, containers guarantee that the application always
runs on the same environment (up to kernel-level settings). It is also important to
note that containers are not virtual machines (VMs), as unlike a VM, which uses a
hypervisor to emulate a whole operating system (and to some extent the hardware),
containers use the host machine’s Linux kernel, which not only makes containers much
lighter but also gives them some clear advantages:

= Since there is no hardware emulation, the startup and shutdown times are very
low (millisecond time scales).

e CPU and memory partitioning is not required, even though CPU and memory
resources can be limited for container executions.

= Containers have direct access to low-level hardware, which is particularly useful
for graphics processing unit (GPU) acceleration.

On the other hand, VMs have a higher level of isolation because of the hypervi-
sor. Although very unlikely, a compromised container can affect the host and other
containers, since the kernel is shared. In addition, containers have a deep level of
authorisation as they require administration privileges. That said, this technology is
still relatively new, and these issues are likely to be resolved as it evolves. Figure 4.1
shows the difference in architecture of these two technologies.

(?" 2

There are various implementations of container technology, such as "l 9, 10
and LXC11, with Docker being the most popular. Docker is also the implementation®
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Figure 4.2: Dockerfile (Docker image recipe) for the MeqTrees software package.

created from that image can run MeqTrees. The images are built through a recipe
called a 34 1BGsee Figure 4.2 for an example. They can either be built locally,
or pulled from the *4 ( J an online registry of Docker images with various oper-
ating systems and applications installed. Docker images can be shared and managed
through the docker-hub. Alternatively, one can use their own registry to host and
manage their Docker images. These images can also be versioned, therefore one has
control over the architecture on which their packages are run, as well as the versions
of the packages and their dependencies.

4.4 Stimela

stimela 14 is a platform-independent radio interferometry scripting framework based
on Docker and Python. In this framework, radio interferometry related tasks such as
imaging, calibration and data synthesis are executed in Docker containers. In fact,
within this framework the packages that perform these tasks are Python modules.
Much like Oleg Smirnov’s pyxis package, stimela does not do any data processing,
synthesis or analysis but merely offers a simple interface to packages that perform
these tasks. However, unlike pyxis which requires multiple radio astronomy pack-
ages to be working on the same system, stimela only requires Docker and Python.
Moreover, because of Docker, a stimela script runs the same way (in the same iso-
lated environment) regardless of the host machine’s settings. The aim of ) is
to provide a user-friendly and modular scripting environment that gives general users
easy access to novel radio interferometry calibration, imaging, and synthesis packages.

13https://docs.docker.com/engine/reference/builder
l4stimela is the IsiZulu word for a train
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Furthermore, as we will discuss in section 4.4.4, offers the radio astronomy
community, in particular modern radio observatories, a solution to problems concern-
ing the reproducibility of scientific data products (discussed in detail in [54]). Note
that the work in the rest of this chapter, namely the design of the package,
is the original work of the author.

(2(?

is centred on two sets of images, i) base images, which have the
required software tools installed in them, and ii) very light-weight executor images
(a.k.a cab images) based on the base images, these perform radio interferometry
related tasks such as imaging, data synthesis, and calibration. The base images
can either be built locally (on the host machine) or pulled from hub, and
the executor images are built locally. Figure 4.3 shows an overview of the
architecture described in this section.

Figure 4.3: Schematic of the sitmela architecture.

Base images

Base images are a suite of images which have various radio astronomy re-
lated packages, including data synthesis and calibration packages such as and
, and imaging packages such as 1 and . The image in Fig-
ure 4.2 is an example of a base image. Base images are maintained by the "
project on the hub 15, but any image can be used as a base
image.

¥ t=>> 2 2 7?2 >> >
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This module also has functions that, through the docker-engine, keeps track of
the standard output and standard error streams of containers, as well as the state of
a container.

The Recipe module

stimela scripts are driven by the Recipe module. This module provisions and man-
ages a set of stimela executor containers, and then executes them according to some
recipe defined by the user. Each of the containers in the set corresponds to some
radio interferometric task. This module has the following functions:

add: Adds a container (task) to a Recipe instance. The user can also define the task
[/O flow for the task, as well as specify the computing resources (CPU and
RAM) that should be used in executing the task.

run: Runs a set of containers according to a user-defined order — the default is to
execute them in the order that they were added.

stop: Stops all running containers of a Recipe instance.

rm: Removes all containers in a Recipe instance.

Note that even though top level (at the level of imaging, calibration, etc.) paral-
lelisation when reducing these data is difficult as the visibility data structure (MS)
is generally both the input and output product of the these tasks, this module does
allow for tasks to be executed in parallel.

4.4.3 User interface

The user interacts with stimela via the command line and through a Python script.
The command line interface allows the user to manage stimela images and contain-
ers, as well as run and keep track of running scripts. The following commands are
available:

help With no arguments, the help command prints out a summary of all the functions
of all the other commands. To get help on a specific command, the user can
give the name of that command as the argument.

pull: Pulls base images
build: Builds executor images
run: Runs a stimela script

ps: Lists running scripts
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Listing 4.1: Sample stimela script. The full script can be found in
Appendix A

# import stimela package
import stimela

# Recipe 1/0 configuration

INPUT = "input” # This folder must exist
OUTPUT = "output"

MSDIR = "msdir"

PREFIX = "stimela-example'™ # Prefix for output images
# MS name
MS = "meerkat _simulation_example.ms"

# Use the NVSS skymodel. This is natively available
LSM = *nvssldeg.lsm_html"*

# Start stimela Recipe instance
recipe = stimela.Recipe('Simulation Example™, # Recipe name
ms_dir=MSDIR) # Folder in which to find MSs

## 1: Make empty MS
simms_dict = {

“"msname" - MS,
""telescope” : "meerkat', # Telescope name
"direction” : "J2000,90deg,-45deg", # Phase tracking centre of

observation
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Then, the script may be run on the command line as follows:

K L# M

¢

A cornerstone of the scientific method is the fact that scientific experiments are re-
peatable and the findings independently reproducible. This basic tenet is becoming
progressively difficult to maintain owing to the large amounts of data produced by
astronomy observatories and the high complexity of the algorithms and correspond-
ing software applications. As eloquently explained in [564], the process of creating
science data products in astronomy can be cumbersome and unreliable for a num-
ber of reasons including; i) the reduction scripts (or pipelines) used are so complex
that only a few individuals can understand them; ii) these pipelines are often poorly
documented; iii) the software applications required to run the pipelines only work in
suitably customized (operating system, library versions, system settings) computing
environments. offers a natural solution to two of these issues; i) the simple
scripting environment ensures that anyone with a basic knowledge of Python can
understand the scripts; and ii) the developers of these data reduction (or simulation)
pipelines can guarantee that the constituent tasks of a given pipeline are always ex-
ecuted on the same computing environment inside the container (customised to the
developer’s specification) without imposing any further customization on the host
system.

Another very useful feature of is that it keeps track of all the docker
images (along with image versions) used in a given script. That is, a script
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Chapter 5

SKA1-MID Sensitivity and
Imaging Performance
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5.1 The SKA1l-MID antenna layout

+ 0&l!5" 1&J $

tee the beginning of Chapter 3 for details about MeerKAT
2https://Iwww .skatelescope.org/ska-aws-astrocompute-call-for-proposals
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Table 5.1: SKA1-MID frequency band information and corresponding SEFD values
(at the time of writing) [3].

Band Band width [MHz] Band Centre [GHz] SEFD [Jy]

1 700 0.7 673
2 810 14 400
3 1400 24 400
4 2380 4.0 441
5 9200 9.2 528

tion. This layout is shown in Figure 5.2, and has a maximum baseline of 157 km.
Now, with the majority of the antennas within a square kilometre, SKA1-MID is not
only an excellent machine for science goals that require detailed study of transient
astrophysical objects or phenomena [58], but it also has enough long baselines to be
a very good imaging instrument [20, 40]. However, the baseline distribution remains
highly biased towards the shorter baselines (see Figure 5.3), resulting in a naturally
weighted synthesized beam that has very broad wings (see Figure 5.5), and therefore
makes deconvolution difficult. Also, as shown in Figure 5.7, the sensitivity of the
instrument decreases by up to a factor of three when using uniform instead of natural
uv-weighting. For this reason we have decided to study the sensitivity of the telescope
as function of angular scale.

*?7? # & +% O I

The maximum baseline of an interferometer array is an important parameter. From a
science point of view, it determines the maximum angular resolution of the array, and
therefore the depth (noise level) at which individual sources can be distinguished, the
source confusion limit. From a data-processing point of view, the maximum baseline
determines the correlator dump times (which must be high enough to avoid time and
bandwidth smearing), and the pixelisation of the resulting images (hence the image
sizes). From this vantage point, and from an economic perspective, the maximum
baseline should be chosen such that it accommodates the science case, while not
scaling up the costs and technical complexities.

The theoretical maximum baseline required (5.1) to accommodate the highest
angular resolution science case is about 137 km (see Figure 5.2). However, in practice,
the resolution of a radio synthesis image depends on the visibility weighting (see
section 2.2.1), with uniform weighting usually chosen when measuring the actual
angular resolution of an interferometer.

In this chapter, we not only study the resolution and sensitivity of the SKA1-
MID antenna layout, but also compare it to two alternative layouts that have shorter
maximum baselines compared to the proposed SKA1-MID layout. The layouts under
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Figure 5.2: The SKA1-MID antenna layout by the SKA organisation (SKA1MID;
red crosses), which has a maximum baseline of 157 km and our alternative layout
(SKA1MID-120; blue dots), which has a maximum baseline of 120 km.

Figure 5.3: Histograms of the baseline distribution of the the proposed SKA1-MID
antenna layout (SKA1MID; blue), and our two alternative layouts SKA1MID-137
(green) and SKA1MID-120 (red), which have a maximum baseline length of 137 km
and 120 km respectively; compared to the SKALMID layout which has a maximum
baseline of 157 km.
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- )9:=& 14 4/ :
We can now start a new #4 instance.
#9 4" #>: % # :?7<.9 "@

Note that each Recipe is associated with a MS directory, and all MSs that will
be simulated or processed in a given recipe should be placed in this directory.

With our # 4 instance started, we can proceed to add tasks to the recipe. First,
we create a simulated MeerKAT MS using the simms executor image.

<# 9A
: 9 +7°?

O #:9 ?

$/ :937%/

1 :9E7 1 .
6C. 9 &3CCH:7 6 $
6. 9 &HI?

9 8&C?

#4.>. 8 2?7/ |6 6/ % 1

< #P< 2 7

<# ? 7/ [ # =
#9+,?
#9,,?

9: #$ @7 4 11 1# #

The next step is to generate simulated visibilities from the sky model. We use the

) executor image, which uses MeqTrees, to achieve this.
<# 9A
D9 +?
:$.:9 Ly
9™ < ?
J
#4.> 8 ?
<= 2
<# ?
#9+,7?
#9,,7?
9: = @

Finally, we image the data. To make things more interesting, let us image the
data using Briggs uv-weighting with three robustness parameters, -2, 0, 2
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