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RADIO SKY

by Martin Ellis Bell

This thesis addresses the topic of exploring and charactgrthe transient and
variable radio sky, using both existing radio telescoped,tae next generation of
radio facilities such as the Low Frequency Array (LOFARudes of well known
variable radio sources are presented in conjunction wittdidearches of parame-
ter space for unknown sources. Firstly, a three year camgaignonitor the low
luminosity Active Galactic Nucleus NGC 7213 in the radio atxday bands is pre-
sented. Cross-correlation functions are used to calcalgtebal time lag between
inflow (X-ray) and outflow (radio) events. Through this wotietpreviously es-
tablished scaling relationship between core radio andyXuminosities and black
hole mass, known as the ‘fundamental plane of black holeigctis also explored
with respect to NGC 7213.

Secondly, the technical and algorithmic procedures tockefr transient and
variable radio sources within radio images is presentecesé&lalgorithms are in-
tended for deployment on the LOFAR telescope, however, #neyheavily tested
in a blind survey using data obtained from the VLA archiverdugh this work an
upper limit on the rate of transient events on the sky at Gldguencies is placed
and compared with those found from other dedicated trahsigmeys.

Finally, the design, operation and data reduction proaedor the Low Fre-
quency Array, which will revolutionise our understandingl@v frequency time
domain astrophysics is explored. LOFAR commissioning olag®ns are reduced
and searched for transient and variable radio sources. diment quality of the
calibration limits accurate variability studies, howevievo unique LOFAR tran-
sient candidates that are not present in known radio soatedogues are explored
(including multi-wavelength followup observations).

In the conclusion to this thesis the parameter space thatefuadio telescopes
may probe - including the potential rates of such events rasgnted. At the nano-
Jansky level up to 10transients deg? yr—! are predicted, which will form an
unprecedented torrent of data, followup and unique physictassify.
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Astronomy? Impossible to understand and madness to
Investigate.

SOPHOCLES Cc. 420 BCE

| don’t know how people have time to read books, | am
far too busy lying drunk face down in wet fields.

OLIVER REED (1938 — 1999)






When | had satisfied myself that no star of that kind had
ever shone before, | was led into such perplexity, by the
unbelievability of the thing, that | began to doubt the faith
of my own eyes.

TYCHO BRAHE (1546 - 1601)

Introduction

1.1 Principles of radio astronomy

Since the serendipitous discovery of radio emission entamabm the Milky Way
by Karl Jansky (1905-1950), radio astronomy has deliveadgigm shifting ad-
vances in astrophysics. These include the discovery of t@mi@ Microwave
Background radiation (CMB; Penzias & Wilson 1965), the Bulddewish et al.,
1968), and the first binary Pulsar - which provided the masigent test of General
Relativity to date (Taylor et al., 1979). All three of thessabveries were awarded
the Nobel prize. One of the most difficult challenges, whiels and always will
make radio astronomy a diffcult discipline, is manifestethie very nature of radio
waves: wavelength. The typical radio wavelength is somkanitimes greater than
in the optical regime. Thus to achieve a radio image with #mesresolution as the
human eye{ 1 arcsec) we would need a radio telescope with a diameter bf
kilometre, operating at a wavelength of 50cm (see Sir M&iite’'s Nobel Lecture
1974).

There were obviously technological challenges to buildmagabolic radio re-
flectors of 1 km in diameter in the mid $0Century and many still remain today.
To reconcile the problem multiple (smaller) radio telesopre placed some dis-
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tance apart (in arrays) and a technique called apertur@éesist(Ryle & Hewish,

1960) is used to make a ‘synthesised’ single telescope. dlecting area of the

array is less than a completely filled aperture (resultinguer sensitivity for such

arrays), but the greatest angular resolution is dictatethbymaximum baseline
length. By utilising greater numbers of parabolic reflestor dipole elements the
telescope sensitivity can be improved.

Radio interferometers that were constructed in the lat8 @@ntury, such as
the Westerbork Synthesis Radio Telescope (WSRT; Baars &himadt 1974), the
Very Large Array (VLA; Hjellming & Bignell 1982), the Giant Etrewave Ra-
dio Telescope (GMRT; Swarup 1990) and the Australian TelgscCompact Array
(ATCA,; Frater et al. 1992), use a small number (6 - 27) of paliabreflector an-
tennas. The VLA, ATCA and WSRT telescope diameters~argsm, the GMRT
uses 42m dishes. The next generation of radio telescopegusammay thousands
of smaller ¢~ 10m and less) parabolic reflectors, or dipole elements. fped-
1.1 for photographs of the VLA (top panel), the ATCA (middienel) and also an
artists impression of the proposed Square Kilometer Ar&gA; bottom panel),
which will potentially have a total collecting area of onauace kilometre. In the
parabolic case, decreasing the antenna diameter incréeesé@sld of view, while
increasing the numbers of antennas and baseline lengthmisas the sensitivity
and resolution. In the case of dipoles, the potential fien®# is the whole sky, as
they are omni-directional. They are also cheap to buildgetioee many hundreds of
thousands of antenna elements can be incorporated intoan Bigure 1.2 shows
the field of view of current and future radio facilities, witbspect to sensitivity.
A defining characteristic of the future radio facilities etinstantaneous sensitiv-
ity, and wide-field of view they can achieve. | will discussrsoof these facilities
further in later sections.

One of the major difficulties with ‘many element’ apertur@sesis is the trans-
portation of vast quantities of data over large distancesadso the computational
power needed to produce images from the data. Thus the tmrgléor radio as-
tronomy, comes in the form of high speed optical fibre netwddither dedicated
or over the internet) which are used for data transport; &eduse of (what is
considered at the time of writing) supercomputers for datien and data reduc-
tion. We are on the cusp of a major shift derived from theskertelogical advances
which may allow us to deliver Sir Martin Ryle’s one kilometedescope (or larger).
However, the next generation of radio telescopes will stily on the principles of
aperture synthesis.

In the following sections, | will briefly explore the mathetita pertaining to
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Figure 1.1: Example aperture synthesis arrays. Top panel: The VeryeLArgay
(VLA) which consists of 27 25m dishes, with a maximum baseline length of
~35km, located in New Mexico, USA. Middle panel: The Austaalielescope
Compact Array (ATCA) located in Narrabri, Australia, whicbntains 6< 25m
dishes that can have a maximum baseline length of 6 km. Bot@anel: The
proposed Square Kilometer Array (SKA) which may consist @ngnthousands
of small parabolic reflectors and dipoles and will be locateeither South Africa

or Australia.
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Figure 1.2: Field of View (FoV: deg@) against 1 day sensitivityudy right axis)
for current facilities (small circles) and new facilitiegrge circles). The Aus-
tralian Square Kilometre Array Pathfinder (ASKAP) and thed(aArray Tele-
scope (MeerKAT) are both GHz facilities which are in the gatages of con-
struction in Australia and South Africa respectively. ASRAvill utilise phased
array feed technology to achieve a FoV~of30 ded, whilst MeerKAT will use a
single pixel feed to achieve a FoV 0.5 ded: both facilities will be fully opera-
tional ~ 2014. APERture Tiles in Focus (APERTIF) is an upgrade to tt&RW
telescope which will increase the FoV408 ded (using phased array feeds), and
will be completed by 2013. SKA-SPF denotes the FoV and seitgiof a single
pixel SKA feed. SKA-PAF denotes a phased array feed, whichahaider FoV.
Figure courtesy of R. Fender.

aperture synthesis, as this is fundamental to the sciermsepted in this thesis. |
will also explore how the next generation of radio telesspmeich as The LOw
Frequency ARray (LOFAR; de Vos et al. 2009) will need to aceaan the strate-
gies developed for the older generation of radio instrusiemtaichieve wide-field,
high dynamic range imaging. It is not only a technologicaftskhich will define

this new generation of radio telescope: it is also the t@nsational science they
will provide. In the context of this thesis, | will concenteaon time domain or
‘transient’ radio science. This introduction reviews therent state of the art of
transient radio surveys and also explore examples of knowrpeedicted transient
radio sources. It also presents the design, constructidwperation of the LOFAR

telescope.
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1.1.1 Aperture synthesis

The principle of aperture synthesis relies heavily on tvelise Fourier transform.
A large number of individual antennas (or telescopes) grarsg¢ed by a variety of
distances. The completeness of the synthesised apertepesdent on the decli-
nation of the source being observed, and the antenna losai®a function of time:
these components define theplane. With a good distribution of antennas, short
timescale observations can produce good images. Altgahgtia method that is
more common for East - West type arrays is using the Eartkegiom to synthesise
a complete aperture. Both methods effectively measureiérotmmponents of the
astronomical target source(s). The WSRT is an East - Weay aeg. the anten-
nas are positioned linearly in an East -West direction (3gar€ 1.3). Therefore
to achieve good spatial sensitivity, the Earth’s rotatiomstrbe used to sample a
large number of Fourier components. The VLA is a ‘snapshotyawhereby the
antennas are positioned in a Y-shape (see Figure 1.3) whidbvees much better
instantaneous spatial sensitivity. The Earth’s rotatian still be used to fill in the
VLA's synthesised aperture further, however, good imageshe produced in short
timescales. Figure 1.3 shows the array layout of both the \dbd WSRT; also
shown is the instantaneous overhead snapghaobverage and the full synthesis
(12 hour)uv coverage for a source &t= 60°. It can be seen that WSRT relies
heavily on the Earth’s rotation to adequately fill in tineplane, whist the VLA can
achieve relatively good coverage in a short time.

The astronomical radio waves arriving at each differengiamd are corrected for
geometric delay (due to different path length differencdg)en, for each antenna
pair within the telescope, at eaghposition and integration time unit, the amplitude
(A) and phasef]) of the correlated signal is measured. We can then use botidA a
6 to calculate the complex visibility (u, v) = A¢?: which is equal to the 2D Fourier
transform of the source sky functid(x,y) evaluated at eactv position. The full
expression is shown in equation 1.1 below.

+00
V(u,v) = // | (x,y)e?m (W) g dy (1.1)

To characterise the target source well, we would want to gaagpmany visibili-
ties as possible at different spacial frequencies. We cam find the sampled sky
functionl’(x,y) and produce an image by using the inverse Fourier transform:
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Figure 1.3: Top panel: The array layout of the VLA (left) with the corresypling
overhead snapshat coverage (middle) and the full synthesis UV coverage for a
source atd = 60°. Bottom panel: The array layout of the WSRT (left) with the
corresponding overhead snapsheicoverage (middle) and the full synthesis UV
coverage for a source at= 60°. Figure modified fromhttp://192.96.5.2/
synthesis_school/Miod_Array_Design.pdf
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Joo
I'(x,y) = //V(u,v)ezm(”X+W)dudv (1.2)

Note, if theuv plane is completely sampled th&ix,y) is the true sky function. If
the uv plane is sparsely filled then we yield an approximation ofgkye function.
This approximation can also be characterised by using theobation theorem:

I'(x,y) = B(x,y) 1 (x,y) (1.3)

B(x,y) is the Fourier transform of thav function, which is typically referred to
as the dirty beam. Equation 1.3 shows that what we are typiocaasuring with
an interferometer, is the sky functidix,y), convolved with the response of our
instrumentB(X, y).

The difficulty from this stage onwards is that we do not know tralues of
V(u, V) for all possibleuv components. There are a number of approaches to solving
this problem. In one implementation, we can set all vidiie$i equal to zero where
they have not been sampled, then perform the inverse Fauaiesform to get a
distorted image. We then use an approach called decorolwtiich assumes that
we have a number of point sources within our sky function. 8suaning that these
sources are point like, we can then deconvolve the effetieodlirty beam and hence
‘clean’ an image to reduce distortions (e.g. see Hogbond 1GTark 1980).

To further complicate the situation, we must undertake afs@isks collectively
referred to as calibration. The term calibration encomgsadarge number of cor-
rections that must be applied to the visibilities to prodasedequate image. These
corrections must account for: perturbations in instrurakesiability (system tem-
perature), atmospheric transmission (e.g. phase catihjapositional/pointing ac-
curacy, polarisation (including cross-polarisation kegd), absolute flux scale cali-
bration, bandpass calibration, bandwidth smearing amdgrgi beam correction.

Typically for older interferometers, such as the VLA or ATCtve calibration
applied only makes approximations fssme of the corrections described above.
For example, a typical®L.generation calibration strategy is to measure the flux and
phase of a nearby bright source, before and after the tabgerweation. The derived
calibration is then applied to the target source. This netleties on instrumental
stability between the target and calibrator observatigh@™ generation calibra-
tion strategy, sometimes referred to as SELFCAL, is a cldsed system which
continuously updates the calibration as a function of time ia therefore less de-
pendent on instrumental stability (see Noordam & Smirno¥@for a discussion
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of calibration strategies). Some of the corrections dbsedriabove (such as am-
plitude and phase calibration) are degenerate moving aveay the phase centre
across the field of view. As discussed earlier the next géineraf radio telescopes
will potentially image very large fields of view, therefora@reore complete descrip-
tion of equation 1.1 must be implemented, which will incarte 39 generation
calibration techniques.

The Radio Interferometer Measurement Equation (RIME) was dierived by
Hamaker et al. (1996) and is further discussed in Smirno¥1a(b,c). The RIME
takesall the terms needed for calibration and represents them as Joaigices.
These Jones matrices fully map out the transmission of #@reimagnetic wave
(in polarisation, amplitude and phase) through the interfeeter system. They
form multiple simultaneous equations which must be soleesbtpletely calibrate
all the perturbations in the system. The calibration magiare split into two types,
direction dependent and direction independent. Direatependent equations have
typically been ignored for interferometers such as the VIl ATCA, but must
be used for calibrating wide-field instruments. The masiaee combined with
equation 1.1 to form a complete measurement equation:

+00
V(u,v) =Gp //X(p,q)ezm(ux+"y)dxdy Gq (1.4)
where

Xp.g = Epl (X,Y)Eq (1.5)

I(x,y) is a 2 x 2 brightness matrix which characterises the polarised sights
ness as a function of directidix,y). Ep andEq represent a number of direction
dependent Jones matrices which contain the correctiortedder antennap and
9. Gp andGq represent the direction independent Jones matrices. tetascope
only has a small field of viewk, andEq can be neglected and the measurement
equation returns to equation 1.3 - with the inclusion of tireaion independent
correctionsGp and Gq. The full implementation of RIME is computationally ex-
pensive and has probably slowed progress in radio astrandowever, RIME is a
complete description of the telescope system and must Ised=yed when working
with wide-field instruments.

The purpose of showing this theory is to place the technicakwf this thesis
in context. In this thesis | will use typica®land 29 generation calibration and
imaging techniques in Chapters 3 and 5. In Chapter 6 | wils@né the process of
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producing wide-field images with LOFAR, for which directiolependent effects
are apparent. A variety of new wide-field facilities will sobe available to sample
the transient sky, and will make use of the techniques destrabove. In the radio
band the Allen Telescope Array (ATA; Welch et al. 2009), therbhison Wide Field
Array (MWA,; Lonsdale et al. 2009), the Long Wavelength Ar(aWA; Ellingson
et al. 2009) and LOFAR will soon begin or have already comradrmperations.
Other wide-field radio pathfinders such as the Karoo ArragS@pe (MeerKAT;
Booth et al. 2009) and the Australian Square Kilometre ARathfinder (ASKAP;
Johnston et al. 2008) are also being developed on the rohe Bdquare Kilometer
Array (SKA; Rawlings & Schilizzi 2011). Transient studie®a key science goal
for all of these facilities.

1.2 The Low Frequency Array (LOFAR)

The LOFAR telescope is an international project (led by Thethidrlands) which
utilises many low-cost dipole antenna elements (organisedstations) that are
constructed at different locations across Europe. Thereight international LO-
FAR stations located in the following countries: Frangd), Germany ¥5), Swe-
den (x1) and the United Kingdomx(1), see Figure 1.4 for a photograph of the
UK Chilbolton station (left). There is a central ‘core’ Ided in The Netherlands
which consists of 22 individual stations, see Figure 1.4a@qghotograph (right).
There are also 18 Dutch remote stations with baseline lsnrgtt00 km (from the
central core). The locations of the international and thécBwore LOFAR sta-
tions are shown in Figure 1.4. As LOFAR operates in the nedgtiunexplored low
frequency regime, very long baseline lengths are needezhievee good resolution.
The LOFAR telescope design is a relatively unique concejit éses not use
large steel dishes to focus radio waves, it uses many thdasainnon-movable
omni-directional dipole antennas, combined with the pssa& aperture synthesis
and imaging. The concept of using dipoles in a telescopg &n@ot so new. There
has been a rich historical heritage in using dipoles andparabolic telescope de-
sign in the past. For example Karl Jansky’s radio telescaymel simple dipoles
on a steerable platform (circa. 1930). Other instrumentt si$ the Clark Lake
Teepee-Tee Telescope and the Ukrainian T-shaped Radiscople (UTR-2) have,
or still use, non-parabolic telescope design. The diffeegior LOFAR (and other
instruments discussed below) is the inclusion of long hasealperture synthesis
and imaging. Many of the older generation instruments wetecapable of pro-
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ducing images or incorporating signals from antennas spacdilometre baseline
lengths. Telescopes such as the MWA and LWA have also adepted-parabolic
design, similar to LOFAR.

Each LOFAR international station typically consists of 8@ lband dipole an-
tennas, and 96 high band tiles. The Dutch stations can vasizéfrom a half to
a quarter that of the international stations. Signal prsiogstechniques are used
to add phase delays in the signal path (between differentelglements) to ‘steer’
the telescope beam to a region of the sky. This process isalypireferred to as
beamforming and the result is referred to as the station b&ance a station has
been phased together, the station beams from two diffetatniss are correlated to
provide theuv components described in section 1.1

There are two distinct types of antennas: the Low Band AraéhBA) shown
on the top panel of Figure 1.5, which operate in the frequeange 10 to 90 MHz
(but are mostly effective in the range 30 - 80 MHz); and thelH&and Antenna
(HBA) shown on the bottom panel of Figure 1.5, which operabenf110 to 250
MHz. The gap in observing frequency is due to the FM radio barmich will sat-
urate all observations at those frequencies. The statsigiand subsequent beam
forming of the LBA and HBA are slightly different. The HBA asgranged into tiles
which consist of 16 folded dipoles arranged intec4} blocks. These 4« 4 dipole
blocks are then phased together using an analogue beamrfatriie tile level -
which is referred to as the tile beam. This restricts the H&#dfof view before the
data have been digitised. The station beams are then forigiallgt from the data
stream received from the tiles. Note, there are 96 dipolesimternational LBA
station and 96ilesin the HBA. As each HBA tile consists of 16 dipoles, a total of
1536 dipoles are in fact present in the HBA station. The wawgth is smaller at the
HBA frequency range than at the LBA range, therefore a langenber of dipoles
can be packed together in a smaller space in the HBA. Thisaserin the number
of dipoles comes with the consequence of increased data ratee HBA dipoles
are therefore phased together at the station level (usangrithlogue beam former)
to reduce the data volume, which comes with the tradeoff dficeng the field of
view.

The LBAs are arranged in a pseudorandom manner (within esjand the
signals are phased together digitally to form the staticenhe Note, as there is
no analogue beam former for the LBAs, they essentially viea whole sky all
the time. Bright sources, such as Cassiopeia A (which aremely bright at low
frequencies~kJy), are therefore always present in observations. Sygoakessing
technigues must be used to subtract the effects of theskt lsogirces to produce
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Figure 1.4: Map showing the locations of the LOFAR international ancecsta-
tions. A photograph is shown (left) of the recently congiedcChilbolton UK
station (credit: LOFAR UK). The large circle represents teatral core station,

which comprises of a number of smaller individual statiolisilso encompasses
the Dutch remote stations which offer intermediate basdimgths with respect
to the core and international stations. A photograph is sh@ight) of the central

core station or ‘Superterp’ (credit: Astron).
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Figure 1.5: Top panel: The first Low Band Antenna (LBA) to be constructed a
the LOFAR UK Chilbolton station. The antenna consists ofva tmise amplifier
mounted on a piece of tubing, which is secured via the XX andpotiarised
dipole wires to a reflective ground plane (credit: LOFAR UBdttom panel: Two
High Band Antennas (HBA) which are typically deployed ix 4 tiles within a
protective casing (credit: Astron).

adequate images.

The number of station beams formed by LOFAR is simply dictdtg hardware
and software constraints. For example one single statiamhbzan be made with
a bandwidth of 48 MHz, or up to 244 beams can be formed with a@\watih of
48/244= 0.2 MHz per-beam. All beam formed data collected via the static
transported to a central processing hub in Groningen (stoowfigure 1.4 in blue)
which utilises an IBM BlueGene/P supercomputer to prodheeorrelated visibil-
ities. The data volumes are large; a 12 hour dataset witha2i®ss using 1 second
visibility averaging produces 15 TB of data. (McKean et 20]11). Further de-
tails of the design and signal processing of LOFAR see de Wak €009). A full
description will also soon be available by Haarlem et al p¢ep).

The RMS thermal noise for the LOFAR array can be calculatedgusee de
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Vos et al. 2009):

o= W (1.6)

V2ovan (g B+ L+ g

Whereo denotes the noise measured in the final image (Jy)is the operating
bandwidth (MHz). ot is the integration time (s). Nis the number of core sta-
tions and N is the number of remote stationsgye and Semete denote the system
equivalent flux densities (SEFDs) for the core and remot@staespectively. W
is a factor that accounts for the weighting scheme used igimga(i.e. Natural,
Robust etc.). At 150 MHz these values &ge = 2.8 kJy, Semate = 1.4 kJy and
W = 1.3. It should be noted that at the time of writing LOFAR wasdl &tding con-
structed, therefore these values are subject to changee@tler should refer to de
Vos (2009) for the predicted values of the SEFDs to be usedlautating the RMS
noise. If only one type of station is used in the telescopepstien equation 1.7
(below) can be implemented.

o= S (1.7)
V/N(N —1)26vdt

Note, the calculation above only accounts for the therm#h@oretical noise limit,
other factors such as dynamic range effects, bright sourd¢be side lobes, ambient
temperature and RFI etc can play a role in increasing theendike resolution of
LOFAR can be calculated using ~ A /D. Typical values of the sensitivity and
resolution as a function of frequency for the core and fulHAR array are given
in Table 1.1.

Due to LOFAR's large field of view it is extremely well placemidurvey large ar-
eas of sky. This also makes LOFAR an excellent instrumentptoee time domain
radio astrophysics. To place the parameters summariseabie T.1 in context, |

can compare these parameters with those expected for tlamfeg Very Large Ar-
ray (EVLA), which is an older generation interferometeriwitpgraded receivers.
For the EVLA in A-configuration at 5 GHz, a field of view (FoV) 6f07 ded is re-
alised. The sensitivity would b&gy o =2.0 udy, in a 12 hour synthesis (assuming
a 1 GHz bandwidth). When compared with LOFAR a FoV of 28.8%ds@chiev-
able at 120 MHz with a sensitivity af o = 110 puJy, using the core station only
in a 12 hour synthesis with 48 MHz bandwidth.

Although the LOFAR sensitivity does not seem as competés/the EVLA, itis
important to consider the spectral indexes of radio soureesexample, a typical
synchrotron source withh = —0.7 (whereS, v %) at 5 GHz would increase in flux
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Table 1.1: Typical sensitivity ¢), resolution @) and field of view Q) as a func-
tion of frequency, for the full array (including all intert@nal stations) and the
Dutch core station only. | assume the core consists of 2statand the full
array consists of 22 core and 26 remote stations. The sétis#tihave been cal-
culated using a bandwidth of 48 MHz. The field of view for eachfiguration
has been taken from the LOFAR technical welsitdote, the system equivalent
flux densities (SEFDs) used to calculate the parametersvlesie based on pre-
dicted values. The sensitivities may therefore changghiyi) once the array is
completed and the SEFD is properly parametrised.

Freq. | Oisec | O12hours | O1secs| O12nours| © 0 Q
(MHz) | (mdy) | (MJy) | (mIy)| (MIy) | () | (") | (ded)
Core Core Full Full Core | Full | Core

15 2980 | 14.3 | 1350 6.5 1650| 48 | 1676
30 549.3| 2.64 | 248.6| 120 | 825 | 25 | 419
75 314.8| 151 | 1424| 0.69 | 330 | 10 67

120 | 22.2 | 0.10 6.5 | 0.0314| 206 | 6 28.8
200 | 22.8 | 0.11 6.6 | 0.0316| 125 | 3.5 | 10.1

density by approximately an order of magnitude at 150 MHzr€fore to achieve
a source detection of TOwith LOFAR with a source spectrum @f = —0.7, the
equivalent detection with the EVLA would yield a 85letection, which is a factor
of five improvement. However, in terms of FoV approximatedp4imes the EVLA
FoV can be imaged with LOFAR, in this example.

To further explore the competitiveness of LOFAR as a sureeirument in Table
1.2 | compare the survey speed of LOFAR with current and &itostruments. The
survey speed has been calculated using:

SS= % x FoV [deg®hr 3 (1.8)

Wherert is the time taken to reach a given sensitivity in hours, and iBdhe field

of view of the instrument. Each instrument will obvioushach a given sensitivity
in a different amount of time, | therefore normalise eaclirimaent by the amount
of time taken to reach ilJy and 1 mJy (see Table 1.2). | then calculate how many
ded (using the FoV) each instrument could survey in one hourefmd the survey
speed in units of déghr-1. The LOFAR survey speed at 120 MHz using the full
array is a factor of 100 faster than the VLA. However, someéhefriext generation
of radio telescopes, such as the SKA, are extremely conyeetih this calculation

| have used raw sensitivity only; as | demonstrated in theudision earlier, a source
with a typical spectral index af = —0.7 at 5 GHz would increase in flux by a factor
of ~ 10 at 150 MHz. This corresponds to a factor of 100 increasenvey speed
to detect a population of sources with this spectral indexabser 0 1/(100)2.
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The spectral index should be taken into account when compatrvey speeds
at different wavelengths, as should the Log N - Log S of thewkmoadio source
population. | will return to a discussion of the known radimece and transient Log
N - Log S later in this thesis. | will also discuss the concdphe transient source
Log N - Log S - Log t, which is the time domain considerationiué standard Log
N -Log S.



Table 1.2: Comparison of next generation radio telescope survey spe€ghours gives the sensitivity of each instrument in a 12 hour
integration. FoV gives the field of view of each instrumentgives the times needed to reach a sensitivity pfJ¥ and 1 mJy respectively.
The survey speed gives the area of sky that could be surveyrdutbpr to a sensitivity of LJy or 1 mJy.

9T

Telescope O1ohours | FOV | T=1uJdy | Survey speed to ilJy | T = 1mJy | Survey speed to 1 mJy
(udy) | (dedd) | (hours) (ded hr1) (seconds) (ded? hr1)
APERTIF (1.4 GHz) 10 8 1200 0.006 4.3 6666
SKA (Mid 1.4 GHz) | 0.015 1 0.0027 370 9.7x10°° 3.7x10°
SKA (Low < 300MHz) | 0.4 200 1.9 104 6.9x10°3 1x 108
MeerKAT (1.4 GHz) 1.8 1 38 0.025 0.14 2.5x10*
ASKAP (1.4 GHz) 10.2 30 1248 0.024 4.5 2.4x10*
LOFAR (120 MHz Full)| 31.4 | 28.8 | 1x10 0.0024 42.6 2.4x10°
LOFAR (30 MHz Full) | 1200 | 419 | 1.7x10’ 2.4x10°° 6.2x10% 24.2
EVLA (5 GHz) 2.0 0.07 A7 1.4x10°3 0.17 1500
EVLA (74 MHz) 5000 | 322 | 3.3x10° 2.0x10°10 1.2x10° 2.0x10°4
ATCA (5 GHz) 5.3 0.07 300 2.3x10°4 1.0 2.3x 107
GMRT (153 MHz) 15.5 10 2700 3.7x10°3 9.7 3.7x10°
ATA2 (1.4 GHz) 50 2.45 | 3.0x10% 8.1x107° 100 81

a ATA - Allen Telescope Array

uononpo.u| T Ja1deyd
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1.3 The LOFAR Transients Key Science Project

There are six LOFAR key science projects: The Epoch of Reaiiin, Extragalac-
tic Surveys, Cosmic Rays, Solar Physics, Cosmic Magnetsit, Transients (see
http://www.lofar.org for further details). Each of these projects will benefit
from dedicated observing time with LOFAR to achieve speaifience goals. The
Transients Key Science Project (TKSP; Fender et al. 2006 yim to detect and
monitor a broad range of transient astrophysical phenomsimg LOFAR. The
TKSP can be broadly splitinto two specialist areas: higletresolution and imag-
ing. The high time resolution team (sometimes referred tiha$ulsar team) will
probe transient phenomena with characteristic timesdalesc< ot < 1sec. The
imaging team will probe transient phenomena with timescakec< ot to many
years. A variety of observational and transient detectemhniques will be em-
ployed by both teams, and | will explore these in detail infillowing sections.
In this thesis | am primarily concerned with image plane clees for transients,
and the associated algorithmic detection techniques. Thsiah between high
time resolution and image plane searches is merely a divisimbservation and
detection method. As | will discuss in greater detail labertain classes of tran-
sients could be prominent in both high time resolution andgeplane searches.
For example, a Pulsar would typically fall into the categofyhigh time resolu-
tion, however, pulsars are known to scintillate and sholdd be detected as highly
variable sources in image plane searches.

1.3.1 The LOFAR Radio Sky Monitor

The Radio Sky Monitor (RSM) holds enormous scientific pasdrand will usher
in a new era of all-sky radio astrophysics. The RSM will useuenber of differ-
ent overlapping beam configurations to tile up a large foactf the sky to search
for transients. This wide-field mode will open up the type efendipitous discov-
ery space that has been available to X-ray instruments, asitihe All Sky Moni-
tor (ASM) on the Rossi X-ray Timing Explorer (RXTE), for sortime. Utilising
LOFAR'’s wide-field radio advantage, coupled with a potdrdaly monitoring ca-
dence, the low-frequency radio parameter space can bereg@ad characterised.
As discussed earlier, the available 48 MHz LOFAR bandwidithlge divided up
to form a maximum of 244 beams. Figure 1.6 shows two possimégurations,
at both 120 MHz (left panel) and 30 MHz (right panel) for swivng large areas of
the sky. On the left panel, | show using black circles a FulditViHalf Maximum
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Figure 1.6: An example of the possible RSM configurations projected anto-
ordinate grid. Left panel: Black circles represent the FWbiMhe HBA at 120
MHz (6 = 5.3°). The hexagonal pattern shows seven beams which overlap by
a factor of FWHM-, which yields a total Fo\w~ 0.12 steradians. The LOFAR
zenith track is also shown which can be tiled up usin@0 overlapping beams.
Right panel: The same configuration but for the LBA at 30 MHzmlecircle rep-
resents a FWHM 0B = 9.1°. When tiled together using seven beams, a FoV of
~ 0.35 steradians is realised. Approximately 20 LBA beamstibauuip the entire
zenith.

(FWHM) of 5.3 degrees, which corresponds to the radius oL DEAR HBA FoV
at 120 MHz. By overlapping these fields of view by a factor of IFMP-° (see
Condon et al. 1998), using seven overlapping beams, we caeysan area of sky
~ 0.12 steradians (see hexagonal shape shown in Figure 118rnatively, in
this figure | also show a zenith monitoring track. The LOFARiiieis at~54°
North, by placing consecutive overlapping beams alongtthisk, approximately
30 HBA beams can tile up the entire zenith. Observing at tmtlz@ffers extra
beam stability and optimises sensitivity (Fender et alQ&0 A combination of
overlapping beams can be used to track the zenith fields fimea gmount of time,
using Earth’s rotation. The right panel of Figure 1.6 shdvessame concept for the
LBA at 30 MHz. At 30 MHz the LBA has a FWHM of 9.1 degrees; wherstis
tiled together with seven beams an area of 0.35 steradiaealised.

To best probe the parameter space available, images witkHagec! on logarith-
mically spaced ranges of timescales. The images will theselbeched for tempo-
ral changes in source brightness, and sources which areuwod in current radio
or multi-wavelength catalogues. Also, in a hybrid type obisg mode, LOFAR
could dedicate a large number of its beams to the RSM (inctutiie zenith fields),
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while a smaller number of beams perform daily monitoringradwn radio transient
sources, such as black hole X-ray binaries or active galacitlei.

1.3.2 Commensal observing

In parallel to dedicated TKSP observations, commensalreasens can offer a
large amount of data for transient searching. For exampke ptanned LOFAR
Million Source Sky Survey (MY will survey the low frequency sky. The survey
will not only offer a deep census of the LOFAR sky, but all dabdained through
this survey can be searched for transient and variable smicces, on a variety of
timescales. The M&survey will potentially be primarily concerned with prodiug
one image of a given field over the total integration timelc mins). The TKSP
can divide this data up into (on the smallest scale) one seclounks to search for
transients. In the future deeper surveys will be performmetithe TKSP anticipate
to search this data for transients. Furthermore, high teselution data can be ob-
tained simultaneous with imaging data, therefore all pslsarveys (which are part
of the TKSP mandate) are excellent candidates for commanagk plane transient
searches. If atransient is detected via commensal obg®rsainternal triggers can
be used to re-point LOFAR, or via external triggers, to adéner facilities to obtain
multi-wavelength followup.

1.3.3 High time resolution mode

High time resolution mode (sometimes referred to as Pulsae)ywill give LOFAR
the capabilities of probing time-scalegdec< ot < 1sec. The telescope setup, data
reduction and data products are different from those preduc imaging mode.
The data products will be time-series data rather than isiagpecialist high time
resolution algorithms will search for fast periodic anceimittent periodic signals,
as well as single bursts. Also, known pulsars will be moeitiio explore their low
frequency profiles and properties.

Two different signal processing techniques, known as etteand incoherent
station addition, are used to combine the signals from miffestations to form
times-series data. The coherent station addition addsesdiiggnals from the stations
together, explicitly correcting for the phase differenetvieen the station signals,
from a particular direction. The incoherent addition conasi the signals from the
stations without correcting for the phase difference. €hare trade offs to using
each of these signal processing techniques. Coherentadgields a better signal
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to noise, but has a small field of view; this mode will mostlyus®=d to monitor

known pulsars due to it's precision. Incoherent additioimga larger field of view,

but loses sensitivity, therefore this mode will be largeded for surveys. For further
information on high time resolution mode and early resultenf observations of
known pulsars see Stappers et al. (2011).

1.3.4 The Transient Buffer Boards (TBBSs)

One of the unique properties of LOFAR is the Transient BuBeards (TBBS).
The TBBs essentially consist of Random Access Memory (RAddated at each
station, that has the ability to record raw voltages for ud t® seconds, at full
bandwidth (Stappers et al., 2011). This gives LOFAR theitghib reprocess visi-
bilities in greater detail after an event has occurred. Thewnt of time the TBBs
can record is simply scaled by the amount of RAM availablel (gsrupgradeable).
Larger amounts of data can also be recorded if the bandwsd#duced, which is
defined by:

T = 1.3secondx 71008|:/|HZ (1.9)
B, is the reduced bandwidth (Stappers et al., 2011). Using a 4 bihdwidth,
which is potentially the amount which will be assigned tole&®&SM beam, 32.2
seconds of raw data may be recorded. This functionality isemely useful for
potentially receiving transients triggers from other fastents, or LOFAR itself,
and beamforming at the region of interest to produce an ifsagesee Singh et
al. (2008) for further information on the TBBs. Note, this aeowill primarily be
used (at least initially) by the Cosmic Ray Key Science Ritojsee Falcke & Key
Science Project (2007) for more details).

1.3.5 LOFAR imaging and transient detection algorithms

To produce images and detect transients-amne second timescales, all data reduc-
tion must be handled by dedicated pipelines. Automated réahaction pipelines,
for both imaging and transient detection, are currently stade of heavy testing
and commissioning. Chapter 4 describes in detail the LOFRARsient detection
pipeline (LTraP) and the testing that has been conducteti@ddtasets described
in this thesis. Chapter 6 describes the LOFAR standard imgggpeline (SIP), and
the application of the LTraP to LOFAR commissioning data.



All energy flows according to the whims of the great mag-
net.

HUNTER S. THOMPSON(1937 - 2005)

Transient and Variable Radio Sources

In this chapter | will review some of the prominent radio esiosl mechanisms,
as they are fundamental to the science presented in this.tHesill also review
the types of known transient and variable radio sourceshénconclusion to this
chapter | will review the current state of the art of transi@alio surveys.

2.1 Radio emission mechanisms

2.1.1 Synchrotron

Synchrotron radiation is produced by the accelerationedtebns (or positrons) in
a helical path due to magnetic field lines. The velocity ofsp&alling electrons is
relativistic. Synchrotron is closely related to cyclotradiation, where the velocity
of the spiralling electrons is non-relativistic, and als@agsynchrotron where the
velocity is mildly relativistic.

The spectrum of a synchrotron source is characterised hynitherlying electron
population. For the non-thermal case, the electron pojpulatan be described
by a power-law distribution of electron energies iM(E) = NoE~°, thenS, O
v (whereS, is the flux density in Janskys). This typically results inioally
thin spectrums ofx ~ —0.7 (whereS, O v™®). Synchrotron emission can also
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be absorbed, which results in a turnover of the spectrum with +2.5 at lower
frequencies, for the non-thermal case. If the distributibelectron energies can be
described as a thermal distribution, then the resultingtspe at low frequencies
yieldsa ~ +2 (further discussion will follow on thermal radiation). &lpeak flux
of the radio emission is found at the frequency at which thission switches from
optically thick to thin.

Furthermore, the electron populations and the environsienthich synchrotron
radiation is produced can evolve. For example, in the radis&on produced by
an expanding shell of plasma in the jet of a black hole (eitmeX-ray binary or
active galactic nuclei), the electron population evolvesrf being dense to less-
dense, as a function of time. Other factors such as chandbe magnitude of the
magnetic field also affect the evolution of emission as ationoof time (see van
der Laan 1966 for further details). Figure 2.1 shows a sifieplicartoon of this
physical process. At a given frequency the shell of matarithintially be optically
thick (which will yield a spectrum ofr ~ 42.5 in the non-thermal case). As the
shell expands the flux rises as the shell becomes opticatly(th~ —0.7). This
process is repeated at each different observing frequén@ctive galactic nuclei
and X-ray binaries the broad-band radio emission can comynmndescribed as
flat spectrumd@ ~ 0). If we sum up all the synchrotron peaks (over a range of fre-
qguencies) we arrive at a flat spectrum (see Figure 2.1). $rsihiple model, | have
ignored the consequence of ‘shocks’. | will return to thigitancluding a further
discusion on jets in active galactic nuclei and X-ray biesin Chapter 3.

To further demonstrate the model, Figure 2.2 shows lightesiat a number of
different frequencies, of an outburst from the X-ray binlE J0421+56, or CI
Cam (see Belloni et al. 1999 and Fender et al. 2006). At thlg stages the out-
burst of the source has already peaked at higher frequenteslower frequency
emission, specifically 0.33 GHz, starts to rise later dueheodelay time for the
expanding synchrotron shell to become optically thin atdoivequencies. At all
frequencies, the decay of the emission (after the peak)ddaadiabatic expansion
losses as the ejecta expands.

2.1.2 Bremsstrahlung

Bremsstrahlung emission (sometimes referred to as fezeeimission) results from
the acceleration of electrons within a plasma. Electroeslaflected by the ionised
charge of a heavier ion and the resulting change in energgses radiation. The
resulting spectrum at high (radio) frequencies is rel@giflat, then moving to low
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Figure 2.1: A diagram depicting the evolution of the synchrotron sheithin the
jet of a black hole. At a given frequency, as the shell expatidsradio emission
will rise whilst the spectral index evolves from opticalljigk to thin. The summa-
tion of the spectra over a broad frequency range, typicabylts in a flat spectrum.
This model does not consider ‘shocks’ within the jet whichi e discussed later
in this thesis.

frequencies there is a turnover after which the spectruneseribed bya = +2.
Bremsstrahlung is very similar to synchrotron radiatidre difference being that
synchrotron requires an ambient magnetic field: Bremdstngtutilises a charged
plasma. Bremsstrahlung is therefore common in hot ionisgdt@aments, such as
the hot intra-cluster gas of galaxy clusters.

2.1.3 Black body

Black body radiation arises from the oscillations of chdrgarticles within an ob-
ject. The flux density of a black body source increases Wit (in the Raleigh-

Jeans approximation), which yields a spectrumoof +2. Most astronomical
sources emit via the black body process and it is also obdeviienever a thermal
population of electrons (or protons) is optically thickgiethermal synchrotron).
The quiet sun, the moon and the cosmic microwave backgroasidtron are ex-
amples of black body emitters.
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Figure 2.2: The radio evolution of the radio outburst of the X-ray bindyE
J0421+56, or CI Cam. Observations of the source were coedweith the Ryle
Telescope (15 GHz), the Green Bank Interferometer (2 and BY@Hd the WSRT
(0.8 and 0.33 GHz). The lightcurves show the late arrivaletiai the lower
frequency (0.33 GHz) synchrotron emission. Figure andrigsgmn taken from
Fender et al. (2006).

2.1.4 Spectral lines

Spectral line processes are common across the electrotiagpectrum. One of
the most prominent and abundant spectral line processhs matlio regime, is the
21cm line. The 21cm line arises from a hyperfine spin-flip dréon in neutral
hydrogen, resulting in the release of a photon at 21cm, orGH4. This type
of radiation is produced at a discrete wavelength, theeeitocan also be used to
measure velocities using Doppler shifts. The 21cm has bsed 0 map galactic
rotation with our galaxy and others. It is also a potentialber of cosmology, a
highly red-shifted 21cm line, at the time of the epoch of iesation, would emit at
a frequency<200 MHz. The LOFAR Epoch of Reionisation Key Project hope to
study the density, temperature and velocity profiles of #evity shifted 21cm line
to learn more about the early universe.
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2.1.5 Coherent emission mechanisms

The electron cyclotron maser is one example of a coheremt mdission mech-
anism. Electrons are accelerated along magnetic field (tyegally in a plane-
tary or solar environment), these electrons then produogopl via the cyclotron
process. The cyclotron photons are then subsequently feedddy the maser (Mi-
crowave Amplification through Stimulated Emission of Raidia) process. This
bulk flow of electrons provides a population inversion in #tectron distribution,
which provides a ‘pump’ for the maser. The input photons state greater num-
bers of photons to be produced, and provides an amplificatidhe original cy-
clotron radiation. The photons emitted by the maser probass the same (or
similar) properties to the input photons, and since all phstare travelling in the
same direction, they appear to come from a very compactmegibe brightness
temperature of a source is inversely proportional to thecsize, therefore elec-
tron cyclotron masers (and coherent sources in generad) een shown to have
extremely high brightness temperatures. Also, this typassion has been shown
to have high degrees of circular polarisation. Other tygehberent process exist
which follow a similar theme to the electron cyclotron maser bulk flow of elec-
trons - for further information on coherent processes sd& [1985). In the next
section | will discuss the known types of transient radiorses and explore which
emission mechanisms dominate.

2.2 The transient radio universe

The scope and depth of transient radio science is vast: ligingithe time domain
we can gain unique insight into such objects as neutron atadswvhite dwarfs in
binary systems, relativistic accretion and consequetdygtch around black holes,
distant gamma-ray burst afterglows, supernovae and ag#ilaetic nuclei (AGN),
to name a few. The distances to these objects, as well asrikedale for transient
behaviour, varies dramatically. For example, giant kimsky micro-second radio
pulses have been observed from the relatively nearby CridaP{e.g. see Bhat
et al. 2008). In contrast, month timescale (and longer)atiamns are commonly
observed in the radio emission produced by powerful jetgedrby accretion onto
super-massive black holes in distant AGN (Aller et al. 1985 Vries et al. 2004,
Bell et al. 2010; Jones et al. 2010). Through studying thesiemt and variable
nature of these exotic and energetic objects, we obtain preaedented laboratory
to probe extreme physics, on a variety of distance scalesmandumber of different
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environments. | will comment further on some of the broadesrgific motivation
to studying transients later in this chapter.

This thesis is concerned with the search, detection andtfaenterpretation
of transient and variable radio sources at both MHz and GEguiencies. | will
therefore review some of the known and predicted types obtemt radio sources
at both frequencies. | will put an emphasis on the expecti#drehnces between
GHz and MHz populations (if appropriate), and also the tgjiiienescales for tran-
sient behaviour and expected flux densities.

2.2.1 Flare stars, active binaries, brown dwarfs and ultraool
dwarfs

Flare stars are typically late type stars (often referreabtdM or dMe stars; Bastian
1990) that undergo transient outbursts which increaseukel#nsity by a factor of
~ 500 (from mJy quiescent levels), at a range or radio fregesr(Strassmeier et
al., 1993). The outbursts are often characterised at botk &8td GHz frequencies
by: (i) a high degree (up to 100%) of circular polarisatioadidson et al. 1989;
Lang et al. 1983; Gudel et al. 1989); (ii) a high spectral dgpically a ~ —2.5
(Lovell 1969; Spangler et al. 1974); (iii) high brightnegssniperatures, typically
Tp > 102K (Lovell 1969; Spangler & Moffett 1976); (v) bursts that cast from
tens of seconds to tens of minutes (Bastian 1990), sometimasdays (Kundu et
al. 1988; Slee et al. 2003). Due to the high brightness teatpess, steep spectral
index and short timescale of variability a coherent emissi@chanism is favoured
over gyro-synchrotror:~ 5 GHz. Above 5 GHz gyro-synchrotron can not be ruled
out because the brightness temperature does not efgeed.0'2. A sub-divsion
of the flare star class incorporates active binaries (RS GQMhBY Dra Binaries)
which share similar characteristics to standard flare s Mutel & Weisberg
1978; Fix et al. 1980; van den Oord & de Bruyn 1994 and refexertberein).
Based on the flare star radio burst statistics of Abada-Siénéwbier (1997) and
subsequent interpolation by Fentet al. (2007) to LOFAR considerations, flare
stars will be abundant in routine monitoring with LOFAR. DieeLOFARS one
second cadence and wide-field of view, a broadband censuesanby flare star
activity can achieved.

Brown dwarfs are the smaller main sequence ‘non-startersios of flare stars;
they are distinguished from planets via their ability to rbaleuterium. Less is

1The LOFAR Transients Key Project (TKSP) Project Plan
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known about brown dwarfs due to the low surface brightness;lwmakes detec-
tion at some frequencies difficult. A small number of brownadfs (late M and
L type) have produced radio bursts{ 1 mJy between 5 and 8 GHz ) with mod-
erate amounts of circular polarisation. The bursts arenpialéy consequences of
magnetic activity on the surface of the star (Berger et &012®erger 2002). Syn-
chrotron radiation has been used in some cases to explagmtission properties at
GHz frequencies (Berger et al., 2001), but more recentlViréal et al. (2008) have
shown that coherent bursts are the dominant mechanism.

Ultracool dwarfs straddle the stellar/substellar boupdetween Brown dwarfs
and stars (spectral typeM7; Kirkpatrick et al. 1997). Ultracool dwarfs have a
much lower surface temperature and magnetic field than kigirer mass stellar
counterparts. Despite the lower magnetic fields these Btaes been shown to be
relatively bright sources at radio frequencies (see Bwgya& Putman 2005 and
Phan-Bao et al. 2007). Of greater interest is the fact thaesof these sources can
produceperiodic coherent bursts - which has dubbed them ‘dwarf pulsars’. The
ultracool dwarf TVLM 513-46546 has been shown to produceoplé bursts of
p = 1.96 hours, which is consistent with the orbital period of ttee ésee Hallinan
et al. 2007 and Berger et al. 2005). With fluxes of milli-Jayss&t GHz frequencies
(potentially much brighter at lower frequencies) and pasiof ~hours, LOFAR
image plane searches, coupled with periodicity searctuagd @otentially detect
greater numbers of ultracool dwarfs.

2.2.2 Neutron Stars

Pulsars emit pulsed emission across the electromagnettram, with pulse peri-
ods typically less than a second. The pulsed emission isseqmence of a rapidly
rotating neutron star, which creates beamed radio emigatothe poles) that tra-
verses our telescopes line of sight (see Figure 2.5 for ansatie of a Pulsar).
Pulsars typically have a steep spectral index 84o(Maron et al., 2000), with flux
densities ranging from 0.1 mJy to 5 Jy at 400 MHz (Stapperd.e@11). As
well as emitting pulsed emission, pulsars have also beewrsbhm emit giant ra-
dio pulses. For example, the Crab pulsar (PSR B0532+21)#ted a number
of ~ 10° Jy pulses (at 430 MHz) lasting just 108 (Hankins et al. 2003, Cordes,
Lazio, & McLaughlin 2004).
Currently there are-2000 known radio pulsars (Lorimer et al. 2006; Stappers

et al. 2011). Based on the predictions of van Leeuwen & Stap(2010), in a 25-
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day all-sky Galactic survey, 900 new Galactic pulsars withradius of~2 kpc are
potentially detectable with LOFAR; and also potentiallamji single pulses from
greater distances. Previous surveys for radio pulsarstiypieally been conducted
at 450 MHz or 1.4 GHz. In conjunction for searching for newgaus, LOFAR will
also open a new observing window to study the pulse profilkaoivn pulsars (see
Stappers et al. 2011).

A recently discovered class of object known as Rapidly Raogafransients
(RRATS) are considered to be intermittent pulsars (McL&ngkt al., 2006). A
number of individual pulses are received followed by up tarscor days of non-
detections. By performing single pulse searches for RRAE gources, using data
obtained from the Parkes Pulsar survey, Lorimer et al. (R0€jorted one of the
most promising and exciting results in transient science.

A 30 Jy,<5 ms single burst was found in the direction of the Small Mizaét
Cloud (SMC) with a dispersion measure which indicated cdsgical distances
(< 1 Gpc). Figure 2.3 shows the intensity of the radio burst asation of radio
frequency versus time (taken from Lorimer et al. 2007). Timstshows a quadratic
shift in arrival time as a function of frequency, which is exped from a signal
propagating through the interstellar/galactic mediunme(ttuthe refractive index).
If the source is astrophysical, the energy needed to presudk a large amount of
flux, in such a short time duration is vast. Lorimer et al. (20@erive a brightness
temperature of, ~ 10°%K and energy released 0E ~ 10%3 J. This pre-requisite
rules out many astrophysical progenitors (such as synama&mitters), and only
leaves extreme cataclysmic possibilities, for examplatno@-neutron star mergers
and coalescing black holes.

There was doubt cast on the original validity of the result@imer et al. (2007)
by Burke-Spolaor et al. (2011), who reported 16 bursts wittilar characteristics.
The Parkes multibeam receiver (used to detect these buostsjsts of a 13-beam
feed system, mounted in the prime focus of the Parkes tgdescBach beam is
sensitive to a different focal plane of the parabolic refliecthe 16 bursts reported
by Burke-Spolaor et al. (2011) saturated all 13 Parkes bedrhs would imply
that they originated from a large field of view on the sky, & same time. Burke-
Spolaor et al. (2011) therefore concluded that these 16 nestdcame from a
terrestrial origin i.e. the bursts did not arrive at the reees from reflecting off
the parabolic surface, but from an angle directly into thedée The Lorimer et
al. (2007) burst did saturate one of the Parkes beams, tstlais expected for
an astronomical source. Recent work by Keane et al. (20119, were searching
for further RRAT candidates, found a number of single pylség/hich, some had
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Figure 2.3: The ‘Lorimer’ burst was a 30 Jy burst lasting for jusbms, which is

postulated to originate from cosmological distance sqale€s00 Mpc). The figure
shows the intensity of this radio burst as a function of rddéquency versus time
(figure taken from Lorimer et al. 2007). Inner panel: Intégdapulse profile.

similar properties to those reported by Lorimer et al. (2007

Regardless of the initial validity, the results of Lorimerat. (2007) (and po-
tentially Keane et al. 2011) have sparked much interest by theorists and astro-
physics with regard to the possible importance of shorttohwdursts (e.g. study-
ing the magnetic field and turbulence in the IGM). All of thedis so far have been
detected by the Parkes telescope, so it is of high priorigetrch for some of these
extreme pulses with other instruments, such as LOFAR.

2.2.3 Planets and exoplanets

Jupiter has an intense magnetic field which has been showstébenate electrons
to produce bright non-thermal coherent low frequency (QQWHz) radio bursts
(Lecacheux et al. 1998; Zarka 2004a). A major source of @thparticles entering
the magnetosphere comes from volcanic activity on lo (aheérosatellites), and
also the stellar wind. In conjunction with studying decaneetadio bursts from
Jupiter, LOFAR will search for bursts from hot Jupiter typ@planets. A selec-
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tion effect in optical exoplanet search techniques typidaids large Jupiter sized
planets, orbiting close to a companion star. The proxinatihe companion star's
stellar wind is predicted to trigger Jupiter type decaneditirsts (Lazio et al. 2004;
GrieBmeier et al. 2007). Detecting these radio bursts wprddide the firsdirect
detection of an exoplanet, rather than an indirect detediased on the exoplanets
influence on its surroundings e.g. it's gravitational infloe.

Radio signatures of planetary lightning discharges haea lobserved by space
based and ground based experiments. The Voyager missioasrae detections
of Saturn (Warwick et al., 1981) and Uranus (Zarka & Peder$686); the Ven-
era landers detected lightning signatures on Venus (Ru4881). Saturn’s radio
bursts can be bright0.4 to 1000 Jy, with a typical duration of 30 to 300 ms (Zarka
et al., 2004b). Planetary lightning is conceivable for alanpt with a strong mag-
netic field, and should scale approximately with strengtthefplanetary magnetic
field, and the inverse squared distance to the planet. TdrereDFAR will poten-
tially detect signatures of lightning discharges from a benof planets - potentially
ones that have not yet yielded any ground based detectidasetBry lightning is
a useful probe of atmospheric dynamics and chemistry, asulthE electrification
process.

2.2.4 Intraday variability (IDV) and scintillation

Scintillation is the rapid variation in the apparent briggds of a distant luminous
object (typically a Quasar) caused by a changing electrarsitiein the inter-
stellar/galactic medium or an intervening scattering exgreThere are two types
of scintillation: refractive and diffractive. Refractiwsintillation is the focusing
and defocusing of ‘rays’. Diffractive scintillation is theterference amongst dif-
ferent paths of a ray, between a source and receiver (Goqdi8i). Diffractive
scintillation is dependent on source size, therefore oxtiseenely compact sources
such as Pulars are affected. Refractive scintillation comynaffects larger sources
such as AGN (Goodman, 1997). Due to the common timescaldseséttempo-
ral variations {< 1 day; Dennett-Thorpe & de Bruyn 2003; Dennett-Thorpe &
de Bruyn 2002), and the distances to the sources (whichasglilimiting source
size), scintillation can only be attributed to propagatéffects. Scintillation has
been shown to effect pulsars (see Rickett 1977) wnaly burst afterglows (Frail
et al., 1997) at GHz frequencies. Rickett et al. (1984) atsed that interstellar
scintillation would be prominent for flat spectrum extragaic radio sources at low
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frequencies, as limitations in angular resolution usudityate that a large fraction
of sources are unresolved (also see Hunstead 1972; Spanglerl989; Bondi et
al. 1996). The SKA will potentially sample a population obsuicro-Jansky radio
sources, scintillation will therefore be a prominent effand persistent cause of
variability.

2.2.5 y-Ray Bursts (GRBs) and Radio Supernovae (RSNe)

y-ray bursts (GRBs) are extremely bright, distant, shoedi¢~ seconds) bursts.
A number of possible progenitors are proposed for GRBs; falh@m are associ-
ated with a unique phase at the end of a stars evolution. Qrmidzgte involves the
collapse of a star (known as a collapsar), the other is asgacwith binary merg-
ers of either neutron star binaries, or neutron star - blad& hinaries (Mészaros,
2002). The redshifts of GRBs have shown them to originat® ftosmological dis-
tance scales, which makes them isotropically distributedss the sky (Meegan et
al. 1992; Mészaros 2002). GRB afterglows have been d=tantthe X-ray (Met-
zger et al., 1997), optical (van Paradijs et al., 1997) andbréFrail et al., 1997)
wavebands. The dominant radio emission mechanism is ggneoasidered to
be non-thermal synchrotron radiation emitted by shocklacated electrons within
a jet (van Paradijs et al., 2000). | will present a furthercdigsion of a ‘jet’, in
the AGN and X-ray binaries section, and also Chapter 3. Dukeddarge inferred
distances to GRB (afterglows), scintillation due to theeirgalactic medium can
introduce large variability in the flux (Frail et al., 1997At LOFAR frequencies,
the rise time for a typical GRB is predicted to beyears, with a peak flux less
than~ 1 mJy (van der Horst et al., 2008). Following up GRB triggeithwOFAR
could potentially yield large datasets (of the order of ggawhich could track GRB
afterglows deep into the late stages of evolution.

A further property to GRBs is the ‘orphan’ case, whereby ghray emission
Is beamed away from our line of sight; the radio emission igtehisotropically
from an expanding shell of material. This yields only an @phadio afterglow
with no high energy counterpart. In the radio, approximai€l-100 GRB orphan
afterglows are predicted to be detected isotropically pgr @ith a lifetime around
1 month and peak observed brightness at GHz frequenciesOofi 1Y) (Weiler et
al., 2004). Blind surveys which probe the (extragalactid)-snJy population of
radio transients are important to help distinguish betwsssistent highly variable
sources, and ‘one off” highly variable events such as orfhaBs.



32 Chapter 2. Transient and Variable Radio Sources

100 (a) ¥ X (b) =
§ 1 /“‘\4\\
B o
10 E 3 -)'/ E
¢ e %,
K =
1 i_ = =
= |
E b
w 100F (c) (a) 3
i I,#"\. T
10 E /'/ H '?&- .hl"! = E
E d l~"1 : ' -
L 7 iy E\\‘“ ]
1 E‘ i: i \{\_i
10 100 1000 10 100 1000

(t—ty)/days [t,=(25.909—-Apr—98)]

Figure 2.4: Radio lightcurves of Supernovae SN1998bw, taken from Weil@l.
(2002). The frequencies of the observations are (a) 8.6 ®H4.8 GHz (c) 2.5
GHz and (d) 1.4 GHz. The peak flux of the radio emission ardats at lower
frequencies.

A Supernovae is the explosive death of a massive star; thétingsexplosion
(and subsequent shock wave) results in an extremely lumsit@wall wavelengths),
short lived astronomical source. Possible links have baggested between GRBs
and radio supernovae (RSNe), for example, GRB980425 (Godfital., 1998) and
SN1998bw (Tinney et al., 1998) are generally consideredetproduced by the
same progenitor (Weiler et al., 2002). The classificatiosupiernovae is defined by
the optical properties: a broad classification of type | et divides supernovae
based on the detection or non-detection of (optical) hyeinagmission lines; further
subdivisions of these classes are provided by the preséceetain emission lines,
such as Si and He, and also lightcurve shape (Beswick, 2096 Ib/c and Il are
associated with core-collapse mechanisms and can be tadindus.

The emission mechanism for core-collapse supernovae ithgiaon-thermal
synchrotron process. Typical radio lightcurves go throaghnitial fast rise, due
to shock accelerated electrons propagating through thamstellar medium, fol-
lowed by an expansion phase, which gives a slower decay iigtiteurve. At 8.6
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GHz SN1998bw peaked at 400 mJy (at 10 to 12 days, see Figure 2.4), and was
detectable up to 200 days post-explosion (Weiler et al.2p08s the peak radio
emission evolves from high to low frequencies, LOFAR wiltgatially be able to
track and explore the later stages of radio supernovae tevolu

2.2.6 Active Galactic Nuclei (AGN) and X-ray binaries

AGN are a class of galaxy where the central nucleus is extyeemergetic. The
most abundant members of the AGN class are Seyfert galaxieQaasars. There
are however many sub-divisions of the AGN class where thereatf the AGN is
described by attributes at a specific frequency, and sefeeffects such as viewing
angle. Radio loud classes of AGN are some of the earliestestudriable radio
sources (see Condon & Backer 1975; Dennison et al. 1981 ;dRyle 1978; Taylor
& Gregory 1983; Condon et al. 1979 and references thereimgy &re bright at all
radio frequencies, sometimes problematically brighk(y) at low frequencies i.e.
Cygnus A is so bright its effects are always present in LBA BBFobservations.
AGN harbour some of the largest black holes in our universkama powerhouses
of accretion. Due to accretion and jet production via theesupassive black hole,
AGN undergo bright transient outbursts at all frequencigh typical timescales at
radio frequencies of months to years (e.g. see Aller et @51t also references
above). The radio emission is produced predominately gelaollimated jets via
the the synchrotron process, either within shock regionrough steadily evolv-
ing relativistic outflows (e.g. see Figures 2.5 and 2.1 ard Blandford & Konigl
1979).

Low-Mass X-ray Binaries (LMXBs), or microquasars, are thmadler (~ 10M)
Galactic versions of AGN. LMXBs consist of a compact objedter a black hole
or neutron star, in a binary system with a companion star.téviad accreted from
the companion star via an accretion disk onto the black hbere is a proposed
coupling mechanism in AGN and LMXBs whereby the X-ray enuasproduced
in the accretion disk, tracks the inflow of material onto theck hole (Done et al.,
2007); and the radio emission tracks the outflow of mateiimlthre jet (Fender,
2006). If the central accretion and ejection processes @NAand LMXBs are the
same, then studying the radio and X-ray variability gives thifferent windows to
probe the coupling mechanism (see Markoff 2010 for a revid\g timescales for
LMXBs to evolve is very fast when compared with AGN. Compleyeles in the
behaviour can be tracked, from the stable, low flux, ‘quietctates (Calvelo et al.,
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Figure 2.5: The ‘transient zoo’ - examples of transient radio sourcesp [€ft:

SDSS image of the flare star GJ 3630 (credit: Galaxy Z00). g:rComposite
Optical (Hubble) and radio (VLA) image of Centaurus A, shogviarge scale
collimated outflows (blue) from the nucleus (credit: NASAJaNRAQO). Second
row left: Artists impression of a Pulsar (credit: ATNF). $ad row right: A
combined image of a radio supernovae from Chandra X-ray @atmge) and
radio data (blue) from NRAQ’s Very Large Array. (X-ray (NABZXC/NCSU)
2007; Radio (NSF/NRAO/VLA/Cambridge) 1985). Third row: Adio image of
the X-ray binary GRS 1915+105, showing relativistic knotsving away from
the core (Mirabel & Rodriguez, 1998). Bottom row: A detentiof ay-ray burst
optical afterglow (Groot et al., IAUC 6584).
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2010), through to massive accretion and ejection evergs @tate), which give rise
to transient outbursts at both X-ray and radio frequenaies Figure 2.5 and Fender
et al. 1999; Mirabel & Rodriguez 1998). These state changedast from days to
months. In comparison, for AGN these transitions could talemy thousands of
years (McHardy et al., 2006), therefore what we typicallgeate in AGN is a
constant state. By regularly monitoring a cohort of AGN ieithrespective states
we can probe - what would be considered in LMXB timescaleg fitle timescale
structure of the disk jet coupling.

LOFAR provides a new frequency window to observe AGN and LMXBoten-
tially through long term, wide-field monitoring of the lowelyuency sky, coupled
with targeted observations of interesting AGN and LMXBs,egpler understand-
ing of the accretion and ejection mechanisms can be achigéngdhapter 3 | will
present a deeper exploration of the variable radio and Xsragerties of a specific
AGN - NGC 7213, and how the behaviour relates to that seen iXBM(this will
also include a deeper literature review). | will also explorthis chapter the scaling
relationship between black hole mass and radio and X-raynlosity, known as the
fundamental plane of black hole activity (see Merloni, Hegndi Matteo 2003 and
Falcke, Kording & Markoff 2004)).

2.2.7 Gravitational wave events

Gravitational waves are so far the undetected legacieswst&ins general theory of
relativity. These gravitational waves are predicted farrses such as binary merg-
ers of neutron stars or black holes (Hansen & Lyutikov, 20Tipe Il core collapse
supernovae, and also rapidly rotating asymmetric neuttans $Waldman, 2011).
As the gravitational wave sources are predicted to be asgaolcwith extreme en-
ergy events, finding an electromagnetic counterpart (EM) lnsgh priority. The
Lorimer et al. (2007) burst is potentially one of these EM mewparts, however,
until the EM event is correlated with a gravitational wavemy the predictions can
not be confirmed. Gravitational wave observatories suchesaser Interferome-
ter Gravitational-Wave Observatory (LIGO; Waldman 20T&)@urrently searching
for gravitational wave signatures. LOFAR has already atszkfriggers from the
LIGO to search for electromagnetic counterparts to graeital wave sources; co-
ordinated test observations have also been performed {Aleadl. in prep). In
future operations more gravitational wave triggers wilfbkowed up by LOFAR,
and also LOFAR will provide a data stream of EM transient ésémLIGO.
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2.2.8 Future prospects

The types oknown transients described above shows the diversity of theigans
radio universe. These examples are by no means a defingivand | have only

summarised the typical properties of the sources. Most efktiown transient

sources are quite common, and typically have multi-wagglerwounterparts as-
sociated with the radio emission. Potentially small popates of extremely bright

or exotic transients exist which are not coupled with muivelength counterparts.
Performing blind searches of the radio sky, especially akplored frequency win-

dows, such as those at which LOFAR will operate, could yiedd ilasses of ob-
jects and physical processes.

Furthermore, there are broader implications to just stuglyfe intrinsic prop-
erties of individual transient sources. For example, if ss&uwas detected that
was inspiralling into the gravitational well of a black hptee regular clock like
pulses, coupled with the inward motion would provide an #goétest of General
Relativity. Transient studies also have implications fosmmology;y-ray bursts are
some of the most distant and luminous events in the Univarsg can be used as
standard candles to probe cosmological distance scales, &le propagation of
the lower frequency GRB afterglow emission is a useful probie electron con-
tent in the inter-galactic medium. The event rates (and |adion studies) of-ray
bursts and also supernovae (at cosmological distances)gia further handle on
the star formation rate in the early Universe.

2.3 Review of transient surveys to date.

Despite the scientific potential, the transient and timéatde radio sky is a rela-
tively unexplored region of parameter space. Radio tramsletections have his-
torically been relatively sparse due to the poor surveygpéelder radio facilities
(Cordes, Lazio, & McLaughlin, 2004; Hessels et al., 2009pm$ detections of
transients have however been made serendipitously (fonghes see Davies et al.
1976, Zhao et al. 1992, van den Oord & de Bruyn 1994, Bower.e2@)3 and
Lenc et al. 2008). This limitation will soon be relieved byethext generation of
wide-field telescopes and their respective dedicatedigansurveys.

A common method to detect radio transients is through mwdtrelength trig-
gered observations from, for example, all sky monitors ora)X-observatories.
These have produced radio counterparts to gamma-ray I&R&) afterglows and
black hole X-ray binary outbursts (for examples see Fral .€1997, Gaensler et al.
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2005, Eck, Cowan, & Branch 2002). This method relies on hipsidetectable high

frequency counterpart, which may be absent (or difficultetedt) for sources such
as X-ray dim isolated neutron stars (XDINs; Ofek et al. 208®) orphan gamma-
ray burst afterglows (Frail et al., 1997), which demonsisdahe need for dedicated
radio transient programs.

Despite the historical challenges, dedicated or commemnaasients surveys
have produced a number of interesting results. The Galeetitre (GC) has been
the area for some intense observing campaigns; these stuahe so far detected
a number of radio transients, the most recent being GCRT2330081 (Hyman
et al., 2009) and GCRT J1746-2757 (Hyman et al., 2002) — aledB®wer et al.
(2005). In the high time resolution domain, McLaughlin et(@006) discovered
short duration transient radio bursts from neutron staesRRATs (Rapidly Rotat-
ing Transients) — as well as many detections of new pulsarse@ample, from the
Parkes multi-beam survey).

Nine bursts — named the WJN transients — in excess of 1 Jy lesrediscovered
using drift scan observations with the Waseda Nasu Pulsse®atory at 1.4 GHz
(summarised in Matsumura et al. 2009, but also see Kuniyashii 2007, Niinuma
etal. 2007, Kida et al. 2008, Niinuma et al. 2009 for furthetads). These are some
of the brightest transients reported in the literature anths remain unexplained.
Recently Croft et al. (2010) published results from the AT&eRty Centimetre
Survey (ATATS): no transients were detected and an uppet imthe snapshot
rate of events was given. Subsequently the Pi GHz Sky SuR&SS) surveyed
the sky with the ATA at 3.1 GHz, providing the deepest statigrse catalogue to
date above 1.4 GHz (Bower et al., 2010). No transients we@ted in this survey
and an upper limit on snapshot rate was placed (also see Bbwaer2011).

Searching for highly variablkenown radio sources can also be a useful diagnos-
tic in examining the dynamic radio sky. For example, Caatlial. (2003) found
a number of highly variableAS > +50%) radio sources in a small number of re-
peated observations of the Lockman Hole at 1.4 GHz. Frail €2@03) also found
four highly variable radio transient sources from follow-observations of GRBs
at 5 and 8.5 GHz: the rates of these events are consistenthogh reported in Car-
illi et al. (2003). Reporting 39 variable radio sources, B=cet al. (2010) recently
characterised the surface density of variables in the tilreof the Galactic plane
at 4.8 GHz. Most of the variable sources detected had no kmown-wavelength
counterparts. This is an important study as the rates ofigaband variable sources
may differ in the direction of Galactic plane when compareth\an extra-Galactic
pointing. In particular, large numbers of flare stars aremto produce bright co-
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herent bursts (White et al., 1989), and could dominate tletexcat low frequencies
(Bastian et al., 1988). A deeper discussion on the differdratween transient and
variable processes will follow later.

Radio telescope archives potentially contain many houdat which currently
remains unsearched for radio transients. An archival staugparing the NVSS
(NRAO VLA Sky Survey; Condon et al. 1998) and FIRST (Faint ges of the Ra-
dio Sky at Twenty-cm; Becker et al. 1995; White et al. 199 %alcggues was con-
ducted by Levinson et al. (2002), with a follow-up study byl-@am et al.(2006):
a number of radio transient sources were identified. Thyggaret al. (2011) have
performed the most thorough analysis of the FIRST survete,deporting 1627
transient and variable sources down to mJy levels, overstales of minutes to
years (also see Ofek & Frail 2011). Bower et al. (2007) arealy344 epochs of
archival VLA data at 4.8 and 8.4 GHz spanning a period of 22s/el this sur-
vey ten radio transients were reported, with the host gesagbssibly identified
for four out of the ten sources, and the hosts and progerofottse other six un-
known. Bannister et al. (2011) recently published resutisifa search for transient
and variable sources in the Molonglo Observatory Synthésiescope (MOST)
archive at 843 MHz. 15 transient and 53 highly variable sesigere detected over
a 22 year period. Bannister et al. (2011) use these detsdiogplace limits on the
rates of transient and variable sources. Bower & Saul (20a0 published further
archival work examining observations of the calibrator 862t 1.4 GHz. A total
of 1852 epochs are examined spanning a time range 23 yearadiootransients
were reported.

2.4 This thesis

e In Chapter 3 of this thesis | will present a variability casedy of the low
luminosity active galactic nuclei NGC 7213.

¢ In Chapter 4 of this thesis | will present the design, develept and testing
of the LOFAR transient detection pipeline. | will also presthe anticipated
broader functionality of the algorithms needed for full LAHFoperations.

e In Chapter 5 of this thesis | will present the testing of theAAR transient
detection algorithms on archival VLA data. This will incleidreproducing
the results of the transient detections reported in Boweal.e2007); the
detection of an outburst of the black hole candidate souveét 31753.3-
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0127; and finally a blind survey of archival VLA calibratorlfis to search
for transient sources.

e In Chapter 6 of this thesis | will address the task of usinglt$AR stan-
dard imaging pipeline to produce LOFAR images. In this Caapwill also
present the findings from a transient search conducted onfathe LOFAR
zenith monitoring fields.






Beauty is variable, ugliness is constant.

DOUGLAS HORTON (1891 - 1968)

X-ray and radio variability in the
low-luminosity active galactic nucleus
NGC 7213

In this chapter | present the results of&88 year campaign to monitor the low lumi-
nosity active galactic nucleus (LLAGN) NGC 7213 in the ra(ia8 and 8.4 GHz)
and X-ray bands (2-10 keV). AGN and variability science i€g &omponent of the
broader ‘transient science’ definition. It is a goal for mstents such as LOFAR
to survey for unknown transient sources, however, theyaisib regularly monitor
known variable sources — such as NGC 7213. In this chapter ¢nass-correlation
functions to probe the connection between the X-ray andranfitting regions. |
also explore the previously established scaling relatignisetween core radio and
X-ray luminosities and black hole makg 0 M%6-98. 96 known as the ‘funda-
mental plane of black hole activity’. With a large number ofagi-simultaneous
radio and X-ray observations, | explore for the first time vheations of a single
AGN with respect to the fundamental plane. The reductiomefATCA radio data
presented in this chapter, and all subsequent analysisevissmed by myself. The
RXTE X-ray data were reduced by Dr. Phil Uttley. This work leeen published
in Bell et al. (2010).

41
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3.1 Introduction

The observable properties of active galactic nuclei (AGNJ alack hole X-ray
binaries (BHXRBS) are consequences of accretion on to &iilate at a vari-
ety of rates, in a variety of ‘states’, and within a varietyesfvironments. The
major difference between the aforementioned classes ecoly the black hole
mass. BHXRBs typically have a black hole mas$OM. while for AGN it is
10°M,, < M < 10'%.,. Theoretically, the central accretion processes should be
relatively straightforward to scale with mass, and thisupmorted by several ob-
served correlations. These include a relation between ttag/4nd radio luminosi-
ties and the black hole mass (Merloni, Heinz & di Matteo 20B&8lcke, Kording
& Markoff 2004), and between X-ray variability timescalesass accretion rate
and mass (McHardy et al. 2006). More qualitative similaestbetween accretion
‘states’ and radio jet production have also been demosestr@ording, Jester &
Fender 2006; for the current picture of accretion statesHXBBs and their rela-
tion to radio jets see Fender, Belloni & Gallo 2004).

Studying the delays between different emission regionssgixs a further handle
on the scalability of black hole accretion, as signals pgapa from, for example,
the accretion flow to the jet. Variability studies have soslanwn that a correlation
exists between the X-ray and optical emitting regions ohligii XRBs and AGN,
typically reporting small lags, which are consistent witleast some of the optical
variations being due to X-ray heating of the disc (Russellgt2009; Breedt et
al., 2009). A recent study by Casella et al. (2010) has shbana correlated time
lag of ~ 100 ms exists between the X-ray and IR regions (IR laggingy&) for
the BHXRB GX339-4, indicating a close coupling between tbedccretion flow
and inner regions of the jet. In the case of the BHXRB GRS 1905+a variable
X-ray to radio lag o~ 30 mins (radio lagging X-ray) has been measured (Pooley &
Fender, 1997; Fender et al., 1999). Discrete ejection sVeve also been resolved
in both the AGN and BHXRBS, for examples see Marscher et @0Z2and Pooley
& Fender (1997); Fender et al. (1999).

The linear scaling with mass of the characteristic timeseabund a black hole
means that there are advantages to studying each classect.olsj BHXRBs we
can track complete outburst cycles, from the onset of dstablities through major
ejection events, radio-quiet disc-dominated states, areduan to quiescence, on
humanly-observable timescales (typically years). Fopécal AGN the equivalent
cycle may take many millions of years. However, for an AGN weeable to resolve
individual variations of the source on time-scales thatcammparable to or shorter
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than the shortest physical time-scales in the system (gegdytnamical time-scale),
something which is currently impossible for BHXRBSs. In ‘bkahole time’ we are

able to observe the evolution of sources in fast-forwar@tdXRBs and in detailed

slow-motion for AGN.

In this chapter | present the results of a long ternB(years) regular monitoring
campaign in the X-ray and radio bands of the low luminositiwva@alactic nucleus
(LLAGN) NGC 7213. Previous X-ray studies show that NGC 724 agcreting at
a low rate~ 7 x 1074 Lgqq (Starling et al., 2005). The hard state in BHXRBs is
typically observed at bolometric luminosities belewl% Eddington, and seems to
be ubiquitously associated with a quasi-steady jet. Abo\lé6, sources can switch
to a softer X-ray state, the jets are suppressed (Macca@ai®m, & Fender, 2003;
Dunn et al., 2009); furthermore transition to this softatestis usually associated
with major transient ejection events. As NGC 7213 is comnsibly below Lggq ~
1% I therefore consider it a good candidate for comparisdh other BHXRBS in
the low/hard state. If | consider AGN to be ‘scaled up’ vensimf BHXRBs by
exploring the time lag between the X-ray and radio emittemjons | can compare,
contrast and hopefully relate the accretion and jet prodactcenarios for AGN
and BHXRBs.

A correlation has been established by Corbel et al. (2008)Gallo et al. (2003,
2006) relating the radio luminosityg) and X-ray luminosity i(x) for BHXRBs in
the low/hard and quiescent states, whiegg] L3®~%7. Merloni, Heinz, & di Mat-
teo (2003) - hereafter MHAMO3 and Falcke, Kording, & Maifi@004) extended
the BHXRB relationship using two samples of AGN to form thatflamental plane
of black hole activity’. By accounting for the black hole rsg#/1) the relationship
Lr 0 L5797 has been extended to cover many orders of magnitude in blalek h
mass and luminosity i.eg = (0.67017) log Lx + (0.78"5.53) log M + 7.337%-55.
Further refinements were made to the fundamental plane loglikg) Falcke, &
Corbel (2006) - hereafter KFCO06, using an augmented andtegdample to ex-
amine the fitting parameters (also see Gultekin et al. 20@%Bxoderick & Fender
2011).

Throughout this chapter | define the ‘intrinsic’ behaviot AGN and BHXRBs
as multiple measurements (in the radio and X-ray) ofsdiee source. | define the
‘global’ behaviour as single (or average) measurementsubiiple sources, both
with respect to the fundamental plane.

For the BHXRBSs in the low/hard state the relationship désatiabove has not
only been established globally but in some cases intriigjc&. GX 339-4, V404
Cyg and a small number of other systems have been shown toupared down the
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correlation seen in the fundamental plane (Fender et d&.72MHowever, in recent
years an increasing number of outliers have been found bigleworrelation, i.e.
less radio-loud then expected (Xue & Cui 2007; Gallo 2007eb@t al. 2010;
Calvelo et al. 2010; Rushton et al. 2010) as well as some eswrbich move in
the plane with a different slope (e.g. Jonker et al. 2010 aodaCet al. 2011).
To date the correlation found from the fundamental planedmds been measured
globally for AGN, not intrinsically. Note, with respect the global measurements
of the AGN population, the specific measurements of the radeX-ray flux used
in the correlation are sometimes taken at different timeisthns could be a source
of error in the correlation (Kording, Falcke, & Corbel, )0

As well as establishing the time lags, another goal of thiskywis to establish,
through quasi-simultaneous observations the intrindaticaship betweehpg, Lx
and M observed in a LLAGN and its relevance to the fundamepitaie of black
hole activity. | use the MHAMO03 and KFC06 samples for comgaariboth with
an updated BHXRB sample taken from Fender, Gallo & RussBll@2 - hereafter
FGR10. | also explore the possible scatter in AGN data p@iwesy from the fun-
damental plane and place limits on this deviation.

3.2 NGC 7213 Background

NGC 7213 is a face-on Sa galaxy hosting a Seyfert 1.5 nuabemasgdd at a distance
of 25 Mpc assuming bE71kms Mpc—1. Narrow low ionisation emission lines
are observable in its nuclear spectrum, also making it a reewitihe LINER class
(Hameed et al., 2001).

The radio properties of NGC 7213 are intermediate betweesetiof radio-
loud and radio-quiet AGN. Previous radio studies at 8.4 GHweehnot resolved
any jet emission from the nucleus on scales 3 mas to 1 arcsaogi®rd et al.
(1998), Thean et al. (2001),Blank, Harnett, & Jones (2008p Long Baseline
Array (LBA) is an Australian six station VLBI instrument (cumis, 1997); LBA
observations at 1.4 and 0.843 GHz have shown some evidenlegger scale emis-
sion that could be due to jet-fed radio lobes (Blank, Har&tiones, 2005). How-
ever, as the nucleus remains unresolved it could be thaethe priented to some
degree in the direction of the observer. As suggested bykBldarnett, & Jones
(2005), the lower frequency emission could possibly be@ated with a ‘kink’ in
the jet at a larger distance. This could be consistent witbreegal model proposed
by Falcke, Patnaik, & Sherwood (1996) where radio-intenatedbjects are in fact



3.3 Observations 45

radio - quiet objects whose jets are to some extent aligndeinbservers direction
and relativistically boosted.

Previous X-ray studies have so far failed to show signifiesdence for a soft
X-ray excess, Compton reflection, or a broad FeliKe in the NGC 7213 spectrum
e.g. see Bianchi et al. (2003), Bianchi et al. (2008), Stgrét al. (2005). A narrow
Fe Ka line is observed and Bianchi et al. (2008) show evidenceiti@produced
in the broad line region (BLR). Starling et al. (2005) alspa# that the expected
UV bump is either absent or extremely weak. The weakness serae of these
signatures suggests that the inner accretion disc is rgigsarhaps replaced by an
advection dominated accretion flow (ADAF) (as suggestedtayliBg et al. 2005)
or similar hot flow, consistent with the low/hard state iptetation of NGC 7213.

Blank, Harnett, & Jones (2005) estimate the black hole masd@C 7213
using the nuclear velocity dispersion calculation of Nelg€oWhittle (1995) and
the velocity-dispersion versus black-hole-mass relatignof Ferrarese & Merritt
(2000) to obtain B¢ x 10'M.

3.3 Observations

3.3.1 ATCA data analysis

Bi-weekly monitoring was obtained with the Australia Telege Compact Array
(ATCA). The interferometer setup was such that 128 charofeldViHz bandwidth
were used to form two continuum channels centred at 4.8 an@M@z respectively.
The radio observations have been reduced using the MIRIAD raduction pack-
age (Sault, Teuben, & Wright, 1995). Flux and bandpass regidn was achieved
using (in most cases) PKS J1939-6342 (B1934-638) and fophlse calibration
PKS J2218-5038 (B2215-508).

A variety of fitting techniques were then tested to extraetfttx density of the
source from the observations. These included testing poidtGaussian fitting to
the source in the image ant plane. As ATCA is an East-West array and ob-
servations were short in duratior-2 hours) an elongated synthesised beam was
typically produced. Image-plane fitting often failed to eerge and/or produced
non-physical results. Therefore fitting was discarded & ithage plane for the
more (arguably) reliablev plane method. The final radio light curves and spectral
indexes (between the radio bands only) are shown in Figdre 3.

To complement the snapshot observations a full 12 hour ratieg was per-
formed on 2008 June 29; the purpose of which was to explorpdlaisation prop-
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erties of the jet, and to detect any faint extended structAditional steps were
taken to ensure adequate polarisation calibration waspeed. This observation
was also used to make a deep image of the source; beyond thecSes beam no
weak extended radio emission was observed above a noidedlev8 uJy at 4.8
GHz.

3.3.2 RXTE data analysis

Daily monitoring was obtained using 1 ksec snapshots obtkwith the Rossi X-
ray Timing Explorer (RXTE) Proportional Counter Array (P Allowing a long-

term light curve to be obtained in the 2-10 keV band. The daeeweduced us-
ing FTOOLS v6.8, using standard extraction methods andoé@ocee criteria. The
background was calculated from the most recent backgrowls which corrects
for the recent problems with tHRXTE SAA (South Atlantic Anomaly) history file.
The final 2-10 keV fluxes were calculated by fitting a power lawhe observed
spectra. This allows us to take into account changes in steuimental gain over
the duration of the monitoring. The final un-binned X-rayhligurve is shown in
Figure 3.1 and is used in all subsequent analysis.

3.4 Results

3.4.1 X-ray/radio light curves and cross-correlation

Figure 3.1 shows X-ray flux (top panel), radio flux (middle eksh and radio spec-
tral indexa whereS, 0 v*9 (bottom panel) versus time . The X-ray light curve
shows a general decrease in flux until MJD 54600. Two disticay flares are
observed at MJD 53920 and MJD 54390, both appear to be cadehdth events
in the radio bands.

| use the Discrete Correlation Function (DCF) method of Eolel& Krolik
(1988) to calculate the cross-correlation coefficientsvben the entire X-ray and
radio bands to find the lag. To calculate the centroidigg, | use a weighted
mean of the positive lags above an 85% threshold of the pedk &ie. | use
Teent, rather than the peak valugek, because the centroid has been shown to better
represent the physical lag (Koratkar & Gaskell, 1991). & haen shown that it is
difficult to interpretreak as a physical quantity, and if it is used to calculate the lag,
it usually offers an underestimate when compared wigh (Peterson et al., 1998).
The centroid width is calculated as
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Figure 3.1: Top Panel: X-ray Flux versus Time (MJD-50000). Centre Top: R

dio flux S;gagHz versus time. Centre Bottom: Radio fluggHz versus time.
The errors are too small to show on both radio flux figures keitygically ~0.4
mJy/Beam. Bottom: Spectral index (8.4-4.8 GHzyersus time wher&§, O v ',



Table 3.1: Summary of the lag times which have been calculated usindiiteete correlation function for the X-ray-8.4 GHz and&§+4.8
GHz light curves. | used the z-transformed discrete cdiogidunction to calculate the lag for the 8.4 GHz-4.8 GHz #lade 1only light

curves.

Time (MJD)

X-ray-8.4 GHz Lag (days

X-ray-4.8 GHz Lag (days

8.4 GHz-4.8 GHz Lag (days

)

All

Flare 1 (53800-54000

24+ 12 (DCFrye=0.56)
144 11 (DCFiren=0.78)

40+ 13 (DCFyex=0.7)
35+ 16 (DCFyx=0.73)

20.5+129 (ZDCFna=0.81)
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Teent = % IZ C(I:—ITI (3.1)
Wherec; and 1; are the DCF coefficients and laggey is the centroid lag. As
the DCF coefficients are only defined for a given lag, | intéapoto find the peak
correlation coefficient DChux at the centroid lag .

Figure 3.2 show the DCFs for the X-ray-8.4 GHz and X-ray-48zGands
respectively. | find a lag of ey =24+12 days at DCkax=0.56 for X-ray-8.4 GHz
and Teent =40+13 days at DCRax=0.7 for X-ray-4.8 GHz. The time lags taken
from Figure 3.2 are summarised in Table 3.1. The errors inaeare calculated
using the flux randomisation/random subset selection (BRJRnethod of Peterson
et al. (1998). For 1bsamples, | randomly reduce the number of data points in our
original X-ray and radio light curves by 37% and then re-gkdte the DCF. | take
the centroid lag from each of the 48imulations and use the rms spread in the
distribution of centroid lags to obtain the quoted errorateéNthat since the radio
light curves are strongly correlated with one another, thgsiical errors on the lags
are notindependent between the two bands, so that theathitfeiin lag between the
two radio bands with respect to X-rays is likely to be realqik also highlighted
by the radio-radio correlation, see below).

To ascertain a confidence level in the DCF calculation | usednbethod of
Timmer & Koenig (1995) to generate Monte-Carlo simulatiafisun-correlated
red-noise light curves. | assumed a broken power-law-shaper spectrum with
low-frequency slope -1, high-frequency slope of -2.3 aneakrfrequencyw =
0.012 d%, based on the best-fitting model to fit the X-ray power spect(8um-
mons, private communication). | used this model to genet&terandom X-ray
light curves and cross-correlated them with the real radid kurves in both bands.
| then used these correlations to estimate the distribati@noss-correlation values
ateach lag to obtain a local confidence level, corresponding to tG€ €alue which
exceeds” per-cent of the simulated CCF values at that lag. From thelatmons
| plot on Figure 3.2 the 95% and 99% local confidence levelbetdfore assign a
local confidence of> 95% for both of the peaks with the 4.8 GHz peak reaching
close to 99%.

It is important to note however, that without a priori ex@icn of what the lag
should be, it is more statistically rigorous to estimatedigmificance of the correla-
tion using the ‘global significance’, which is the fractiohsimulated random light
curves which show CCFs at better than the observed confideveldor any given
lag. For example, to estimate the global significance of & pgach appears at the
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Figure 3.2: Top Panel: Discrete cross-correlation function (DCF) slobwing
time lag against correlation coefficient for X-ray to radta8 GHz lagging X-
ray) (black crosses). A lag of 4B 13 days at DCfgx = 0.7 is calculated using
the weighted mean of the lags above an 85% threshold of the [pE& value.
Bottom Panel: Discrete cross-correlation function (DCIet ghowing time lag
against correlation coefficient for X-ray to radio (8.4 Ghgding X-ray) (black
crosses). Alag of 24 12 days at DCkax = 0.56 is calculated using the weighted
mean of the lags above an 85% threshold of the peak DCF valnebot plots
the 99% and 95% local significance confidence levels aregploffhe errors are
calculated via the method described in section 3.4.1
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Figure 3.3: The z-transformed discrete cross-correlation (ZDCF) fioncbe-
tween the 8.4 GHz and 4.8 GHz light curves (4.8 GHz lagging BHk). A
centroid peak of 20.5- 12.9 days is found at ZDGfz=0.81.

99% local confidence level, | search the Simulated CCFs for any peak values (at
any lag) which exceed the 99% local confidence level for thgt The fraction of
CCFs which do not show such a peak defines the global signifeckavel for the
correlation observed at the given local confidence levethisiway, | account for
the fact that we are effectively searching over a broad ramiggs, and so are sam-
pling from a larger population of potential ‘false positvéhan we would expect
from searching for correlations at a single lag.

| find for the entire range of computed lags (-300 to +300 d#ys)global con-
fidence levels at 4.8 GHz are 82.0% (at 99% local significaand)56.2% (at 95%
local significance); at 8.4 GHz, 77.1% (at 99% local signifiz® and 46.0% (at
95% local significance). If | restrict the range of lags toipes only (> 0 days)
| find at 4.8 GHz, 91.0% (at 99% local significance) and 74.78®%% local sig-
nificance); at 8.4 GHz, 86.6% (at 99% local significance) a®\@% (at 95% local
significance).

Note, that in the case where | do not restrict the lag to libwiany given range,
the global significance is low. For example, it is not suipgsthat the 8.4 GHz
versus X-ray CCF shows two peaks at greater than 95% locéibemce, since the
corresponding global confidence at this level is only 56%l egpect a spurious
peak in nearly half of the CCFs sampled from random light earvHowever the
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peak corresponding to a negative lagot40 days (i.e. radio leading X-ray) cannot
easily be explained with any physical model. When | presumaethere must be a
positive lag (radio lagging X-ray) - as | would indeed prediased on our current
understanding of the accretion disk/jet - this global digance level increases. Put
another way, it is statistically unlikely that a spuriousretation should appear in
the range of lags which matches our physical expectatiase@ms to be the case
here. Therefore, | assume for the remainder of the chagsettta correlation is real.
Note that if the correlation is real, the lags can be welkdained: the significance
of a lag and the significance of a correlation itself are watesl quantities, since
a lag can be very well determined from just a single well-dachpevent’ (flare
or dip) in red noise data, if the data are indeed correlatedll explore possible
complexities in the disk/jet connection with respect to caiculated lags in section
3.5.1

3.4.2 Radio/radio cross-correlation

To calculate the cross-correlation between the two radidbaused the z-transformed
discrete correlation function (ZDCF) of Alexander (19958¢ figure 3.3. Note that
the two radio light curves are sampled at the same time: asimoEdelson & Kro-

lik (1988); to keep the normalisation correct for the DCF édé¢o omit the zero lag
pairs as the errors between the two bands are correlatedefoheefor convenience
(and as the two methods are comparable) | switch to the ZDOEhwdmits zero
lagged pairs. | calculate the errors using the same methdéssibed in section
3.4.1. | thus findreey = 20.5412.9 days which is consistent with the difference in
lags between X-ray-4.8 GHz and X-ray-8.4 GHz.

3.4.3 X-ray/radio cross-correlation when flaring

| split the light curve up into data points surrounding thstfitare at MJD 53920,
which is summarised in Table 3.1. | then calculated the ZD&&scertain an ac-
curate measurement of the lag for this flargy. | find ey = 144+ 11 days for
X-ray-8.4 GHz, andrge = 35+ 16 days for X-ray-4.8 GHz. Both lag times are
below the global lag for the entire light curve. | do not penfichis analysis for the
second flare at MJD 54380 as it was only sparsely sampled irathe.
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Figure 3.4: Top Panel: Light curve of archival X-ray data points in tha®-
keV range. Flux values cited iil=(Halpern & Filippenko, 1984)A\2 = (Turner
& Pounds, 1989)03 =(Nandra & Pounds, 1994»4=ASCA using the tarturus
database (Turner et al., 2004p = (Bianchi et al., 2008). Bottom Panel: Light
curve of archival radio data points at 8.4 GHz. Flux valugsdcin A1 = (Slee et
al., 1994),02=(Thean et al., 2001»3 = (Bransford et al., 1998) and! = (Blank,
Harnett, & Jones, 2005)

3.4.4 Long term variability

The long term X-ray variability, covering a time-range obab30 years, is plotted

in the upper panel of figure 3.4. Archival data were searcbednfthe literature
from the instrument&instein (Halpern & Filippenko, 1984), EXOSAT (Turner &
Pounds, 1989)Ginga (Nandra & Pounds, 1994), ASCA using the Tartarus database
(Turner et al., 2001) aniMM — Newton (Bianchi et al., 2008). Around MJD 44400

(~ 1980) a sharp flare which is brighter than the flares visibleundataset was
observed. Since then the flux has been gradually decreasing.



Table 3.2: Summary of archival observations found in the literaturee @ata points between the horizontal lines indicate whmereno fluxes
were used to calculate the X-ray-radio correlation. Twaa)-and two radio points were taken at similar times thus thegeviboth used to
calculate the correlation, (R) and (X) denotes the time (Mdhe observation for radio and X-ray respectivaly.gives the time difference
between observations (Radio-X-ray). The instrument ugetktive the flux is given in brackets (see section 4.4.4 flareaces) and errors
are given only when reported in the literature.

Time (MJD) Radio FluxS, 8.4 GHz (mJy)|  X-ray Flux 2-10 keV (ergs?) Otmeas (Radio - X-ray) (days
43985 - 2.2x10~ 1 (Einstein) -
44168 - 1.7x 10~ (Einstein) -
44374 - 3.8x10 1! (Einstein) -
45644 - 5.0x10~1! (Exosat) -
47527 (R) - 48065 (X 334+33 (PTI) 3.5x10 +£0.2 x 10 1 (Ginga) -538
47527 (R) - 48193 (X 334433 (PTI) 4.2x10711+0.25x 10711 (Ginga) -666
49913 (R) - 49479 (X 181+1 (VLA) 3.0x10" 1 (ASCA) 434
50083 (R) - 49479 (X 176+1 (ATCA) 3.0x10 1 (ASCA) 604
51604 (R) - 52057 (X 57.6+1.3 (LBA) 2.2x10 11 (XMM-Newton) -453
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The long term radio variability at 8.4 GHz is plotted in thevkr panel of figure
3.4. The flux values were taken from a variety of instrumemid publications
(which are referenced on the plot). In order of increasingetthe first point on the
plot was taken from Slee et al. (1994) using the Parkes-imdila interferometer
(PTI). Then near simultaneous data points were taken wegh/AbA (Thean et al.,
2001) and then ATCA (Bransford et al., 1998). The flux fromltre baseline array
(LBA) observation by Blank, Harnett, & Jones (2005) was tast Ipoint plotted
prior to the ATCA monitoring which is presented in this chept

When comparing the flux expected from the start of our ATCA iweimg with
the LBA data point, the LBA point seems too low. The core isreselved with all
of the radio telescopes described above. The PTI obsemgationstitutes the first
data point in figure 3.4 and the LBA the last (before ATCA monitg). Note, the
Parkes-Tidbindilla baseline is part of the LBA network. i{aHarnett, & Jones
(2005) comment that in the LBA observations, no decreasauinvilas observed
with respect to baseline length i.e. it was not resolved; ttmaclude from this that
the decrease in flux with respect to the other observatioasasrate.

However, both the PTI and the LBA are not sensitive to the sspagial reso-
lutions as the VLA and ATCA (the largest ATCA baseline is 6knddhe shortest
LBA baseline used in the archival observation is 113km)s possible that some
flux (on ATCA equivalent baselines) is not accounted for: alhcould plausibly
give a decrease in flux i.e. indicating brighter, larger sctucture. The logical
consequence of this is that the PTI data point is also missange flux as it sam-
ples on a singular baseline of 275km. | will discuss theseson@anents within the
context of the fundamental plane and attempt to draw somelusions in section
3.5.2

3.4.5 Linear polarisation

A full 12 hour synthesis ATCA observation was performed oQ&0une 29 at 8.4
and 4.8 GHz. The purpose of this observation was to perfomiabte polarisation
calibration to ascertain an accurate measurement of tleempge linear polarised
(LP) flux from the source. Bower, Falcke, & Mellon (2002) slemirthat from a
sample of 11 LLAGN the mean LP was0.2%. Bignall et al. (2004) from a survey
of 22 blazars report a mean lP3% with a standard deviatiam = 1.5. At the time
of observation the polarisation of NGC 7213 wa®.1% at 4.8 and 8.4 GHz re-
spectively, which is more consistent with the reported e@atitypical LLAGN and
not blazars. The percentage polarisation was calculatethat epochs, however
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without a full 12 hour synthesis parallactic angle calilmatthe values were often
suspect and will not be presented here.

3.5 Discussion

3.5.1 X-ray/radio jet connection

| have shown that a weak but statistically significant delaigte between the X-
ray and radio emitting regions, with the radio lagging beltime X-ray. A number
of models have been proposed to explain and interpret thayXe radio lag in
both BHXRBs and AGN. The most notable of these are the ‘irstieshock model’
(Blandford & Konigl, 1979; Rees, 1978) and a ‘plasmon mode#in der Laan,
1966). | will briefly explore these models and comment on #levance - if any -
to our data.

| first consider a plasmon model. After the accretion medra(s) have pushed
matter into the jet, and somehow shock accelerated a nom#hgopulation of
electrons, an adiabatically expanding initially self-ated synchrotron emitting
plasmon travels at relativistic speeds down the path of ¢he At a given time
and frequency the matter becomes optically thin and is aiabde’ at that given
frequency (in this case either 8.4 and 4.8 GHz). If the jeedbdt a constant mass
rate, density and velocity the delay time for material todmee optically thin will
be constant. If these parameters are not constant the detlagdn X-ray and radio
will be variable (e.g. see van der Laan 1966) assuming tieadigk and the jet are
indeed coupled (Falcke et al., 2009). Note, the higher #aqu radio emission (8.4
GHz) will become optically thin first, thus a delay from 8.44@ GHz is always
expected.

Another model for explaining the emission seen in jets is‘itiernal shock
model’ (Blandford & Konigl, 1979; Rees, 1978). The synchootlifetime of an
emitting region is too short to adequately explain the scalejets observed in
AGN. These emitting regions - commonly referred to as ‘knadse often displaced
from the central core emission. Localised shocks withiséregions are needed to
explain the time-scales of variation observed (Rees, 1B&Ben, 1967). Jet shock
scenarios have also been used to model the common flat spgetrabservered in
BHXRBs and AGN (e.g. see Spada et al. 2001, Jamil, Fender,i&Ka009).

Figure 3.1 shows the evolution of spectral index; indigatimat during a flare
eventa increasesd > 0), flattens and steepens  0) shortly afterwards. The
initial re-energisation given by a shock would push/comsprihe plasma into the
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optically thick regime; subsequently this process movestiaterial into the opti-
cally thin regime. The variable time lag seen in the DCF cdwddnterpreted as
the time taken for newly injected matter to ‘catch up’ witldet matter expanding
adiabatically in the jet to shock and produce a flare. The laglevbe dependent
on the Lorentz factor of the newly injected material whichhum is related to the
accretion rate (Falcke et al., 2009).

Both of these models can adequately explain the variatibesreed in our light
curves, although we cannot completely disentangle thens gossible that both
of these models are in some part responsible for the behaAsuthe jet remains
unresolved | cannot identify an area of localised shockadeed discrete resolved
events that | could use to support a particular model.

To explore - in a very simplistic sense - how the time lags se®&HXRBs scale
up to AGN | offer two comparisons; that of a simple mass sgaéind also mass-
Eddington ratio scaling. For example, discrete resolvedtgn events have been
seen in GRS 1915+105 with a variable time lag between X-rayradio (GHz),
with the clearest examples of events having lag&ski 915 = 20-30 mins (Pooley
& Fender, 1997; Mirabel et al., 1998). Taking the charastertimescale of X-ray-
radio lags measured in GRS 1915+105 and scaling up to NGCwizi 3nass only
(assuming the mass of GRS 1915+105-@80M.;, and the mass of NGC 7213 as 9.6
x10’M, and usingljag = Ters1915% (MNGc7213/MaRrsi91s)) | infer Tiag = 2 x10°
days, much longer than | observe. GRS 1915+105 is howevestaug at a much
higher rate, therefore including a scaling by the ratio efEddington luminosities
(usingTiage = Tiag ¥ (LEdd—NGc7213/LEdd—GRs1915) @nd takingleqd—Grsio1s ~ 1)
| find Tjog> = 140 days, reasonably comparable to our measured lag.

The difficulty in comparing the actual X-ray-radio time laggasured for NGC
7213, and that of the GRS 1915+105 scaled time lag is thatatie emitting re-
gions being probed are significantly different: in a broadew the spectral energy
distributions are different. In fact until the structurejefs and how it scales with
accretion rate and mass at a given frequency are betterstoddr such attempts at
quantitative comparison are of marginal value, althoughohalitative comparison
is valuable.

3.5.2 The fundamental plane of black hole activity

The fundamental plane of black hole activity (Merloni, Hgi& di Matteo, 2003;
Falcke, Kording, & Markoff, 2004) shows that the corretatLr 0 M%8L35 holds
over many orders of magnitude of X-ray and radio luminosijt@nd black hole
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masses. Figure 3.5 shows; at high luminosities a sample dfl Agken from
MHdAMO03, and at the low luminosities an updated BHXRB samplesh from
FGR10. The updated BHXRB X-ray data were observed in thel0.keV energy
range, therefore careful steps were taken (using WebPIM®I 8prrectly convert
into the 2-10 keV range to compare with the MHdMO03 and NGC 7@4ta points.

| plot on Figure 3.5 the best fit parametégs= (0.67311) log Lx + (0.78"5:5%) log

M +7.33"%55 as defined by MHAMO03. Note, | do not re-fit the best fit line fag th
updated BHXRB sample.
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Figure 3.6: The fundamental plane using the KFC06 LLAGN sample only- (cir
cles) and updated FGR10 BHXRB sample (crosses). The laogs érdicates the
average location of NGC 7213. The solid line indicates th€KE best fit.

| paired the X-ray and radio data points to calculate theatation by finding
the closest X-ray point (in time), to the radio, because thrayXsampling was more
frequent. The average for NGC 7213 sits well on the predictedelation. The
right hand panel of Figure 3.5 shows a close up of the NGC 7218. dA least
squared best fit for the NGC 7213 data points only is shown ananpetrised by
Lr = (0.270329) log Lx +28.3"}77 (the constant includes the mass term in the
context of MHAMO3).

I include in Figure 3.5 the correlation found from the aretiX-ray and radio
data; however, as they were not simultaneous | do not inchela in the best fit. |
paired the X-ray and radio data points to calculate the tairom according to the
closestintime. If either two X-ray, or two radio points weezy close in time, both
are included in the correlation. Also note that these date walculated between
8.4 GHz and 2-10 keV and not 4.8 GHz. Assuming that the sanrelation (i.e.
~ flat spectrum) holds between the 8.4 and 4.8 GHz observati@nplot seems
to show that two of the archival points do not follow the trgmédicted by the
fundamental plane.

To assess whether the deviation/scatter in the archivatpdand indeed the
other MHAMO03 AGN) away from the fundamental plane can bea&xpeld due to a
delay in sampling the X-ray and radio fluxes; | take the fattiRMS scatter in the
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RXTE/ATCA X-ray and radio data and plot this errorbar witle thrchival points.

| find the fractional X-ray RMS to bé RMS=26% and the fractional Radio RMS
fRMS=11%. The full light curve presented in this chapter span000 days
and the longest change in time between the archival obsengais ~ 500 days
(see Table 3.2). Although this method only offers an estnadthe error between
sampled data points, it does allow us to assess outliers.

Within this framework it appears that the first (PTI correla) and last (LBA
correlation) data points that were used in the correlatreroatliers: the ATCA and
VLA correlation points sit close to the best fit. Even wheningkinto account the
full RMS from the 1000 day light curve the error bars do nohfgrihe data points
close to the MHdMO3 best fit. | have also speculated earliat tiere could be
a certain amount of missing flux associated with these losglbee observations.
Moving both the PTI and LBA points up by some set amount willl lsiave the PTI
point away from the correlation. Although applying the ingic variation of the
source to the archival points cannot bring all points ontolose to the correlation;
the scatter in these points is within that permitted by theeotMHdJMO03 points
shown on the plot.

By using the fractional RMS of X-ray and radio variabilityofn this study |
have placed a constraint in the deviation of the archived gaints away from the
fundamental plane. These constraints suggest that ottmes fof scatter (apart from
bad sampling and missing flux) could be affecting the data.sémmarised in
KFCO06 other forms of scatter could be attributed to beansogyce peculiarities
and spectral energy distribution - but note, these shoundhne relatively constant
for thesame source.

In Figure 3.6 | plot a LLAGNonly sample and best fit parameters taken from
KFCO06 with the updated BHXRB sample. Note, the X-ray datah@ KFCO06
sample are taken in the 1-10 keV band. As the NGC 7213 datdspaia in the
2-10 keV band | assume a photon indeX efl.8 and add a correction factor to the
NGC 7213 data points to make them comparable. | apply a simdaection to
the BHXRB sample. From this plot it is clear that the NGC 72aBadpoints are
positioned slightly above the best fit line.

Considering the position of NGC 7213 on the fundamental elaith respect
to other LLAGN (see figure 6), | calculate its radio loudneasameter to assess
the difference. | calculate the radio loudness paranfeterLgcm/Lg (WhereLegcm
andLg are the radio and optical luminosities); | us®dand magnitude of 16.3,
and find the optical flu%p: usingB = —2.5logS,x — 48.6 (Halpern & Filippenko,
1984): givingR = 134.8. In this scheme radio-loud sources are typicallyneefas
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having anR parameter- 10, while radio-quiet range between 0.1-1 (Kellermann et
al., 1989).

Using the alternative radio loudness parameter of Terasl&mVilson (2003)
which utilises the X-ray instead of optical luminosiBx = Lecm/L2_10kev, | find
logRx = -3.28. Panessa et al. (2007) show that for a sample of lovinlsity
Seyfert Galaxies ldgx = —3.64+ 0.16 while for a sample of low-luminosity radio
Galaxies (LLRGS) loBx = —1.40+0.11. Therefore, with respect to the X-ray
radio loudness, NGC 7213 is only slightly higher than thaacfample of low-
luminosity Seyfert Galaxies; while under the standard da&dim of radio loudness
it is indeed radio loud. These results are consistent witpthsition of NGC 7213
on Figure 3.6.

As was discussed earlier in this chapter there is an appaneatlag between
events in the X-ray and radio. Therefore comparing the §tparameters found
from the NGC 7213 data with the MHdMO3 relationship withoatrecting for the
lag might give rise to errors as we are not matching the codeta points. The
width in the cross-correlation peaks shows that the timadag@riable. Thus, for
example, the two radio flares could have different lag tinssoaiated with them.
Therefore shifting the entire radio light curve back by aa®bunt to match the
X-ray could still give a scatter. To simplify this problemdgarated out the data for
the first flare only because | have a more accurate measureht lag in this
specific case. | then shifted the radio data -35 days whiclthestsme lag measured
for this singular flare using the DCF at 4.8 GHz (see Table. 3The top panel of
Figure 3.7 shows the uncorrected data on the MHdMO3 plotenthi middle panel
shows the corrected data; for completeness the bottom ghpels all radio data
points shifted back.

For the first flare correcting the data appears to reduce titees@nd increase
the gradient more in line with the MHdMO3 best fit. It is now delsed bylLr =
(0.58"01%) log Lx +8.5772. To check the statistical significance of this | measured
the gradient for a variety of shifts. From 0-25 days the gratgradually steepens
until it gets close to 1 (giving a coefficient ef 0.6). From 30-50 days it plateaus
~ 1 and from 50 days the gradient decreases towards 0. Thusstajapear that
moving the flare back by the amount given from the DCF functiors seem to
better represent the data with respect to the MHAMO3 fit. Hewat should be
noted that as this is a log - log plot, measuring gradients fsoch a small range
of values should be treated with care. It would, however,nberesting in future
studies to assess the importance of this parameter.
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Figure 3.7: Top Panel: Flare 1 radio data points at 4.8 GHz uncorrectetadp

On both graphs the solid line indicates the least squarddibfes the NGC 7213
data only; the dashed line indicates the MHAMOS3 best fit. Néidelanel: Flare
1 radio data points shifted -35 days to correct for time laigutated from the
cross-correlation function. Bottom Panel: All radio datanps shifted back -35

days.
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3.6 Conclusion

We have used the Australian Telescope Compact Array anddbsi R-ray Timing

Explorer to conduct a long term study of AGN variability irethLAGN NGC 7213.

| have used the cross-correlation function to show that aptexrand weakly sig-
nificant correlated behaviour exists between the X-ray awdtbremitting regions.
Although the statistics only show a weak correlation, thuslg is the first definitive
campaign to probe this type of behaviour.

We have shown that NGC 7213 sits well on the predicted fundémh@lane
of black hole activity plot when compared with the MHdMO3 sden However |
have shown that when comparing NGC 7213 with a revised BHXRBLA.AGN
sample that the data points are above the expected caorelathich is however
consistent with the calculated radio and X-ray loudnessrpaters. | have also
shown some support that by correcting for the time lag betveaents in X-ray
and radio the gradient of data points agree better with teefliederived from the
MHdMO03 sample on the fundamental plane.

Monitoring of all types of AGN at low frequencies (with LOFABnd other
pathfinder instruments) has the potential to deliver lommtdatasets to examine
variability. The low frequency component of the jet emissioay be further re-
moved from the X-ray emission, as it is produced further ddwenjet. Therefore,
finding correlations between the X-ray and radio emittingjges might be more
complex. It has been difficult to perform long term monitgricampaigns with
GHz instruments, as the observations need to be spread @rer semesters, for
many years - and thus require maintained requests for dhgetivne. Wide field
GHz facilities such as ASKAP and the SKA potentially mighsebve large num-
bers of AGN serendipitously, which will in turn provide mattata to examine the
correlations presented in this chapter.



One man’s constant is another man'’s variable.

ALAN PERLIS (1922 - 1990)

Testing and refining the LOFAR
transients detection pipeline

In this chapter | will present the contribution | have maddlte testing and de-
velopment of the LOFAR transients detection pipeline. llwresent a prototype
transients pipeline which | have constructed, with the lglpOFAR Transients
Key Science Project (TKSP) members, to perform the testmglacted in this the-
sis. | will refer to this prototype pipeline explicitly as taP. | will state clearly
when code has been developed by other LOFAR TKSP memberg isas major
project with many components. | will also present some fianetity of the fully
operational LOFAR transients detection pipeline, forityarl will give examples
within this chapter of some of the intricacies of transiegtiedtion, and offer some
suggestions for further improvement with regard to full gde®ns. The total time
| have contributed to testing and developing the LTraR isne year, spread over
four PhD years.
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4.1 Introduction

The (fully operational) LOFAR transients detection pipelis designed to perform
source extraction on incoming LOFAR images (or indeed aoggiable astronom-
ical images); to catalogue the results (from source extnacin a database; to
search the database for transient and variable radio sgunmuding multiwave-
length counterparts; to classify the variability (if pdde); and to issue alerts to the
wider astronomical community (if appropriate).

4.2 The prototype LOFAR transients detection pipeline

Figure 4.1 shows a flow diagram which describes the prototypleAR transients
detection pipeline (LTraP). Some of the components in legut have been added
to illustrate the broader functionality of the fully opecatal pipeline. For example,
the design and operation of the Virtual Observatory Eve@KEVent) alert system
is not within the scope of this thesis, however, it will be arportant component to
alert the broader astronomical community to interestinggrents. The version of
LTraP described in Figure 4.1 is the latest version | haveld@ed, which has been
augmented over the duration of my PhD. In the following seil will describe
in detail the components of the LTraP, including some of #stihg that has been
performed.

4.2.1 Input: LOFAR images and metadata.

The input to the LTraP will be provided by the LOFAR Standarthgjing Pipeline
(SIP). In Figure 4.1 | describe the output from the SIP in teohan image cube
and metadata. The image cube can either be a sequence okimagee, or in
frequency, or both i.e. a 4D hypercube. Typically we haveluke Flexible Image
Transport System (FITS; Wells et al. 1981) format to definavargimage. The
Hierarchical Data Format 5 (HDF5; Anderson et al. 2010) pdtentially be used
in future LOFAR operations. The LTraP does not necessardtpyork with LOFAR
images, any radio image (or multi-wavelength image withl wlehracterised point
spread function) can be examined by the LTraP for variabdetemsient sources.
As the SIP and the LTraP are both written in Python, and opewaing the
same architecture, we can pass metadata and commands méhee®lP and the
LTraP. | have added a metadata branch into Figure 4.1 toiglghhis property.
By designing the LTraP to receive metadata from the SIP, TraR. can interpret
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Figure 4.1: A flow diagram which describes the prototype LOFAR transiget
tection pipeline (LTraP) that has been constructed forékgrtg described in this
thesis. The functionality coloured in yellow | was respbiesior testing; the func-
tionality coded in green | was responsible fmding (at least in the preliminary
sense); the functionality in grey was the responsibilityotifer TKSP and LO-
FAR members. Some of the functionality has been added triite the broader
functionality of the fully operational LOFAR transientstdetion pipeline.
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what data reduction settings were used to make the images.LTHaP can then
reconfigure (if appropriate) the SIP so that images are mtoacted with a variety
of different settings, for example, to achieve better dyicaiange.

4.2.2 Source extraction

The source extraction algorithms have been developed bi&rno Spreuuw (see
Spreuuw 2010). The source extraction procedure is designsolate islands of
pixels, within an image, above a given source extractioastold (typically the
RMS). Once these islands have been identified ellipticalsGians are fitted, and
the results (including all associated metadata and infoomaf the dataset being
inspected) are stored in a custom designed database. Tiis topthe source ex-
traction algorithm (apart from a sequence of images) arsadlece extraction and
analysis thresholds. Once an island of pixels has beenifiéenabove the source
extraction threshold, the analysis threshold is then usdd an elliptical Gaus-
sian. The analysis threshold can be set lower than the seutraction threshold
to achieve better source fitting. For example, typical valused to retrieve almost
all sources within an image areogSor source extraction andd3for the analysis
threshold (wheres is the RMS). Alternatively, if the user wanted to only idéynti
bright sources within an image, a source extraction thiestio20o can be used,
with an analysis threshold ofd3 Keeping the analysis threshold low insures that
the Gaussian fits are accurate.

There are however drawbacks to using a simple RMS dete@i@h $ource ex-
traction system. In an ideal radio image containing no asimucal sources the
noise can be described with a Gaussian distribution cean@ehd zero. The com-
monly quoted value of the ‘noise’ is the RMS - or one standadation of the
Gaussian distribution. Setting a source extraction tholelsbf 30 would ensure that
only ~ 0.3% of the pixels were above the source extraction leveks&hbright’
pixels could potentially trigger a detection of a sourcdifiarally. The number of
false detections is proportional to the image size, for godapa 51512 image
would yield 786 pixels above ad3source extraction threshold; a 4094096 im-
age would yield 510* To account for this the source extraction system contains
a False Detection Rate (FDR) algorithm, as described inldet&lopkins et al.
(2002). The FDR sets a limit on the total number of false dategermitted by
the user, and adjusts the source extraction threshold @diogty. This method is
independent of image size and dynamic range and has been shoe superior to
simple threshold based source extraction. The FDR algonths not tested within
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the work presented in this thesis, but it will be used in fatuUOFAR operations.

There are numerous other settings to the source extragtgbers, the only pa-
rameter of major consequence to this thesis is the backdike. backsize (in X
and Y pixel coordinates) defines a box size, for which a ginveage is divided into
when calculating an RMS grid. This RMS grid is subsequentldito calculate if
an island of pixels is above the detection threshold. Chrantiie backsize parame-
ter can influence if certain sources are detected or not, astidiscuss this further
in Chapter 5. Using an RMS grid is important for wide field irea@s it allows for
variations in the RMS across the image, which is not alwaystmt. See Spreuuw
(2010) for further details on the source extraction aldonis.

The source extraction algorithms have been tested extingin the data pre-
sented in this thesis. In conjunction with the chapterseme=sl later, source extrac-
tion has also been tested on reproducing the lightcurvethéoNGC 7213 dataset
presented in Chapter 3. The NGC 7213 images were fed into@t&R source ex-
traction algorithms and the Gaussian fits were comparedtivithe provided by the
MIRIAD fitting routines. The LOFAR source extraction Gauwssifits reproduced
the results from MIRIAD with excellent accuracy.

4.2.3 Quality control

Quality control will be an important filter to prevent resuftom unreliable images
being catalogued into the database. At the time of writingligjucontrol was not

implemented in the transients pipeline, however, somenefftjuality checks had
been performed which could easily be incorporated in theréutFor example, in
the case of LOFAR the SIP will currently produce one imagesudiband, for a
total of 244 subbands. A subband is defined as a datasetwioigtai fraction of the

total available bandwidth. Because the LOFAR data volumesdaage, individual

images are produced for each subband, they are then aveoagtier in the image
plane to produce a final image. Note, the full architecturg discussion of the
LOFAR SIP will follow in Chapter 6. Ana priori sky model is currently used to
calibrate the LOFAR observations. The Gaussian parameftersumber of bright

sources within the FoV of the observation are specified, witipectral index, and
are passed to the calibration routines.

A simple quality check is to measure the flux of the calibratources (in the
image plane) in each subband, and to compare it with the &ghdax from the
sky model. Figure 4.2 shows two plots calculated from LOFARmissioning
observations (observation ids L2Q20033 and L201®9948 see Chapter 6) of
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Figure 4.2: Both figures show the fluxes (per subband) of the calibratarcgo
B0323.5+5510, measured in the image plane for two diffeepoichs of LOFAR
commissioning data (top panel: LOFAR dataset L2@0D033, bottom panel: LO-
FAR dataset L201M@9948, see Chapter 6 for further details). The LOFAR imag-
ing pipeline currently produces one image per subband. &olkctihe quality of the
calibration | fit an elliptical Gaussian to the position oéttalibrator in each sub-
band. The red line shows the expected fluxes based on theapadex derived
from the VLSS (74 MHz) and WENSS (325 MHz) fluxes.
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flux against subband. The peak flux is shown in blue, intedrateblack, and

the expected flux for a given subband (and hence frequensjjoan in red (the

first 40 subbands are shown only). The spectral index of tiibrasor source

B30323.5+5510 was calculated from the VLSS and WENSS flugsgerctively.

It can be seen from both plots that the measured flux in all s sits well below
the expected flux. This was anticipated because at the tinteesé observations
absolute flux calibration was uncertain. However, the botpanel shows a large
scatter from subband to subband. This information couldds#lyeused to reject
images from progressing further in the LTraP.

Other diagnostics of quality that might be used could be exigng the amount
of data flagged data out by the imaging pipeline. Images vathflaelity may have
lots of visibilities removed before imaging, if the LTraPncanterpret this infor-
mation it could further reject images from being used in sgent stages in the
pipeline. If the quality control algorithms reject a givenage, a report should be
issued and the pipeline process terminated for that imé&djee Quality is adequate
then the results from source extraction should be storebardatabase. Note, if
bad images are extracted into the database, new transigitshe associated with
older incorrect artifacts, which could have a knock on dffec scientific interpre-
tation.

4.2.4 MonetDB database and transient searches

A MonetDB (Boncz 2002) database has been developed by Dt. S8aeers (see
Scheers 2010). MonetDB is a MySQL type database structwigrmed to execute
and return query results with speed. It is used to store thdtesfrom source extrac-
tion and to provide an architecture to search for variabteteamsient sources. The
database consists of a structure of tables and columns &hegbopulated with the
metadata and source properties of all images and extraotedes. The database
will not only store information about the extracted sourdast it will automati-
cally associate new sources with those from previous imagdscatalogues. Each
new source entering the database is assigned a source icbenuirhe right as-
cension and declination (including errors) of new sourcgsreng the database are
compared with previously inserted sources, and those foutie stored radio cat-
alogues. Currently we have the NVSS (Condon et al., 1998)N8& (Rengelink
et al., 1997) and VLSS (Cohen et al., 2007) catalogues starece can be added
later. If two or more sources are found to be associated,databdse will assign an
associated source id. indicating the association. Fanéuaihformation on the full



72 Chapter 4. Testing and refining the LOFAR transients detepipeline

architecture of the LOFAR database see Scheers (2010).

A simple query (written by Dr. Scheers) is shown below whicdswsed exten-
sively in the archival transient searches presented in €h&p The query returns
a list of unique sources that appear in only one epoch i.glesigpoch transients.
It achieves this by searching for sources with a unique soigtc and no associ-
ated source ids. This query is quite crude and needs somegwagto perform
adequately. For example, simply having a unique id. doesowipletely qualify
a source as a true radio transient: many imaging artifasts baique source ids.
This query in reality offers a starting point for further @stigation. A large number
of single epoch transient detections were triggered withdhery when inspecting
the archival VLA calibrator fields presented in Chapter 5.ill effer some further
discussion surrounding the topic of single epoch transjemtd the use of this query
later in this chapter, and in Chapter 5.

Example single epoch transient database query:

SELECT image_id, xtrsrc_id, det_sigma
FROM assocxtrsources, extractedsources, images
WHERE xtrsrc_id = xtrsrcid
AND image_id = imageid
AND ds_id = dsid

In parallel to searching for single epoch sources the datban be queried for
variable sources. | use the measures of variability adogteldderived by Scheers
(2010), which are also used by Bower et al. (2011) and Ofek €@l1). The index
of variability at a given frequency, is calculated using the standard deviation of
the flux gy, divided by the mean flus,.

%= - o/ &S (@.1)
N is the number of data points within a given sample (or lighte). For clarity,
within the brackets is the mean of the squared fluxes, mirmigban of the fluxes
squared. To give the reader an intuitive feel for the indexasfability, consider a
sample consisting of five measurements, all measuring 2.Jga.variability. When
substituted into equation 4.1 the brackets will canceldyrg \V,, = 0. Substituting
one of the five measurements with a flux of 4 Jy i.e. a 100% iserdar one
measurement will yield4, = 0.42. Typically when using this function to search

the database for variable sources I'¢et- 0.5 as a first pass to search for highly
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Figure 4.3: Example lightcurve of a variable source detected in a 14eéSRT
dataset. The source had an index of variabMty= 0.59. The X-axis shows time
in days measured from an arbitrary time in the past. Assdcfloa shows the flux
of the NVSS counterpart. The images containing the trahs@aurce did not have
primary beam correction applied, therefore there is a djsmcy in the NVSS and
transient flux density (including intrinsic variability tfie transient source).

variable sources. This variability query can be excuted(aia adapted version
of) the MySQL syntax described above to return the sourcenimbers for all
highly variable sources. Another variability statistidsscribed in Scheers (2010)
(and coded in the LOFAR algorithms repository) which cadtes the significance
of the variability usingy? statistics: this was not tested as part of this thesis. It
should be noted that indeethy metric of variability, or search, can be coded in
the MySQL syntax to return sources. This flexibility will éainly be important for
more difficult data mining exercises in the future.

Once the source id. numbers of interesting objects areevetl further infor-
mation can be obtained from the database, for example, tstroan lightcurves.
An example lightcurve is shown in Figure 4.3. The source wastified in testing
conducted on 14 epochs of WSRT data that is not discussedsith#sis (but will
be pursued in future work). | extract the intergrated andklea (including errors),
time and NVSS flux of a candidate variable source (triggem@ahthe MySQL vari-
ability search query) from the database, then construgihadurve (using Pylab).
Note, this was intially coded by Dr. Scheers but was adajptecktrieve different
information in other scenarios, by myself. The source hadtdax of variability
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Vy = 0.59. The source was correctly identified by the database tedmated with
an NVSS source, and its NVSS flux (labelled Assoc. cat. fluxg added onto the
plot in Figure 4.3 automatically. Note, the LTraP currertigs no knowledge of
the primary beam correction needed for WSRT observatibus, the peak and in-
tegrated fluxes are below the NVSS flux: the source was carsidariable based
on theit’sflux alone. In future operations, queries can, and shouldhstoucted to
assess the variability of sources by comparing the catalbgnd extracted fluxes,
in conjunction with examining the intrinsic variability.

4.2.5 Source classification and alerts

Once the images have been passed through source extrautitimeedatabase tran-
sient searches, information can be gathered from the dsgdbdurther characterise
the source, and hopefully offer a classification. The charaxf the lightcurve can
be examined and classed, for example, as periodic/puls&xplosive i.e. fast rise
exponential decay, scintillating etc. Other data such aki+wavelength counter-
parts can be used to further classify a source and produce wtElerts. The
fully operational version of the classification code is euatty under development
by Dr. Evert Rol.

In the testing conducted in this thesis | only used a bas&sdiaation of sin-
gle epoch and variable source, derived from the queriesridescabove. | also
incorporated a three tiered ranking based on the deteatia §,/RMS) of each
candidate source. Detections were ranked in significanearevh to 1@ = low
priority, 10 to 1% = medium priority and 15 tg>200 = high priority. This was a
very simplistic interpretation of classification, howeviéwas important to assess
at which stage of the LTraP the transient search should blemegnted and how the
pipeline might react. Waiting for a sequence of images taHipirocessing through
the pipeline and then performing the transient queriespisartime effective way
to detect transients in real time. In terms of the alertsiticatied in LTraP; | only
implemented a print-line which outputted to the screen wéérgh priority tran-
sient candidate had been identified in pseudo real time. Byugo’ | refer to the
fact that the testing was conducted after the observatiadsbleen taken, but the
pipeline could issue an acknowledgement that a transiehbéan detected as soon
as source extraction and the database transient had be@heted

A broader view of how the alert system may operate in the &uisishown be-
low.
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Case 1
e Good quality control metric (minimal RFI exclusion and seatalibration).
e Fastrise lightcurve with detections in multiple epochs.
e Multi-wavelength association with a black hole X-ray biar
e High priority > 200 detection and increasing.

Action: Trigger VO Event (X-ray and optical follow-up); over-ridédFAR and
continue monitoring (e.g. bringing in international stat, making higher band-
width observations etc); trigger other radio facilities.

Case 2

e Poor quality control metric (large amounts of RFI removetdtable calibra-
tion).

¢ Single epoch transient, no lightcurve classification.
e No known multi-wavelength association.
e Medium priority 127 detection.

Action: Continue monitoring but daot trigger follow-up.

4.2.6 Monitoring

An instantaneous classification is an extremely importanttion to catch bright
and rare transients. It is however anticipated that sour@schange classification
once more information has been collected. In the flow diagsaown in Figure
4.1 | have included two steps prior to visualisation - ‘Ugd&burce Monitoring’
and ‘Re-fit Archival Images’. Once the positions of canded@sinsients have been
identified, elliptical Gaussians should be fitted to thatf@sin all further images
that are processed and potentially all previous imagesjailable. Furthermore,
if a transient falls — in flux — below the RMS, the RMS should lbémsitted to
the database and subsequently used in the variabilitylselrdhe early testing |
conducted, the database was not yet capable of correcttjlingrihe RMS mea-
surements. Elliptical Gaussians had to be fitted manuallydaegion of interest to
derive the complete lightcurve.
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| therefore experienced a few examples of interesting teabh®ehaviour slip-
ping through the net of the transient detection algorithwi#h regards to RMS
measurements. In one case a test dataset was created usitfy ien&ge of the
source 3C48. The field contains a bright point source at theeehis source was
modelled and removed from the image, leaving a relativeaypkfield. A sequence
of images were then created (by updating the time stamp®iRItiS headers) us-
ing the image with 3C48 present as well as the image with 3@4®ved. Three
images of 3C48 removed were followed (in time) by one imag8®48 present
(unremoved) and continued for a number of cycles. The teamgipeline identi-
fied the source when it was ‘on’, however, it did not submitRS to the database
when it was ‘off’. As the source had the same flux (when it wastbe variability
query incorrectly classified it as havivg = 0. After the data had been refitted i.e.
utilising the RMS when the source was off, the true varipdould be quantified.
In the top left panel of Figure 4.4, | show a lightcurve depigtthis behaviour for
clarity. Both the processes of refitting and monitoring a@esented in the flow di-
agram in Figure 4.1 with a loop that cycles back to the trarisiearch and database.
In future versions of the database this loop, including gétting/monitoring will
be fully implemented.

A further example is shown in Figure 4.5 (note this figure shdhe actual
lightcurves extracted from the database). An early 12 h@FAR commissioning
observation (L201M6928, see Chapter 6) was calibrated and imaged by Dr. Jess
Broderick. The dataset was then divided intoX42. hour chunks and re-imaged.
The final FITS images were then processed through the LTtaPfulll 12 hour im-
age was used as the first image (in the sequence of imagesdeairged), as it had
the largest number of sources and best image fidelity. Inphigcular example,
the consequence of using an image with higher dynamic ramtjeedirst image, is
that many sources in the following images sit below the seesdraction thresh-
old, due to the increase in RMS (see the top right panel ofreigu for a further
example). In accordance with the flow diagram the source efétsed/monitored.
See the bottom panel of Figure 4.5 for the fully fitted lightes We can see that
the source is not particularly variable; there was a sligiiability attributed to un-
certainty in absolute flux calibration. This was a commorigerved false transient
trigger which is largely solved by monitoring sources. Iblsviously anticipated
that LOFAR will on occasion perform a very deep observatiba given field. This
will again potentially trigger a number of single epoch si@mt detections, if not
handled correctly. In parallel to monitoring and re-fittitige single epoch transient
search described above should be improved by using the RMi8s/do assess if
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Figure 4.4: Example (simulated) lightcurves of transient behaviowat thrraP
currently struggles to correctly identify. The flux and timre plotted in arbitrary
units. The red lines show the current lightcurves that ati@eted using the LTraP.
The blue line shows the correct lightcurve, which utilises RMS measurements
in the transient query.

particular sources would be expected to be detected irreifftemages.

Two further examples are shown in Figure 4.4. On the bottdhpbnel the red
line shows the source lightcurve, without the RMS measurgsneThe blue line
shows the true lightcurve of the source. By using the RMS nmeasents we can
only set an upper limit on the variability of the (simulatesjurce, with respect
to the detection threshold. The bottom righthand panel sheowix of variability
and RMS measurements. In this case, from the time 1 to 3, mgube RMS
measurements we may define this source as highly variabtem Ere time 4 to
7 the detection threshold is above the transient flux. Itfifscdit to use the RMS
measurement in this case, because we cannot be sure whgesharflux have
occurred. The pipeline will need to understand the diffeeeim these two cases
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Figure 4.5: Top panel: A lightcurve retrieved from the database of alsiegoch
transient automatically identified by the pipeline in LOFABMmMissioning data.
Bottom panel: The full lightcurve of th&ame source when refitted/monitored with
elliptical Gaussians. In this example the sequence of imagasisted of one 12
hour LOFAR observation, followed by re-imaged one hour esosive chunks of
the original full 12 hour dataset. The first 12 hour imagedgedne unique source,
because the source sits below the detection threshold isulbgequent images.
This error is rectified by re-fitting/monitoring unique soerpositions and then
reassessing the variability.
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and respond accordingly.

4.3 Visualisation

Subsequent to the transient database search (includirgfiéling, monitoring and
re-assessment of variability), an essential part of thelpip procedure is to in-
spect the large quantity of information generated. | dgwetbtwo methods to do
this. One method was an interactive tool to browse throuda dsing the FITS
viewing package DS9. The second made use of HTML to produge feumbers of
webpages which contained all lightcurves and informatibpagential transients.
These were both exploited in the testing conducted throwigihds thesis and | dis-
cuss them in more detail in the following sections.

4.3.1 Interactive tools

There are two interactive query toolbars shown in Figurgwréten in Python Tk-
inter) that communicate between the LOFAR database and dSBe top toolbar
clicking ‘Show Transient Candidates’ will send — via Pythethe MySQL query
to the database which will return the locationsabfthe transient candidates within
a given sequence of images. It will then pipe the locatiori338 and overlay them
on a master image. Each source is labelled with its uniquecead. number, and
the relevant lightcurve can be retrieved using the toolbae lightcurve is gener-
ated by querying the database for the correct flux (intedratel peak, both with
errors) and time; the results are then plotted with Pylale tbelbar can also show
the locations of the persistent sources within the field ciwis shown in Figure 4.6.

The bottom toolbar uses a similar system but instead ovedaly the transient
candidates in the image which they are detected. The lotatieach FITS image is
stored in the database (as metadata) such that each ttadsietification is linked
to an image location. This information can be pulled from database to view
the transient locations specific to a given image. The toatha then be used (at
speed) to look through a large sequence of images using tbk Isgttons. Both
these toolbars we used extensively in the VLA archival tiamtssearch presented
in Chapter 5, inspecting over 5000 images.
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Figure 4.6: Example visualisation GUI showing the use of a Python codelbar
to interact with the database, in conjunction with DS9. keangmbers of images
can be inspected — at speed — and the positions and souragnthers of transient
candidates can be viewed. Lightcurves can also be gendi@teahy intersting
source(s). These tools were used extensively in the VL/Astesm search presented
in Chapter 5.

4.3.2 Webpages

An alternative to using the interactive tool was to geneHiI®IL webpages (one
per source) containing the all information relevant to la@sient candidates. This
algorithm was coded within the pipeline to post-processtearysient detection (af-
ter source extraction and the database search). The sodramsmbers of candi-
dates were piped to a visualisation function which perfafries following tasks
(for each source independently).

e The locations of the stored FITS images was queried andnedufrom the
database; the pipeline then used the FITSE0I to extract a JPEG thumb-
nail of 50 x 50 pixels around the transient location (for each image)e Th
locations of the JPEG images were then added to the sourcpageb It
is possibly anticipated that data storage capabilitiehirdg such that even

LFITSCUT is a tool to produce a cutout in the form of FITS, PNGIBEG of a master FITS
image.http://acs.pha. jhu.edu/general/software/fitscut/
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storing FITS images with LOFAR might be impractical, theref extracting
thumbnails may be required.

e The lightcurve was extracted from the database, plottedaalded onto the
webpage.

e Metadata for each source was added (in text) to the webpdgse nletadata
included RA and DEC, detection level and timescale of vaitglfif detected
multiple times). The peak and integrated fluxes were contperessess if
the source was a point source — a classification of ‘pointresdlved’ was
then added to the page accordingly.

e If the source was a single epoch detection, all images wéteetewith ellip-
tical Gaussian and the lightcurve was added to the page.

¢ If there was an associated catalogued source (NVSS, WENSES8) the
associated source id. number and distance to the sourcalser@dded to the
webpage. This was used to check that sources had been toassiciated
with the NVSS, WENSS and VLSS counterparts.

An example webpage is shown in Figure 4.7. The infrastreatescribed above
could be modified to retrieve any information from the dassbéusing MySQL),
which can subsequently be used to generate outputs on thpageh

All sources that were deemed variable or transient weregssed by using
the procedure described above. The final list of transieatces and the links
to the webpages generated, were ordered based on eithetiatetareshold (sin-
gle epoch) or index of variability for variable sources. é&fthe pipeline had fin-
ished the post-processing, a firefox browser was autontigtioaded to let the user
browse the results.

The tools described above have been useful to heavily teetgd TraP settings,
to expose bugs within the pipeline code and to proceed wittngissioning. They
have also been important to test the possible future fulesagaualisation needed
for LOFAR. The tools developed for the work conducted witthis thesis did how-
ever have their pitfalls. The toolbars were good with largebers of images, with
a small number of sources. The webpages were useful for tanger of sources
with a small number of images i.e. itis inpractical to viengenumbersx*100) of
thumbnail images on a webpage. The final LOFAR visualisa@toikit may indeed
include implementations of both webpages and software. cBo&e would to be
to use the PHP dynamic internet language, which can exeoubedded MySQL
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Figure 4.7: Example webpage for a transient source generated from solis
sation library. Included on the webpage are: thumbnailutstof a region around
the transient position for each epoch; an automaticalegerd lightcurve which
included the fluxes of multi-wavelength counterparts;istiadl information; and
other diagnostics plots relevant to the detection.
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commands; this could be used to generate source webpagi®-tig. However, it
is still cumbersome when viewing large numbers of thumbinadlges, which may
therefore require specifically designed software.

4.4 Considerations of single epoch transients

Single epoch (non-repeating) transients will be more pnemi in images where
the characteristic timescale of transient behaviour is than the cadence of the
observations. In future LOFAR operations it is anticipateat images will be pro-
duced on one second timescales; this is advantageous fdug@ng well sampled
lightcurves for bright transients. In this thesis (Chapterand 6) | have typically
dealt with observations that are spaced a few days apartl therefore add some
statistical considerations of how we define the propertissngle epoch transients,
without adequate information on time duration.

The luxury of examining the visibilities long after an obgaion is not some-
thing that is possible with LOFAR (in full operational moda} we are limited by
the data storage restrictions (N.B. It may be possible t@gtme and frequency av-
eraged visibilities). Therefore, it is important to undarsl how single epoch tran-
sients/bursts manifests themselves in our images and a¥govie define a statistic
governing them - without any knowledge of the visibilitidsis possible that a sin-
gle bright burst could be recorded in the visibilities thatydasts a fraction of the
total observing time, which is then subsequently dilutethwvsequential measure-
ments of noise. Itis of course true that if the evdigtlast for the entire observation
(or longer) then it was indeed the true flux of the source. Thomparable with
an effect observered in Pulsar astronomy. When observitgpRuthe duty cycle
of the pulses can be much less than the pulse period. The tienaged flux of the
pulse, over an entire rotation period, is therefore much tlean the peak flux. This
can result in time averaged fluxes as lowdy, while the peak flux is much higher.

To account for this, if LOFAR detects a single epoch trartsrem can define a
transient flux and duration function. The flux of a single dpwansient in an image
Smcan simply be defined as: the fraction of tinfg the source was on, with respect
to the integration timet(), multiplied by the burst fluxss, plus or minus the noise.

TS 4 O1sec

T VT
In this example | make the assumption that the transienth&eon or off, which
is a crude assumption, however, using a more complicatest fwrction i.e. fast

Sm= (4.2)
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rise exponential decay is possible. | can further rearraagetion 4.2 to find the
minimum time the source was on to produceadetection — if we know the burst

flux Ss.

V13015 (4.3)

S

To test the equations above | constructed a simulation; thivation was to
check if the inverse Fourier transform and deconvolutiagess affected the result-
ing transient image flux, as predicted by equation 4.2uvAlataset was created
using the MIRIAD task UVGEN, which used the antenna possifor the VLA in
D-configuration at 1.4 GHz, with a bandwidth of 10 MHz. A systeemperature of
60 Kelvin was used and an addition Gaussian noise compohém &evel of 1%
was included. 1% 12 hour datasets were then created which contained a tnansie
point source at the phase centre. The transient source s&ead in each of the
12 datasets and had a duration that increased from 0 to 12 Kiouone hour in-
crements). Once thav data had been created, it was imaged and lightly CLEANed
with 50 iterations. The datasets had an RMS-09.4 mJy, | therefore inserted (in
two seperate simulations) a transienSg£40 mJy (10@), and a transient dig=4
mJy (1Qo).

In Figure 4.8 (in both plots) | show the duration the transveas on i.e. the Burst
Time T (x-axis) against Flux (Jy), d&m, (y-axis). The black line shows the mea-
sured flux of the transient source (using the MIRIAD IMFIT tioe), downward
triangles denote upper limits. The blue line shows the méitdehlculated using
equation 4.2. | also include a horizontal red line giving 3@edetection threshold,
and a vertical line showing the minimum burst tiffig, needed for a 8 detection,
calculated using equation 4.3. The top panel, which useda tietection, shows
good agreement with the model. The only image the transsembt detected in is
when the transient is completely off. The bottom panel shalvsn the transient
is closer to the noise (); the source is undetected in the first three images and
marginally detected~ 2.50) in the fourth. The model still fits the measured flux
within the errors, but is slightly less accurate.

Furthermore | can solve for the burst flux needed to produdeesgmage flux
(as a function of time) by rearranging equation 4.2.

Tmin -

St
5= It (4.4

| can therefore take the flux of the transient measured in agéand calculate
how bright it would have had to be - on specific time scales -rampce the final
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Figure 4.8: Both plots show, on the X-axis, the flux (either measured @ith-
age, or modelled) of simulated datasets that have had d@drarsource inserted
of different durations (Y-axis). The datasets were creaisidg the MIRIAD uv
simulation tool based on a VLA D-configuration telescopegett 1.4 GHz, with
10 MHz bandwidth. All 12 datasets that were created had agiation time of
12 hours; a transient source was inserted into each dategetsted from 0 to
12 hours. On both plots the horizontal red line shows thie8tection limit; the
vertical shows the theoretical minimum burst duration tovjte a 3 detection.
The top panel shows the simulation with a 40 mJy source iedetthe bottom a 4

mJy.
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Figure 4.9: Graph showing the burst flugs as a function of burst time T needed
to produce a variety of final image flux&g,. This example is parameterised in
terms of LOFAR RMS levels, using 13 core and seven remotmstat

image flux. The motivation for this calculation is that whepaorting the flux and
duration of a transient to the wider multi-wavelength comityy it is important

that we do not exclude possible counterparts, by having sestanated the flux,
and over-estimated the duration. Figure 4.9 shows thei@ainurst flux needed
to produce a variety of image fluxes, based on a 12 hour LOFAfemhtion. The

LOFAR noise was calculated via equation 1.6 (Chapter 1).igirfé 4.9 | use the
example of 13 core + seven remote stations, with two pol@issiand an operating
frequency of 150 MHz, with a bandwidth of 4 MHz. The trend igtiie 4.9 shows
a typical JT relationship (see equation 4.4). Note, as the observingnpeters

change from observation to observation, the LTraP shoutdhpable of performing
the above calculation automatically. This is now coded aswadsard data product
within the LTraP for single epoch transients.

4.5 Conclusion

The algorithms presented in this chapter form the basiseofiith LOFAR transient
detection system. This full system will monitor the LOFARIrisient and variable
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radio sky and alert the community, in real time, to interggsources and in certain
scenarios, trigger multi-wavelength follow-up. There aréot of settings within
the transient algorithms, some of which have been testepbfaof this thesis) and
others which will only be tested in future commissioning.ti@psed settings, for
example, within the source extractor and the MySQL trarisisearches will need
to be refined and augmented before full operations. | wibetate on this subjectin
Chapter 6 when | apply the algorithms to LOFAR commissiormata. In Chapter
5 I will also present how these algorithms have been usedtéorogate archival
VLA images.

In principle the algorithms that have been developed for ARMill potentially
be deployed to other instruments. Applying the algorithmdifferent waveband
images may however require different treatment. For exangtlGHz frequencies
extended sources will be more abundant; image subtractaymm®ed to be applied
to remove non-variable extended structure before souttcaation. This will mean
however that the source extraction algorithms will needtinetionality to fit nega-
tive peaked elliptical Gaussians within the images. At MKzitiencies, bandwidth
smearing, ionospheric effects and wide field imaging art§fanay complicate tran-
sient searches further. | will return to some of these cotscepthe remainder of
this thesis.






In this bright future you can’t forget your past.

BoB MARLEY (1945 - 1981)

Archival radio transients

In this chapter | present the early stage science which has peduced with the
prototype LOFAR Transients Pipeline (LTraP). Firstly, ec8on 5.1 | present an
automated VLA reduction pipeline which was used to recrébsemages presented
in the archival radio transient search of Bower et al. (20@fg¢se images contained
a number of transient sources. | then compare the results $urce extraction
and transient searching using the LTraP, with those fourBoiwer et al. (2007).
In section 5.2 | present the application of the automated Veduction pipeline
to a previously unreported X-ray binary outburst of the seuwift J1753.3-0127.
This work has been published as part of Soleri et al. (201i@alFy | present a blind
radio survey for transients using archival VLA calibrat@ldis. | discuss the results
of the transient search and place upper limits on the snapstecof transient events
(at GHz frequencies). This work has been published in Bell.g2011).

5.1 Testing the LOFAR transient detection pipeline
on the Bower field

To test the LTraP prior to adequate LOFAR images being availat was decided
to use data from a previously published study. The VLA ddtased in Bower et

89
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al. (2007) was selected because a number of radio transienesreported and the
data were publicly available in the VLA archive. The aim wasndependently re-
duce the raw data to produce images, then to push the imagesgththe prototype
LTraP. Note, at the time this work was conducted the LTraP faabk/ rudimen-
tary. The source extraction algorithms were operatiorakdver, the database and
visualisation infrastructure had not been completed yéeré&fore the testing was
more focused on verifying that the source extraction atgors identified the cor-
rect sources, with the correct fluxes, rather than a full @igmic transient search
(using the database etc.).

The field of interest was a relatively blank piece of sky, witad been routinely
observed from 1983 to 2005 for the purpose of system caidirahecks. Typically
three sources were observed per observation; the phasedfibxator J1803+784;
the North Celestial Pole; and a blank field named ‘OFF784’icWwhwill refer to as
the Bower field hereafter. The Bower field was observed apprately weekly for
around 20 minutes; the field is centredrat 15'02M20.53° andd = 78°1614.905’
(J2000). The 4.8 GHz (C-band) datasets were chosen foestiag, because seven
out of the ten transients were reported at this frequency Bsmver et al. 2007).
One transient was reported at 8.4 GHz, the remaining twaitats were found
in the two month and year averaged images (of the 4.8 GHz.dAt&)tal of 626
observations were retrieved from the VLA archive (4.8 GHz)drocessing.

5.1.1 Automated VLA reduction script

The ParselTongue package was used to design an automatedlatbAeduction
script. ParselTongue (Kettenis et al. 2006) is a Pythomfexte to the Astronomical
Image Processing System (AIPS; Greisen 2003). It is exisecomvenient for this
type of processing as it allows two way communication betwghon and AIPS.
In conjunction with triggering AIPS commands (with specggttings), it can read
data tables within AIPS and return the results back to PytRonexample, this can
be used to read the maximum baseline length of a given olsmry®ython can
then subsequently calculate the optimum pixel/cell siz then trigger imaging
with those settings to achieve the best resolution.

A ParselTongue script was constructed to perform the follguAlPS tasks, and
is summarised in Figure 5.1

e The dataset was loaded into AIPS.

e The automated flagging routines were applied.
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e The visibilities were calibrated using the flux and phaseexiions derived
from J1803+784 (phase calibrator).

e The calibrated data were imaged and de-convolved with 50BATL itera-
tions and a gain loop of 0.1.

e The primary beam correction was applied to the data.

e The images were then exported from AIPS to disk in FITS filenfat:

e Each calibrated dataset was concatenated (per-configniyatd imaged once
the pipeline had finished processing all the data files.

The procedure was constructed within a Python ‘for’ loopytole around mul-
tiple datasets. For each VLA configuration | applied the sagik(pixel) size and
image size to each observation (per-configuration), so tthiae the half-power
radius was imaged (see Figure 5.1 for details). In each VLu#igaration the max-
imum resolution (i.e. the cell/pixel size) is set by the nmaxim baseline length.
The is dependent on the available antennas in the outer ocoatiign, which can
change. By specifying the same cell and image size for each ddnfiguration |
could make each image (in that configuration) explicitly pamable.

The automated VLA pipeline, although not being as advaneethat used in
later sections, did an excellent job of creating the Boweages with good image
fidelity. The typical RMS was- 50 uJy: comparable with that quoted in Bower et
al. (2007). A number of persistent sources were retrievezhth image, and were
consistent in flux with those reported in Bower et al. (2007). give the reader
an intuitive feel for the Bower field, the top panel of Figur@ Shows an image
constructed from 40 images in D-configuration using the lpipgresented in this
chapter. This image has an RMS of 138y. On the bottom panel | show the deep
image (constructed using all VLA configurations) presemesower et al. (2007),
which has an RMS of 2.¢Jy. On both images the half-power (small circle) and
twice the half-power (large circle) radii are shown.

After the images were created they were processed throegotirce extraction
algorithms. A detection level of and an analysis threshold ob3vas set. The
Bower et al. (2007) study set a detection threshold of 5aalépending on array
configuration.
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Figure 5.1: Flow diagram showing the automated VLA data reduction fieel
(version 1) used to calibrate and image the archival Bowal @007) field.

5.1.2 Results and discussion

The results from source extraction were compared with thegerted in Bower et
al. (2007) and are summarised in Table 5.1 (the LTraP rekalts been corrected
for primary beam attenuation, in concordance with the Borgsults). When ex-
amining the results there are two aspects to considerlyridétl the ParselTongue
pipeline produce the correctly calibrated images? Segoddl the LTraP correctly
fit the transient sources? In the initial testing, the LTraRggled to pick out the
published transients in the field. After further refinemémias found that the RMS
background map size had been set too small - approximately 30 pixels. The
RMS background map size grids the input image into boxesyfach the RMS is
measured. If the grid size is set too small, in this case 30 pixels, and the source
size is around five pixels in diameter, then the noise in tbgion is large (when
compared with that away from point sources) and the trahsiees not exceed a
50 detection threshold. A number of the transient sourcesrtepdy Bower et al.



5.1 Testing the LOFAR transient detection pipeline on the/&dfield 93

wresg /Arm

0.080
0.060
0.040

-]

&
Al
W,
o B4
15800™

.‘."\‘:&3 ;

TN

r‘t?'v "._:'-‘»"E} -
ST

xS e

=i

-

Right Ascension (B1950)

o T > 30 e e
ﬁ:" 2 M St
A [} piw D -
A Ay

R e

+78°40'
+25
+20

B
"':f"i-.‘".:k;??

RA (J2000)

(ooozr) 220

Figure 5.2: Top panel: Averaged image of 40 epochs (at 4.8 GHz) prodused u
ing the automated VLA reduction pipeline. The two squarelicite the locations
of the transients RT 1986-01-15 (Northern square) and RB-D#302 (Southern
square), which are discussed further in this chapter. Botianel: The concate-
nated deep image of all 4.8 GHz data presented in Bower e2@07). On both
plots the small circle represents the half-power radius |diger circle represents
the twice the half-power radius.
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Table 5.1: Summary of the Guassian fits produced from the LTraP compaitbd
those reported in Bower et al. (2007).

Transient epoch VLA Configuration | Bower flux (uJy) | LTraP flux (uJy)
RT 1984-05-02 C 448+74 445+ 82

RT 1984-06-13 C 566181 480+61

RT 1986-01-15 D 370+67 370+79

RT 1986-01-22 D 1586+248 Image fidelity bad
RT 1992-08-26 D 642+101 510+85

RT 1997-05-28 CnB 1731232 1744+394

RT 1999-05-04 D 7042+963 See discussion

(2007) were only just abovedb Bower et al. (2007) reported that they had not used
a RMS background map in their search, therefore | then seRM8 map size to
the entire image and a number of the transients were theaatlyridentified.

In Table 5.1, five out of the seven transients are fitted wilso@able agreement
when compared with Bower et al. (2007). In Figure 5.3 | shownaage within the
region of the transient source RT 1984-05-02 produced bptib@emated pipeline;
on the bottom panel | show the lightcurve constructed ugied TraP for all images
in C configuration. In Figure 5.4 | give a further example of B986-01-15, the
lightcurve is constructed using the LTraP with all imagesnirD-configuration.
Both the sources are in good agreement with Bower et al. (280d the image
fidelity is good.

The observation containing RT 1986-01-22 did not produceagjuality im-
age with the automated pipeline. The data were rereduceainy, but the image
quality was still too poor to detect the source. The data weoeoughly flagged
and the calibration and imager settings were consistehttiviise used in previous
pipeline runs. It should be noted that at the time this work a@nducted, it was the
author’s first experience with VLA data. The settings usethéke the Bower im-
ages were not described in Bower et al. (2007), so potenadifferent parameter
in the reduction procedure could yield a detection.

The image of the observation containing RT 1999-05-04 dudipce a reason-
able image, however, the transient was only marginallyalete The source was
searched for in the primary beam corrected image of the fiedever, it was be-
yond the correctable beam radius. A Gaussian was fitted inrtherrected image
yielding a flux of 242-61 uJy: which is a 4 detection (see Figure 5.5). As the
source was beyond the correctable beam radius, by usinglBt® sk PBCOR, |
can calculate, by hand, the primary beam correction neemteitié VLA using eq.
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Figure 5.3: Top panel: Image of the transient detection RT 1984-05-02yred
by the automated VLA reduction pipeline (not primary beamr@cted). Contours
are at 3, 4, 5, 6 and XRMS. Bottom panel: Lightcurve of transient produced
using the LTraP source extraction algorithms.
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Figure 5.4: Top panel: Image of the transient detection RT 1986-01-b8lyred
by the automated VLA reduction pipeline (not primary beamrected). Contours
are at 3, 4, 5, 6 and XRMS. Bottom panel: Lightcurve of transient RT produced
using the LTraP source extraction algorithms.
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Figure 5.5: Image of the field containing RT 1999-05-04 made using the-aut
mated VLA pipeline. Contours are at 3 and.4This image has not been primary
beam corrected.

5.1 and eq. 5.2 below (see footnbfer PBCOR reference).

X.Ci X2C, X3GC3
f ~1
PBCOR™ 1+ 753 T 77+ 1010

(5.1)

Ar % 2
X= ((arcmi ns)’ (GHz)) (®-2)

where X is the distance from the source to phase centre (imarates),v is the fre-
guency in GHz, the constants are define€as-1.372,C,=6.940 andC3=-1.309 at
C-band. The corrected flux can then be calculated uUSiagor = S,/ frecor. Ap-
plying this correction to the flux measured in the uncormateage yield$Sppcor =
—23 mJy. Applying the correction at the maximum correctaldarb radius (mea-
sured in the VLA primary beam corrected images), | f@cor =32 mJy which
uses a correction factdpgcor=0.0074. Applying this correction factor to the flux
quoted in Bower et al. (2007) i.&pcor=7042uJy, | find the transient flux in the
Bower uncorrected image would 8=52.1 uJy - assuming it is at the correctable
beam radius. A detection &,=52.1 uJy would be close to, or below the noise,
therefore making it undetectable (typical RMS valuesa&® uJy). In Bower et
al. (2007) they do comment that wide field images were mad# tfexfields, pos-
sibly using a mosaicing mode. Potentially the source wasatied in the wide field
image and thus the analysis differs from mine. If not, the Boet al. (2007) RT

Ihttp:www.aips.nrao.educgi-binZXHLP2.PL?PBCOR
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1999-05-04 result is incorrect.

5.2 The X-ray binary outburst of Swift J1753.3-0127

The X-ray binary candidate sour8ift J1753.3-0127 was discovered by the hard
X-ray Burst Alert Telescope (BAT) on board tl8ift observatory. The outburst
was reported on 2005 May 30 (see Palmer et al. 2005) and a-waiglength
campaign proceeded on the source. A previously unpublish@id outburst of
the source — which was performed in conjunction withift — was identified by
Dr. Paolo Soleri in the VLA archive. Prior to VLA observat®the Multi-Element
Linked Interferometer Network (MERLIN) reported a deteatin the intial fast rise
period of the outburst (Fender, Garrington & Muxlow 2005hisIVLA dataset was
flagged as a good test for both the automated VLA reductioslipi@ and the LTraP.

All the publicly available VLA data surrounding the outbueg 1.4, 4.8 and
8.4 GHz were retrieved from the VLA archive (proposal codé’520, AR572,
AR603, AM986, AT320 and S7810). | used a modified version efahtomated
VLA reduction script presented in the previous section tibcate and image the
data. As the observations were taken in various VLA configoma, and at differ-
ent frequencies, a variety of different flux and phase caltos were selected for
the observations respectively. To account for this | adhfite automated reduction
script to read the sources observered within an observdttben gave the pipeline
a list of the common flux and phase calibrators and allowexsétect them accord-
ingly to perform calibration. Note, the previous versiontloé script designed for
the Bower field only used one flux/phase calibrator, thus tbegulure was trivial.
After calibration, the images were made using a natural meig scheme (for best
point source sensitivity) and lightly CLEANed with 50 itéians and a gain loop of
0.1. Image self-calibration was not incorporated as theadyao range of the target
source was insufficient. | added a further update to the dsttaction procedure
to ascertain the maximum baseline length (in each obsenjatirom which, the
image and cell sizes were set accordingly. See Figure 5& flow diagram of the
data reduction procedure.

The images were then processed through the LTraP. The sutas easily
detected and the algorithms automatically performed Gadgs at the region of
interest for all detections abover3 Below 30 the map RMS was used to place
an upper limit on the flux densities. As the outburst was wivesl on the longest
VLA baseline the peak flux density from the Gaussian fit waslusd-igure 5.7



5.3 VLA transient survey using the calibrator fields 99

Auto-Flag

Calibrate Find
Automatically Calibrators

v

Set Image and Cell «7Find Max uy
Sizes (Automatically) Length

v

Primary Beam

o Cats_|
[S—
Phase Cals

Correction

v

Figure 5.6: Flow diagram showing the automated VLA data reduction fieel
(version 2) used to calibrate the archival VLA observatiohSwift J1753.3-0127.

(and is shown as it appears in Soleri et al. 2010) to plot tledudon of flux with
time. In Figure 5.7, on the top panel, | show all radio datduding the VLA points
produced through this work. On the bottom panel | show $het/BAT X-ray
lightcurve produced by Dr. P. Soleri and collaborators.

The radio and X-ray data points were used to calculate the&igo®f Swift
J1753.5-0127 on the fundamental plane, using the scallagamship presented
in Chapter 3. One of the conclusions presented in Soleri.gR8alL0) — which
is relevant to this thesis — was that the compact jet prodigethe source was
fainter than expected. TherefoB8aift J1753.5-0127 was an outlier to the scaling
relationship when compared with other X-ray binaries.

5.3 VLA transient survey using the calibrator fields

Bower et al. (2007) with its high yield of transients prowidiéne motivation for
this work. The aim was to push archival radio transient gsidurther, within the
framework of testing and refining the transient detectigoathms that will operate
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Figure 5.7: Top panel: Radio outburst @wift J1753.5-0127 for the period 2005
May 30 - 2009 October 16. The VLA data points (squares and upwengles)
produced using the automated VLA reduction pipeline an@ETrack the peak of
the outburst from 2005 July 08 until 2009 June 09. Bottom p&®&ft/BAT hard
X-ray lightcurve of the outburst. This figure was taken froolesi et al. (2010).
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on the LOFAR radio telescope (Fender et al., 2008). | praserfindings of an 8.4,
4.8 and 1.4 GHz study of the repeatedly observed flux and pteddeator fields
found in the VLA archive. | explore from some of the publicais discussed in the
introduction the reported snapshot rates of either detestof radio transients, or
upper limits based on non-detections: | place my own uppet bn these values
and discuss the implications.

5.3.1 VLA calibrator fields

Extending the Bower et al. (2007) approach to more obsemstil have searched
a larger part of the VLA archive for transients. In order tdimpse the chances of
success | searched for the most repeatedly observed fietlds WiLA archive. The
flux and phase calibrator fields were chosen as the backbatiésafew transient
study. These calibrators are observed routinely and araraatd and necessary
calibration technique in radio interferometry. The califor fields usually contain
a relatively bright compact object, typically a quasar. Thagbrators were selected
to fulfil one or more of the following criteria: (A) they werébserved frequently;
(B) they should be unresolved on the longest A-configuratibA baseline; (C)
they had a relatively large integration time per observatithe chosen VLA fields
are summarised in Table 5.2. Note that | initially focused effprts on the flux
calibrators, specifically 3C48; however, because of thghbrsource in the field
and the typically short integration time (1 minute) the images often suffered from
artifacts. Therefore | quickly switched my attention to giese calibrators — which
proved, due to longer integration times 5 mins) to have better image fidelity.



Table 5.2: Number of images reduced and searched with respect to ahgérgquency. Note, 4.8 and 8.4 GHz were the primary freqigsn
of interest, 1.4 GHz images were only produced for one fielde Talibrators are referred to by their J2000 epoch nam@Te > is the
average change in time between sequential observatiodsiding observation on the same day — see section 513.> is the average
integration time spent on the calibrator.

Field R.A. Dec. 14 b # Obs. # Obs. #0bs. | <O0Thext > <T>
(J2000) (J2000) (8.4 GHz)| (4.8 GHz)| (1.4 GHz)| (days) (mins)
1800+784| 18"00M455.7 | +78°28M045.0 | 110.0| +29.1 992 908 151 4.3 5.6
0508+845| 05'08M425.4 | +84°32M045.5 | 128.4| +24.7 205 413 . 13.6 5.1
1927+739| 1927M485 | +73°58M015.6 | 105.6| +23.5 171 19 - 45.3 9.0
1549+506| 15"49M1 755 | +50°38M05°.8 | 80.2 | +49.1 480 558 - 8.3 5.0
0555+398| 05'55M305.8 | +39°48M495.2 | 171.6| +7.2 123 190 - 27.3 35
2355+498| 23'55M0%.5 | +49°50M08°.3 | 113.7| -12.0 183 99 - 29.3 7.6/15.3
3C48 | 01"37M415.3 | +33°09M355.1 | 25.1 | +33.4 - 545 16.2 4.6
Total 2154 2732 151 1.9/3.¢% 5.2

a7.6mnsat 84 GHzand 15.3 minsat 4.8 GHz
b 1.9 daysincluding observations on the same day / 3.0 days disregarding them.

cotT

sjuaisue.) olpel [eAlyaly °S Jaideyd



5.3 VLA transient survey using the calibrator fields 103

A total of 5037 flux and phase calibrator images have beercestand searched,
with a total observing time of 435 hours. The average intégndime spent on all
sources was< T > = 5.2 mins. A full statistical description of the measureaseo
per image is given in section 5.6.

The mean separation between observations regardlesswingoand frequency
was < 0 Thex1 > = 1.9 days. When calculating this average | have includeémbs
vations that occurred on the same day. Note that it is quitencon for an ob-
servation of the same source to be performed at a numberfefeht frequencies
(i.e. sequentially within the same observation). This obsly produces a bias that
reduces the average time between observations. When pngdihe images for
this survey | only logged the date of the observations, netekact start and stop
time. Extracting the start and stop time was not easily ebegwithin the imaging
pipeline framework. | therefore add in an arbitrary timeagyebf 4 hours in calcu-
lating the averages for observations that have the sameldataing observations
on the same date yields an averagéT.ex2 > = 3.0 days (regardless of pointing
and frequency).

See the top panel of Figure 5.8 for a histogram of the timedifices between
sequential observations f@ll pointings and frequencies. The bottom panel of
Figure 5.8 shows a (summed) histogram of the time differermtween obser-
vationsper pointing. Table 5.2 summarises the average time difference between
observations and the average integration time per pointifige lowest average
time difference between observations achieved for ondespwnting was 4.3 days
(1803+784); the highest was 45.3 days (1927+739). As | hawgpked a num-
ber of different fields at different cadences | state the eah@ to 45.3 days as the
timescale of transient behaviour that we would be sensitiveln quoting these
numbers | do make the assumption that each image has an éaquakecof making
a detection — i.e. that there is an isotropic distributiomaafio transients and there
is no frequency dependence (between 1.4 and 8.4 GHz) fortaete

5.3.2 VLA data analysis

The automated VLA reduction pipeline presented in the previsections was fur-
ther modified to calibrate and image the VLA calibration feeld’he pipeline was
constructed to perform the following tasks (for a flow diagrsee Figure 5.9):

e The data were loaded into AIPS.

e The antenna table was searched for antennas that were todésignated
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Figure 5.8: Top Panel: Histogram showing the time difference betweeserb
vations — forall pointings and frequencies within this survey. Bottom Parel
(summed) histogram of the time differences between obgengper pointing in-
cluding all frequencies. For a description of the averagkeneae per pointing see
table 1.

‘EVLA (only relevant 2006 onwards) during the observasoi hese anten-
nas were then flagged from being used in subsequent catibratid imaging
tasks.

e The antennatable was searched for a suitable referenamartteat was close
to the central ‘Y’ hub.

e The maximum baseline length in the observation was asnedaihis was
then utilised to optimise cell and image sizes respectirethe subsequent
imaging steps.

e The automated flagging procedures were applied to flag umdantd erro-
neous visibilities.
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e The observation log was searchedday known flux or phase calibrator used
at the VLA within an entire observation. A comprehensivedisall the flux
and phase calibrators was download from the VLA weBsitéis list could
be searched with Python and compared with the observatgn For any
identified calibrator the pipeline proceeded with the reiunc

e Foranyidentified calibrator, standard calibration was performed

e The calibrator was subsequently imaged and deconvolvédwied by three
iterations of phase self-calibration only, and then oneatten of amplitude
and phase self calibration. The time interval for phasebcation was set
appropriately with respect to the integration time on seurc

e The calibrator was boxed off, modelled and removed from thage using
UV component subtraction.

¢ Finally the subtracted image was lightly CLEANed with 15 dtions (Hogbom,
1974).

The script was designed to be run on large volumes of dateoutitimterrup-
tion. Python exception handling was used to catch poteeitrats and remove bad
data from further processing. An example image of 3C48 predioy the pipeline
before and after source subtraction is shown in Figure Bb€h images show con-
tours and Grey scale to give the reader an intuitive feel efithage quality. The
source to the North of 3C48 is persistent with a flu80 mJy and will be discussed
further in section 5.4.

5.4 Transient Search

The images produced using the automated imaging pipelime then passed to
the LTraP. This version of LTraP utilised the full databasshdecture and toolbar
visualisation discussed in the previous chapter. For eaelge a background RMS
map was calculated over the entire image. For any islandx@ipabove & i.e.
eight times the noise measured from the RMS map, sourcecigtmavas performed
by fitting elliptical Gaussians.

A conservative threshold oidBwas chosen after initial tests and pipeline refine-
ments indicated that a badly calibrated and reduced imagesidering the typical

2Found at http://www.aoc.nrao.edugtaylor/csource.html
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Figure 5.9: Flow diagram showing the automated VLA data reduction freel
(version 3) used to calibrate the archival calibrator okestéons.

strength of the calibrator flux — could produce a large nunabartifacts and thus
false source detections. All images that were processethdyntaging pipeline
were processed through the LTraP — errors included. Thena# for this was to
explore the effects of badly calibrated images with resfiesburce extraction and
transient detection. LOFAR will incorporate a false detactate (FDR) algorithm
in the source extraction system, where the global dete¢hioeshold for source
extraction is set to minimise the number of false positived & governed by the
individual image statistics (Hopkins et al., 2002).

After source extraction the LOFAR transients database $ebeers 2010) was
then populated with the measured properties and assodatadof the extracted
sources. The source properties include: position and ededaerrors, all Stokes
parameters of peak and integrated flux including the Gamg#tang parameters.
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Figure 5.10: An example image of 3C48 at 4.8 GHz produced by the pipeline
(observation date 1984-10-05). The top panel shows a CLEAMage before
source subtraction. The bottom image shows the same eptehsabtraction of
3C48, a cross denotes the original position of 3C48. The weuigthe right of
each image shows the intensity of the Grey scale in Janskyesintegration time
was ~4 mins, yielding an RMS of 0.6 mJy. Contour levels are -3, 3@, 40,
100, 500, 2000, 5000, 8000 RMS for both images.
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The associated data included, for example, time of obsenaiperating frequency
and beam properties. The database was searched for eithaewources that had
no previously known counterparts (in previous images), kn@vn source whose
flux had varied by a significant amount. | adopt the same mesed in Carilli
et al. (2003) to define significant variability &S > +50%, which approximately
corresponds t®,=0.5 (see Chapter 4).

For the majority of fields in this survey, after the calibrasmurce was sub-
tracted, the fields were left almost devoid of sources: thagriansient search was
relatively trivial. A few ~mJy radio sources were present in some of the fields
and only some of the time, due to changing sensitivity. Tioeeg | concentrated
my efforts on locating unique sources, rather than chanaotg the variability of
known sources. Once the final list of candidate transientssthad been produced,
lightcurves were automatically generated and the imagesteéfest were checked
for calibration errors and image fidelity.

5.5 Results

A total of 5037 images at various pointings and frequencesetbeen searched
at a detection level of . Nine candidate transients that were detected in images
with adequate image fidelity were scrutinised further. Fifuhese candidates were
found to lie consistently on the dirty beam. After re-redmctthey were shown to
be calibration errors which had been cleaned to a point sourc

One candidate was detected 76 times at 4.8 and 8.4 GHz ancdwag fo be
significantly variable. After careful consideration andiesv of the literature it
was concluded that this source was created by a bug in the ¥térding system,
whereby the pointing of telescopes was changed withouttupgtne header infor-
mation; this error had affected a previously reported iertd/LA J172059.9+3852
26.6 (see Ofek et al. 2009 for further details). This erros na@ detected in any of
the other calibrator images taken around the same time.

Three of the candidates were found to be associated with ikvesaker radio
sources. These sources were detected in the deepest dioser¢a 30 mins) of the
respective fields. As observations at this depth were vagsgpthese radio sources
were considered — by the database algorithms — as tran$iegge candidates were
quickly removed when cross referenced with the radio cgtade. The last transient
candidate although surviving some of the re-reductiorstests discarded after it
was re-calibrated and the significance level dropped bettegaate levels.
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The 3C48 field did contain a persistent sourcarat 01"37M445.2 andd =
+33°11M26°.5 (J2000) withS, ~ 30 mJy. This source couldot be identified in
the NVSS catalogue, due to insufficient resolution to sépdtdrom 3C48. The
FIRST survey did not cover the position needed to cataldggesburce. The source
is however previously identified in high dynamic range stsdif 3C48 (see Briggs
1995). This source was searched for significant variabilitynone was found.

5.6 Snapshot rate upper limit

As | have detected no radio transients with this survey, Itheearea surveyed per
observation, coupled with the typical sensitivity to coast the snapshot rate of
transient events. To calculate the Bpper limit of the snapshot rate of transients
from our survey | assume a Poisson distribution; for zerect&ns (n=0) | use:

P(n)=e PN (5.3)

wherep is the snapshot rate of transients; and tbrec@nfidence interval is defined
asP(n) = 0.05 at the 95% confidence leveé\l is the sum of the number of images
multiplied by the field of view Q) at that given frequency i.e.

N = (Qg4 X Ng4a)+ (QagxNgg)+ (Q1.4xNia) (5.4)

Note, | only consider a search area within the half-powelusger image. Evalu-
ating equations 5.3 and 5.4 yields a snapshot rape<10.032 deg?.

To evaluate the flux density limit that we are sensitive to nvsearching for
transients, we must statistically consider the noise nredsu all the images. Fig-
ure 5.11 presents this information in two different waysis#y, on the top panel
| show a histogram of the measured nogg in all the images; included on the
plot is an indicator of the theoretical noise in a 5 minuteestation (0.16 mJy at
4.8 GHz), and also ten times this value. Secondly — in theobofianel — | show
a histogram of the measured noise divided by the theoretmako; (i.e. om/at)
for all images: thereby taking into consideration that rbbbservations were- 5
minutes in duration.

It can be seen that the bulk of the images achieved an image hess than
100;. Possible deviations away from the theoretical noise cbeldttributed to,
for example, unremoved RFI, bad calibration solutionsea# of a bright source
in the field and, in general, settings and assumptions witienmaging pipeline
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Figure 5.11: Top panel: Histogram showing the measured noise — calculate
the same region — for all images< a; > gives the theoretical noise calculated
from the average integration time for all observatiofastOx o; > gives this limit
multiplied by 10. Bottom panel: Histogram showing the meaduwnoise divided
by the theoretical per observation — which accounts foetkifit integration times.
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that do not lend themselves to a given observation. Takiaegrtadian value of all
the measured noises | fif@egian = 1 MJy (or 6.25 ¢t >). USiNg &iedian as the
global detection threshold for the entire survey, | find thabuld be sensitive to
transients>8 mJy, with typical timescales 4.3 to 45.3 days.

In calculating this upper limit I have includetl images reduced by the pipeline;
however, not all images were reduced successfully. Althcggme images con-
tained artifacts, they rarely contaminated the entire indlgus some area could
still be searched effectively. If a unique transient pomiirge was detected in an
image with errors, the image was re-reduced by hand and etdokreproducibil-
ity.

In Figure 5.12 | compare the limit imposed on the snapshetahsources from
this study, with those found in the literature — this figurelésived from Fig. 9 of
Bower et al. (2007) and Fig. 20 of Croft et al. (2010). | do natlude a typical
timescale of the transient duration in the snapshot ratutzlon as it is not well
constrained, or easy to represent in a 2D plot. This infoionas summarised and
referenced in Table 5.3 and described further in the folhguaragraphs.
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Figure 5.12: Snapshot rate (deg) against flux density (Jy) of detections of tran-
sients (labelled ‘T"), detections of variable sources €l&d V') and upper limits
based on non-detections (labelled with downward arrows$)e fhick black line
denotes detections; the thin line denotes upper limits. Bbwer et al. (2007)

1 week, year and two month limits are indicated as B20@ith the appropriate
time-scale. Ban20}1and Ban2011 indicates the separate rates derived for vari-
ables and transients reported in Bannister et al. (2011)2@e" indicates the
20 upper limits derived from this study. ‘LOFARindicates the theoretical con-
straint that LOFAR could provide with zero detections frothebochs of 12 hour
observations, each of 25 defijelds (using 18 core and 18 remote stations at 150
MHz); ‘LOFAR® indicates the current commissioning capabilities at 150z
‘LOFARF 30 MHz’ shows the rate calculated for a 30 MHz field of view (amég

the final theoretical noise is reached with 18 core and 18 testations). Note,
that this plot does not contain any information on charéstiertime duration and
recurrence of transient behaviour as both are currentlylypoonstrained.



Table 5.3: Summary of snapshot rates reported in the literature. Thétseare separated out according to upper limits basedmd@eizctions
(top); transient detections (middle); and detections ghlyi variable radio sources (bottom). The flux min columnigiestes the detection
threshold of the observations reported in the literaturéherminimum flux of detections (indicated as such); the maxmTflux is only

indicated for transient detections. The Bower et al. (20@8ults have been stated three times depending on the whastc time scale
sampled. | do not give the number of epochs for the WJN tratsias it is not stated clearly in the literature. Bower e{2010) and Bower

& Saul (2010) state two different rates depending on flux grsquote these separately as (A) and (B).

Survey/Paper Flux Min Flux Max P tchar v Epochs
(KJy) (pdy) (deg ?) (GHz) (N)
This work >8000 (&) - <0.032 4.3 - 45.3 days 8.4,4.8and 1.4 5037
FIRST-NVSS/Gal-Yam et al. (2006) >6000% - <1.5x10°3 - 1.4 2b
ATATS/Croft et al. (2010) >40000 - <0.004 81 days ~ 15 years 1.4 120
Bower et al. (2007) >90 - <6 1 year 4.8 and 8.4 17
PiGSS-I/Bower et al. (2010)(A) >1000 - <1 1 month 3.1 75
PiGSS-I/Bower et al. (2010)(B) >10000 - <0.3 1 month 3.1 75
Bower & Saul (2010)(A) >70000 - <3x10°3 1 day 1.4 1852
Bower & Saul (2010)(B) >3x10° - >9x 1074 1 day 1.4 1852
Lazio et al. (2010) >2.5x10°(50) - <9.5x10°8 5 mins 0.0738 ~1272
Bannister et al. (2011) 14000(w) 6.5x10° | 1.3x 107 days - years 0.843 301P
Bower et al. (2007) 370 7042 1.5+0.4 20 mins - 7 days 4.8 and 8.4 944
Bower et al. (2007) 200 697 2 2 months 4.8 and 8.4 96
WJIN/Matsumura et al. (2009) 1x10° 4.3x10°6 | 3x10°3 ~ 1 day 1.4 -
Bannister et al. (2011) >14000 - 0.268 days - years 0.843 3011°
Carilli et al. (2003) >100 - <18 19 days and 17 months 1.4 5
Becker et al. (2010) >100 - 1.6 ~ 15 years 4.8 3°
Frail et al. (2003) >250 - 5.8 ~ 1 day 5and 8.5 -

a Different noise values were found in each survey map thus global threshold taken above 6 mJy

b Combined mosaic

uwiy saddn ayel joysdeus 9°g
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The Bower et al. (2007) survey reported the snapshot rateansients to be
p=1.5+0.4 deg? (labelled ‘B2007 1 Week’ in Figure 5.12) from eight detections,
with characteristic timescale 20 minutedy,,, < 7 days, above a flux density 370
uJy (with typical image noise 50 uJy at the pointing centre). Two transients were
detected in the 2 month averaged images above a flux dens2QyiiJy, giving
a 20 limit on the snapshot rate ~2 deg? (labelled ‘B2007 2 Month’ in Figure
5.12). No transients were detected in the year long avesdmmse 9QuJy: limiting
the 20 snapshot rate tp <6 deg 2 (labelled ‘B2007 1 Year’ in Figure 5.12).

The PiGSS-I survey using the ATA at 3.1 GHz sets an upper bmthe snapshot
rate of transients tp < 1 deg? at 1 mJy, ang < 0.3 deg? at 10 mJy (labelled
‘B2010™" in Figure 5.12), with characteristic timescale one morhwer et al.,
2010). A recent study by Bower & Saul (2010) - using archivédA\bbservations
of the flux calibrator 3C286 at 1.4 GHz - set an upper limipof 3 x 1023 deg 2
at 70 mJy, angh < 9x 10~% deg 2 at 3 Jy (labelled ‘B201%’). The work of Bower
& Saul (2010) is very comparable to the work presented inc¢hegpter, however,
in this study by using predominantly the phase calibratddgid slightly push the
mean sensitivity down.

The Carilli et al. (2003) study set an upper limit on the raitdighly variable
radio sources> 100 uJy to < 18 deg 2 with characteristic timescales of 19 days
and 17 months (labelled ‘C20%3in Figure 4). Note that these were detections of
variable radio sources. Frail et al. (2003) derived a comigarquantity to Carilli
et al. (2003) ofp ~ 5.8 deg? with four highly variable sources with characteris-
tic timescale~ 1 day, above a flux density 25y (labelled ‘F200%’ in Figure
5.12). Similar to these surveys but in the direction of théaGic plane Becker et
al. (2010) found 39 variable radio sources between a fluxitjerange 1 to 100
mJy, varying on timescales of years: they deriged 1.6 Galactic sources de§
(labelled ‘Bk2018" in Figure 5.12).

In the context of this survey, the difference between a giand a transient —
from a purely observational sense — is a matter of detedtalilansients sit, most
of the time, below the detection capabilities of the instemty while variables sit
above or close to it. However, the underlying astronomicatesses associated
with transient and variable sources may differ, and shoedglire a different treat-
ment when considering the rates of events. For example, \gbtrakpect the rates
of variable sources to differ from ‘one off’ explosive trasts such as GRB after-
glows —which have a finite lifetime and will be undetectal#édoehand. For future
surveys, a spectrum of transient and variable behaviolib&ibbserved depending
on the cadence and sensitivity. The boundaries betweerethetins will become



5.7 Predictions for LOFAR 115

more blurred as the cadence and sensitivity is increased.

The WJN transients summarised in Matsumura et al. (2009)eramflux den-
sity from 1 to 4.3 Jy with characterstic timescalel day, yielding a snapshot rate
p ~3x1072 deg? (labelled ‘Mat2009’ in Figure 5.12). In comparison the Croft
et al. (2010) survey set as2upper limit on the snapshot rate of events10 mJy
to bep <0.004 deg?; by comparing their source fluxes with those in the NVSS
catalogues the characteristic timescale i$5 years (labelled ‘Croft2010in Fig-
ure 5.12). The most stringent limit placed on the snapshetafisources is set by
Gal-Yam et al. (2006) to bp < 1.5x10~23 deg 2 for flux densities>6 mJy (la-
belled ‘GY2006’ in Figure 5.12). Note, the FIRST survey has improved angula
resolution (%) when compared with NVSS (4% therefore correct source associ-
ation effects transient identification. | do not state a abristic time scale for
the FIRST-NVSS comparison as both individual surveys tookiaber of years;
specific timescales can only be considered on a source bgesbasis.

Bannister et al. (2011) set a limit on the snapshot rate ostemt sources (cal-
culated from detections) at 0.848 GHz to pec 1.3 x 1072 deg ? above 14 mJy
at a variety of timescales (labelled ‘Ban201in Figure 5.12). For variable radio
sources a rate gf < 0.268 deg? is expected between a flux density 14 to 100 mJy
(labelled ‘Ban201Y’ in Figure 5.12).

The upper limit derived from this study is consistent witk ttetections reported
by Bower et al. (2007) — | might have expected of order onedtiete at our flux
density thresholds, assuming that the transient populatmnpled is isotropically
distributed. Bower et al. (2007) did note that an overdgradfigalaxies was found
within their field. The rate derived from this work is also adby consistent with
that of Bower et al. (2010), Bannister et al. (2011) and Bo&eaul (2010). If
the Bower et al. (2007) and Bannister et al. (2011) detestare of a similar na-
ture, then some of the surveys that report upper limits sif etose to the ‘real’
Log N - Log S. This is the best benchmark to date to predict #rarpeter space a
given survey should probe to find transients. However, nreasents such as fre-
quency dependence and characteristic timescale of trarmbaviour still need to
be constrained.

5.7 Predictions for LOFAR

Commissioning observations are currently underway witl-AR that are probing
the parameter space described in this chapter. | includeur€5.12 a currently
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theoretical upper limit op < 0.012 deg? based on zero detections from 10 epochs
of 12 hour observations, each of 25 ddglds at 150 MHz (labelled LOFAR.
Early observations with LOFAR around August - September02@éld a typical
RMS of 15 mJy (75 mJy for a detection which is plotted) with a bandwidth
of 48 MHz spread over 247 sub-bands (16 channels per subhbahayever as
more baselines have come on-line, and next-generationredtection strategies
have been implemented, improvements upon this value haye fibade (and will
be discussed further in the next chapter). A more realistal fiheoretical noise
of 0.36 mJy based on 18 core and 18 remote stations is indicatEigure 5.12
(labelled LOFAR). | also include a theoretical prediction based on 10 epoths
419 ded fields at 30 MHz (labelled ‘LOFAR 30 MHz’ ). This sets an upper limit
on the snapshot rate of transientgte: 0.0018 deg? above a detection threshold
30 mJy (6 mJy RMS noise). Of course if the MHz transient pajutas similar to
the GHz population then there will be detections, not upipeits.

Recent work by Lazio et al. (2010) using the Long Wavelenggmbnstrator Ar-
ray (LWDA) — a 16 dipole phased array with all-sky imaging a@bitities — have per-
formed an all-sky blind transient search. A total of 106 lsonfrdata were searched
for radio transients at 73.8 MHz - the largest survey yetifiaging mode) at low
frequencies. With no detections of radio transients oetsfdhe solar system above
a flux density 500 Jy, an upper limit of 1®yr—! deg 2 is placed on the rate of
events. With a typical integration time of 5 minutes, this\erts top < 9.5x10°8
deg?2; | plot this limit in Figure 5.12 (labelled ‘Laz2010") assimg a 50 (2500
Jy) detection is needed. The Lazio et al. (2010) resultaigethat extremely bright
radio transients with characteristic timescalé minutes are very rare, especially
at low frequencies. Observations with LOFAR at 30-78 MHzkwi8 MHz band-
width) would be complementary to the Lazio et al. (2010) syrvApproximately
20 tiled pointings could offer the same solid angle covergithe LWDA i.e. the
whole sky, with increased sensitivity. Pushing into thisgpaeter space on a log-
arithmically spaced range of timescales is a goal for LOFARwell as an all-sky
monitoring functionality to catch the brightest and raeesttica.

We can see from Figure 5.12 that if LOFAR observations wepaisged~
weekly, we would be able — via sampling similar parametecsyia the Bower et
al. (2007) detections — to test the differences between a &idaViHz population
of radio transients. If the emission mechanism for the GHautettion is predom-
inantly via the synchrotron process, then many sourcesbailinitially optically
thick within the LOFAR band. The rise time for a distant, lunous, population of
radio transients — such as GRB afterglows — could be montlsans; with lower
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peak fluxes (e.g. see van der Horst et al. 2008). Thereforeep Sipectrum pop-
ulation of coherent emitters, such as the various flavoursatéted neutron stars,
might dominate detections in the LOFAR band. This coherepupation will not
be limited by the brightness temperature limit of the syotimn sources and they
could also have more erratic cadences (i.e. switch on agavafth should in turn
affect the snapshot rate of events. Over ten observatiotiseatame field, with
approximately a weekly cadence have already been obtaiitad ®FAR at 150
MHz - 1 will discuss the data reduction and results in the rofvepter.

5.8 Conclusion

In this chapter | have presented an automated pipeline dmcieg VLA data. With
the images generated from this pipeline | have used the Liogifoduce some
early stage science. With regard to the VLA transient seatahould be noted
that in general for future surveys our transient detectigorithms should be ca-
pable of recognising (and flagging) common errors assatiatth interferometry
imaging, hence reducing the number of false detectionsuymexdi For example,
quality control measurements should be included in the RTheat assess and ex-
tract measurements from the observation to remove images fiurther transient
searching.

Even in a very simplistic implementation, these could idelumeasuring the
flux of the calibrator source(s) and removing images wheefltix had deviated
away from the correct flux, or ignoring any image where moesth 100 sources
(or any number more than expected) are extracted. In thigegua number of
candidate transient sources were found to lie on the diryrbstructure. Source
extraction could be performed on the dirty beam and crosskeliefor associations
in the CLEANed image. Both false and real transient souraase expected to lie
on the dirty beam, however, this information could be usddwer the significance
of a given detection in further analysis.

If false detections find their way into the database, theykhioe systematically
removed to avoid chance source associations in future wdig@ns. More com-
plex, and computationally intensive interrogations of tlaabase should also be
performed to find lower significance detections. Greatesitaration should also
be given to the automated flagging algorithms. For this suflagged data was
very minimal. For LOFAR, however, large amounts of data maydmoved, due
to the nature of low frequency RFI.
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This VLA calibrator survey did not detect any radio transsesind | have placed
a constraint on the snapshot rate of radio transients. | t@vgpared this constraint
with results from other surveys and although | did not det@gttransients it is clear
that large volumes of parameter space still remain unegglorAs new surveys
push into the sub-mJy regime with various cadences and fatetit frequencies,
definitive transient source populations should becomerappaln general, these
populations could potentially populate distinct regiohthe Log N - Log S - Log t.
By exploring the available parameter space at predefineshcad, new surveys can
explore how different populations of transients behave ametion of timescale,
flux density and abundance. Therefore with the next germerati radio telescopes
such as LOFAR becoming available soon, the problem of inaategsampling of
rare transient phenomena will be alleviated. Due also tdriggering of multi-
wavelength followup the classification and interpretatibthese events will come
of age.

It seems clear that a large population of bright hJy), GHz, frequent radio
transients does not exist. Therefore the sub-mJy GHz reigiciearly an important
part of parameter space to probe for radio transients. Tgtedynamic range, and
wide-field capabilities, of GHz instruments such as APERRPERture Tiles In
Focus, wide field upgrade to the Westerbork Synthesis Raglgsdope; Verheijen
et al. 2008) and ASKAP make them attractive, potentiallyhhyield, discovery
instruments.



Experience without theory is blind, but theory without ex-
perience is mere intellectual play.

IMMANUEL KANT (1724 - 1804)

Blind searches for transients in LOFAR
commissioning data

6.1 Introduction

In this chapter | will present the LOFAR Standard Imagingdfige (SIP) which
is currently used to flag (removal of radio frequency interfee), calibrate and
image LOFAR data. | will also present the findings from a transsearch con-
ducted using the LOFAR Transients detections PipelinegBIsee Chapter 4), on
14 observations obtained for LOFAR commissioning.

6.2 Test field B0O329+54

The Transients Key Science Project has obtained 14 obssrsaspread over a
year in time, of a field centred on the pulsar PSR B0329+549pliantre:a =
03'32M595.4 andd = 54°34M43.1 (J2000); Oster & Sieber 1978) using the High
Band Array (HBA) component of LOFAR. Repeat observationthefpulsar PSR
B0329+54 were the original focus of the LOFAR pulsar comioissg effort; but
because high time resolution and image (visibility) dataloa obtained simultane-

119
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ously, it was proposed as an interesting field to commissiaye plane transient
searches. Furthermore, the field containing PSR B0329+4thén the LOFAR
zenith monitoring track (which will form part of the routimadio sky monitoring,
see Figure 1.6 in Chapter 1), and it also contains a brighte®C84, which is use-
ful to generate adequate calibration solutions. Additionativation for the tran-
sient search was provided by examining the Log N - Log S predand reviewed
in the VLA calibrator transient study (Chapter 5). By exjphgrthe low frequency
component of the Log N - Log S, with a small number of wide fieldRAR ob-
servations, we could potentially distinguish between a @Hd MHz population
of transient and variables sources. Table 6.1 summarisesitbervations obtained
with LOFAR.

For each observation a total of 247 subbands, spanning avidthaf 48 MHz,
centred at 150 MHz, are splitinto either 256, 64, 32 or 16 ole&yper subband. The
volume of data collected is proportional to the number oincteds each subband is
divided into, therefore using 256 channels per subbandfggntly increases the
data volumes. In contrast, using 16 channels per subbandesdlata volumes.
The rationale for observing with different combinationscbfinnels per subband,
was to test the impact of reducing the volume of data (i.es ¢bsnnels), with re-
spect to the science quality of the images. Radio Frequenteyférence (RFI) is
typically very narrow band, thus with only 16 channels - aft@ader bandwidth
(per-channel) - more channels must be removed to mitigate R¥s, in turn, af-
fects the final achievable dynamic range in the images. v generally accepted
by the LOFAR imaging team that using between 32 to 64 charpmisubband,
gives the best balance between data volumes and impact aeitrece quality of
the data.

The integration time was typically 12 hours per observattbree observations
only had a six hour integration. The array configuration rpooated Dutch core
and Dutch remote stations only, no international statioesevused. Dutch remote
stations are intermediate between the core and interrstimaseline lengths i.e.
typically 2 km< B < 60 km. For example, the observation taken on 2010-Dec-03
used a total of 25 stations, of which 19 were Dutch core andré Weitch remote
stations (which yielded 300 baseline pairs). A plot and a map of the station
locations are shown in Figure 6.1. The plot is dominated by the 19 central core
stations and the impact of the Dutch remote baselines caedr® sA maximum
baseline length of 24 km is achieved in theu' direction, and~ 30 km in the v
direction. We can therefore achieve a maximum resolutiof ef8.6 arc-seconds
at 150 MHz, with a field of view of- 5° x 5°.
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Figure 6.1: Top panel: A map of the station locations used in the 2010-@8:c
HBA observation. There are five remote stations to the Saiuteocore, and one
on the Northern tip. Bottom panel: év plot of the 2010-Dec-03 HBA observation
(note axes are in metres nb}. The Dutch core-core baselines dominate below 2
km. The Dutch core-remote baselines dominate above 2 knditCiihe station
map was taken from http://www.astronsteald/lofarStatusMap.html; the plot
was generated using CASA.



Table 6.1: Transient commissioning observations obtained with th&AR High Band Array. The # Channels column gives the number of

channels per subband. The Image RMS column gives the nd@datad in the same region for each image.

| Obs.Date| Obs.ID | Int. Time (Hours)| # Stations| # Channelg Succesg Image RMS (mJy) Comments |
2010-04-09| L201006928 12 17 256 Yes 215 See comment A
2010-08-13| L2010.09851 12 16 16 Yes 20.5

2010-08-14| L2010.09852 12 16 16 No — Image reduction faileg
2010-08-15| L2010.09870 5 14 16 No — Image fidelity is bad
2010-08-20| L2010.09936 12 14 16 Yes 16.5

2010-08-21| L2010.09948 12 14 16 Yes 22.9

2010-08-27| L2010.20033 12 15 16 Yes 16.1

2010-09-19| L2010.20473 12 14 16 No — Image reduction faileg
2010-09-25| L201020613 12 13 16 Yes 20.4

2010-10-02| L201020673 12 20 16 Yes 7.2

2010-10-10| L201020851 12 15 16 Yes 12.3

2010-12-03| L201021641 12 25 64 Yes 3.5

2011-03-19| L2011.24435 6 38 32 Yes 7.9 See comment B

A This observation had the pointing centre shifted to the brightest calibrator source 3C84 (labelled ‘A’ in Figure 6.4).
B This observation used a three second interval in the integration time, to reduce data volumes. All other observations used one second

intervals.
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6.2.1 The LOFAR Standard Imaging Pipeline (SIP)

The LOFAR Standard Imaging Pipeline (SIP) is a data redogbimcedure that
combines the necessary stages to produce images from rawR.@B&ta. It is
implemented in parallel across the LOFAR offline processihgter. Note that
as LOFAR is in a rapid stage of commissioning, the SIP hasyathdontinue to
evolve to reflect the needs of the telescope and its userbeAinhe of writing, some
standard techniques that are typically used in radio datacteon, such as (phase
and amplitude) self calibration loops, were only partiathplemented within the
SIP. Furthermore, next generation calibration techniguksertainly be needed to
correctly image low frequency data.

In particular, direction dependent gains which correcteraecurately for am-
plitude and phase, for all sources (or regions) within thiel fimust be used. In the
analysis presented in this chapter we apply a correctioadbasly on a four source
sky model (used in calibration), we then interpolate thisection to sources that
are large distances away from the calibrators. This is a#y@ generation cali-
bration strategy that is implemented on interferometect s1$ the VLA. However,
the LOFAR images presented in this chapter encompass a raugsh field of view
(25 ded compared to 0.018 dédor the VLA at 4.8 GHz).

The ionosphere is a non-homogeneous time-varying pariiatlised layer of
gas (Intema et al., 2009). Density fluctuations in the tol@tteon content cause
refraction, propagation delay and Faraday rotation ofaminig radio waves (and is
more prominenk 300 MHz; Thompson et al. 2001). These effects are a function
of antenna location, viewing direction and time, thus theeastronomical source
viewed from different Dutch LOFAR stations (and indeedintgional LOFAR sta-
tions) will encounter phase errors. Phase calibration edcutate the corrections
needed for any given source, but the solutions will degrade aunction of dis-
tance moving away from the chosen phase calibrators phases dgvhich is also
potentially non-linear). Next generation calibratiorastigies based on the full im-
plementation of the Radio Interferometer Measurement EguéRIME; Hamaker
et al. 1996) are in progress. Intital tests of the directiepehdent gains have been
conducted on the datasets described in this chapter. Fotheefuliscussion on di-
rection dependent effects see Chapter 1 and also HamaKke{1&%6) and Smirnov
(2011,a,b,c).

The set of observations described in Table 6.1 — even with stage data reduc-
tion techniques — can provide a valuable first look at the I@gdiency sky, as well
as potentially providing early stage science. These obhsiens are also important
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Figure 6.2: A schematic of the steps involved in the SIP taken from the ARF
imaging cookbook. OLAP is the BlueGene/P central correlptocessor. LSM
is the Local Sky Model used for calibration. GSM is the GloS&y Model from

which a Local Sky Model (which is explicitly used for caliltian) can be ex-
tracted. DP3 (or New Default Pre-Processing Pipeline NDR®the automated
flagging routines. BBS (Black Board Selfcal) is the maintwaiion stage.

for testing and commissioning the imaging and transiergslpie i.e. software is-
sues are reported back to team leaders. The steps involube idata reduction
using the SIP are described in the following sub-sectiond,aso in the LOFAR
imaging cookbook

To run the SIP a number of parsets, or parameter-set-filest, Imeudefined, these
files contain all the necessary settings to run the flaggialiyration and imaging
stages. Example parset files, for the data reduction proeadsed in this chap-
ter, are given in Appendix A. A schematic showing the proceds also given for
clarity in Figure 6.2 (this figure is taken from the LOFAR iniag cookbook). In
the following sections | will take a 64 channel per subbani@skt as an example
to describe each stage of the SIP explicitly. This exactgutace was also used to
produce the image shown in Figure 6.4.

Step 1. Initial flagging and compression
The raw visibilities were flagged using the New Default Preeessing Pipeline
(NDPPP or NDP) automated flagging routines; a time window of five seconds,

http://www.astron.nl/sites/astron.nl/files/cms/Lafaraging Cookbookv5_1.pdf
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and a frequency window of five channels were processed inrgigfiss. The data
were then collapsed in frequency from 64 channels down tocbaenel, the first
and last three channels were discarded due to bandpas#.rdlhe data were then
flagged again with a time window of 51 seconds. The visileditivere then col-
lapsed in time by a factor of five, and reflagged with a time wimaf 20 minutes.
This flagging strategy was designed to effectively remové tR&t lasted for dif-
ferent durations in time. NDPPP examines the amplituded®ivisibilities as a
function of time and frequency in steps defined by the timefeagliency window.
If the amplitude of a given visibility is above the median bétamplitudes within
that time and frequency window respectively, then they aggid out. RFI is typ-
ically very narrow band, therefore using a frequency winadwive channels will
remove large amounts of RFI. Flagging the visibilities wdtfferent time windows
is effective in removing RFI of different durations in timEor example, the flag-
gers may struggle to remove RFI that is persistently higiL@mins, when a time
window of five seconds is applied, because no visibilitiesayove the median on
five second timescales. See Figure 6.3 for an example tinseiy@mplitude plot
before and after flagging. For more information about the RBRlagging routines
see Offringa et al. (2010).

Step 2.1 Black Board Selfcal (BBS) calibration

The four brightest sources within the B0329+54 field werenified in the NVSS
and VLSS catalogues and were used as a Local Sky Model (LSkBliiorate the
observations. These sources are indicated with crossegunef6.4. Note, in Fig-
ure 6.4 there is a bright source to the West of the most Ndytleatibrator source;
this was omitted from the sky model as it sits within the simlaels of the Northern
calibrator source 3C84 (which is also the brightest in thid fie40Jy and labelled
‘A). The fluxes of these calibrators, at 150 MHz, were cadtatl based on the spec-
tral index of the sources derived from the 74 MHz (VLSS) antl GHz (NVSS)
fluxes (the sky model was generated by Dr. Jess Broderichhismanalysis). The
spectral indices of the four calibrator sources are: caildsrA =-0.453, calibrator 1
=-0.684, calibrator 2 = -0.830 and calibrator 3 =-0.999. RiAe DEC and spectral
index of the four sources are used by the BBS routines to lkedécaalibration solu-
tions before imaging. In the future, low frequency sky msdeill be derived from
the LOFAR Million Source Sky Survey (M3, rather than interpolating from other
radio catalogues. The MSatalogue will define the Global Sky Model (GSM) in
Figure 6.2. Furthermore, after the first imaging stage, dlcallsky model can be
updated with CLEAN components from the CLEANed imaged, &mnddan be used
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for further self-calibration.

Step 2.2 Subtraction

A further option in BBS is to subtract a number of bright s@sr¢o increase the
dynamic range of the final image. Calibrator source A wasraotsd in all of the
observations.

Step 3. Post calibration flagging

After calibration the data were reflagged to remove calibnaerrors and previ-
ously unremoved erroneous visibilities. A preflag conditicas set on all baselines
so that any flux greater that 250 Jy would be flagged out. A lef/@50 Jy was
chosen because no sources within the field could combinaghroonstructive in-
terference to be above this flux. When testing this routingas found that the
later stages of flagging performed better if this preflag dood was set. After
this preflag condition was applied, the data were then flaggaty timescales of
25 seconds and 2, 4, 6 and 20 minutes. In general, this flagtriategy achieved
good RFI mitigation. See Figure 6.3 for an example flaggedtdbo panel) and
unflagged (top panel) amplitude vs. time plot of one basedken from the obser-
vation L201020673.

Step 4. Imaging

The calibrated visibilities (both subtracted and unsuté@d) were imaged and de-
convolved using the Cimager algorithm. A cell size of 40 s&conds and an image
size of 512 x 512 pixels were chosen to speed up image progessie. A W-
projection term is needed in the deconvolution to accountciosvature over the
large field of view, which slows image processing down coarsitlly. Currently
the SIP produces one image per subband; for each image theibditted by the
Cimager, with a robust parameter set to zero (see Briggs i@#% discussion of
weighing schemes). We also tested manually specifying ¢laenbwithin the imag-
ing steps for each subband. This created unrealistic poinices which proved
problematic for the source extraction algorithms, theeefee continued with al-
lowing the beam to be fitted by the Cimager.

Each image was CLEANed using 200 iterations with a loop g&id.b (using
the Hogbom algorithm; Hogbom 1974). | estimated the nunatb&CLEAN com-
ponents needed usir%}%s = (1— G)Net per source; where G is the loop gals.
is the number of CLEAN components need8&gy is the peak flux of the source,
and the RMS is the noise in the image (Taylor et al., 1999). IBAN the bright-
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Figure 6.3: Top panel: Post calibration unflagged amplitude vs. time fuo

the baseline CS002HBAO - CS003HBAO (y-axis is in Jansky®) pXlarisation is
plotted only. Bottom panel: Flagged amplitude vs. time pktound two hours
into the observation a bright 2000 Jy RFI spike can be seen, lasting around 10
minutes. This is correctly flagged out by firstly applying greflag condition that
removes all visibilities above 250 Jy; and secondly by aipglya time window
that is sensitive to RFI of 10 minutes in duration (and otimaescales). Note, the
brightest source in the field is 40 Jy. Credit: These plots made use of uvplot.py
written by Dr. George Heald.
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est source~ 40 Jy) in one subband (RMS50 mJy) with a loop gain of 0.1, 73
CLEAN iterations would be needed. There are typically faurses per subband
per image (three of which have lower peak fluxes); if they dratad0 Jy, 292
CLEAN components would be needed: therefore 200 CLEAN titena is a rea-
sonable amount.

The final images of each subband produced by the SIP are adetagether
in the image plane, using a weighted average based on the RM&cb image.
Note, the beam size varies for each subband across the leatidevidth. Ideally all
UV data would be combined together before imaging and nfidtjuency synthe-
sis imaging (Sault & Wieringa, 1994) would be used. Howetles, data volumes
are currently too large to implement this. When LOFAR tréoss to producing
images on timescales less thaten seconds, it may be possible to perform multi-
frequency synthesis imaging as the data volumes will betlgresduced. The con-
sequence of having to estimate the beam properties in tHexfieeaged image, has
a knock on effect for effective transient searching. It nzattee Gaussian fits of-
ten erroneous, and yields uncertainties in the positioo@li@acy of the fits. Also,
artifacts and sidelobes that would typically be removedanrimage combined in
theuv plane - by the CLEAN algorithm, are only marginally removadd become
more prominent when the images are averaged together (imdge plane).

6.3 Imaging results and transient search

For all observations reasonable image fidelity was regliaad the sky remained
relatively ‘static’ from image to image i.e. the majority lofight sources detected
in one image, matched the sources in the next (and so on). Widssreassuring
from the point of view of calibration and imaging. Howevesnge bright artifacts
were typically found around brighter sources, perhaps dgnplifications in the
calibration and imaging applied. A typical noise©f15 mJy was achieved (with
all subbands) from observations between August to Oct@her.to more baselines
coming on-line, improved station calibration and 64 chasmper subband a noise
of 3.5 mJy was achieved from the December observation. Htestevel calibra-
tion adds extra stability to the flux scale, and is indepetffem the calibration
applied in the SIP. The RMS values for all images are summaiis Table 6.1. An
example image of the December observation (observation2d1021641) using
all subbands is shown in the top panel of Figure 6.4. The fources used in the
BBS calibration procedure are indicated with crosses (abdlled 1, 2, 3 and A).
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On the bottom panel | show an image of one subband only (suki®@n this image
has an RMS of 83.9 mJy

To assess the stability of the flux calibration from epochpgoah the flux of
the calibrator sources (in the final combined images) werasored. Note, in the
data reduction procedure the brightest source (3C84 Jé&ab@l) is subtracted from
theuv data, | therefore only measure the fluxes of the three rem@icelibrators.
These three sources are labelled 1, 2 and 3 in Figure 6.4.gurd-6.5 | show a
lightcurve of these sources, the grey dotted line denotemnvgtation calibration
was applied to the visibilities. Before station calibratis applied, the calibrator
sources show a large amount of variability; afterwardsaheistill some variation
but it is slightly more prominent for calibrator 3. The indefvariability i, can be
calculated for the three calibrator sources which yield$ibcator 1= 0.11, calibra-
tor 2=0.19 and calibrator 3= 0.14. Note, | only calculate the index of variability
for the fields which have the same pointing centre. The firseokation of this field
(L2010.06928) had the pointing centre placed on calibrator soutCEn& primary
beam attenuation of LOFAR is currently not well characestigherefore a change
in flux would be expected with respect to a shift in the phasgreethus this obser-
vation was omitted from the analysis. The instability in #iesolute flux scale has
implications for effective transient searches. The chandkix of the calibrators
will introduce a variability to all sources in the field, andigt be considered when
searching for transient and variable sources.

The images produced by the SIP (which had the same pointinjejevere
then processed through the LTraP. A source extractiontible®f 5, 10 and 16
was used (in different runs) to locate sources within thegiesa see Chapter 4 for
discussion of the full LTraP procedure. A number of diffiestwere found with
source extraction as the beam properties were not recondéz ifinal combined
FITS headers. | approximated the beam properties by usiagerage semi-major
axis, semi-minor axis and postion angle over the total baditifor each observa-
tion respectively. The Gaussian fits derived from sourceaeiibn occasionally had
unphysically large errors, and integrated fluxes as higl9&gyl This is potentially
a consequence of making approximations of the beam prepedind combining
data in the image plane. It is an ongoing area of active rebearfind the optimum
beam properties, and in general, the best data reductiategyrthat compliments
the source extraction routines.

After processing the images through LTraP, they were fisgi@écted by eye, and
then algorithmically, with respect to the archival WENSSage of the field. The
WENSS survey had an RMS ef 4 mJy at 325 MHz, therefore comparing the LO-
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candidates J0320.3+5512 and J0331.5+5712 which are dextuis this chapter
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Figure 6.5: Lightcurve of the three unsubtracted calibrators (lalelle2 and 3 in
Figure 6.4). The black dashed line indicates when statithration was applied,
which adds extra stability into the flux scale. The indexesavfability for each

source respectively are: calibrator=10.11, calibrator 2= 0.19 and calibrator 3
= 0.14. Before station calibration is applied the indexes ofalality for each

source respectively are: calibrator=10.14, calibrator 2= 0.21 and calibrator 3
= 0.18. After station calibration is applied they are: calibrat = 0.06, calibrator
2 =0.14 and calibrator 3= 0.03

FAR and WENSS images should yield very similar sources (abal0o): some
steep spectrum sources may only be detected in the LOFAResnelgse to the
RMS. In Figure 6.6 | show a comparison between the WENSS arfeAR>sources.
The red circles indicate the locations of the LOFAR sourch&lwwere detected
in more than two epochs, above 5The green circles indicate the WENSS associ-
ations. | have overlayed this comparison on the LOFAR 20&8-03 observation
(L2010.21641); this observation had the greatest dynamic range wbmpared
with the other observations. Some of the weaker sourcessnrtage wereonly
detected in this image (and not the previous images), diretoitange in sensitivity,
so they are not circled in red and green (I set the query tauskaly return source
that were detected in two or more epochs). See Figure 6.hidsdme comparison
but with the 2010-Oct-10 LOFAR observation. The comparisetween the 2010-
Dec-03 observation and WENSS image by eye does show gooemnagne. Using
the LTraP we can produce this type of figure for each imagegssed through the
system for an accurate comparison, and to identify sourbesvare not in the ma-
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Figure 6.6: An image of the 2010-Dec-03 LOFAR observation (L2(A1641).
The red circles show the sources detected in two or more LORAdges, above
50. Green circles denote the WENSS associations. Note, the-Rét-03 LO-
FAR observation had the best dynamic range of all the imabesgfore some of
the sources within this image, are only detected in this emagy (see Figure 6.7
for the same comparison but for a different observation)e 3turces detected is
this image only are not identified on this plot. It is possitdecompare the cata-
logued and LOFAR sources per image, which will be implemaiitethe future.
Two transient candidates are indicated in this image anidowitliscussed in later
sections. Further candidates (indicated with red circldg)aare currently being
investigated.
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Figure 6.7: An image of the 2010-Oct-10 LOFAR observation (L2020851).
The red circles show the sources detected in two or more LORAgges, above
50. Green circles denote the WENSS associations. Less soareaketected in
this image because a smaller number of stations were aleaitabthe the obser-
vation.

jor radio catalogues (including NVSS, VLSS etc). A numbesofirces in Figure
6.6 are only circled in red, indicating that they were onlyedéed in the LOFAR
images and not the WENSS catalogue. A large number of theseesosit on the
edge of the image, these are easily removed using a mardie ialraP, so that 50
pixels around the edge of the entire image are ignored. ThaR_$truggles to fit
elliptical Gaussians at the edge of images because it caimeotly derive some of
the fitting parameters, without the relevant pixels (i.¢ tlo¢ edge of the image).
In Figure 6.8 | show the associated WENSS flux against theageerextracted
LOFAR flux. The red line shows the trend that would be expefttad a one-to-one
agreement between the LOFAR and WENSS fluxes. The dottedibéughows the



134 Chapter 6. Blind searches for transients in LOFAR corsiowsng data

2.0
1.5F b
hd
E 1.0} + " E
X .
3 P
= o0sf + 1
< #ro
o F + +
= oo0f o R .
g ++ 4,+.'f +
8 Eiﬁ 4}* ht . +
¢ 0.5} + o B o + 1
<>( 4 :f}’i p? J:FJFI +jt ty o+
o S ATE,
S . T A t
-1.0f + 1
—1.5F i
295 -15 -1.0 —0.5 0.0 0.5 1.0 1.5

Log Associated WENSS Flux (Jy)

Figure 6.8: Comparison of the catalogued WENSS fluxes with the assakciate
averaged LOFAR source fluxes. The red line shows the treridmbiald be ex-
pected from a one-to-one agreement between the LOFAR and3®8ENxes. The
dotted blue line shows the expected trend from a two-to-dDEAR-to-WENSS
flux relation. The expected increase in flux from 325 to 150 Méiza source
with a = —0.7 is ~ two. A large amount of scatter exists because the LOFAR
fluxes have not been corrected for primary beam attenuatioa change in spec-
tral index between 325 MHz (WENSS) and 150 MHz (LOFAR). InufetLOFAR
operations this type of diagnostic plots can be generattmhetically to search
for variable sources. The sample of sources used to makelttisre shown in
Figure 6.6 with red and green circles.

expected trend from a two-to-one, LOFAR-to-WENSS flux iielat The LOFAR
flux has not been corrected for primary beam attenuationeociiange in flux due
to the spectral index. Both these effects - as well as thertaiotgy in absolute
flux calibration - will introduce a scatter in this plot. Ontlee corrections above
have been implemented within the LTraP, using these plotsanedentify variable
sources with respect to the WENSS and other major radioozatak.

It was noticed that the positional accuracy of the LOFAR sesy with respect
to the WENSS sources, degraded moving away from the poiggnge. This was
more prominent in the early observations, but improved e dbservations from
December (L201@1641) onwards. In Figure 6.9 | show a region to the edge of
the December (L20121641) LOFAR field, with the red crosses indicating the lo-
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Figure 6.9: A ‘zoom in’ to the edge of the LOFAR 2010-Dec-03 observation
(L2010.21641). The red crosses denote the locations of the WENS®esou
Good positional accuracy was found in this case, howevaraihier observations
the positional accuracy degrades moving away from the ipgirtentre.

cations of the WENSS sources. Good positional accuracyedetefor the source
association routines to perform effectively, and reliegond direction dependent
calibration.

To assess the overall variability of all sources within tleddfi | perform a tran-
sient database query which retrieves all sources that hamdex of variability
Vy, > 0. This query will retrieve all sources that are detected amerthan one epoch
i.e. two measurements are needed to calculate the indexiabildy. A total of
153 sources were returned with this query. In Figure 6.1@hentop three panels,

I show the index of variability, as a function of distance from the pointing cen-
tre, source id. number and mean flux, for each extracted sausiog a & source
extraction level. The index of variability shows a slighbadening with respect
to distance from the pointing centre. The index of varis#pitioes seem to have a
dependence on the mean flux of the source, however, this iégbiased because
there are many more weaker sources. Figure 6.10 does iadizta large number
of sources within the field are highly variable. Typically the science presented
in this thesis | considev, > 0.5 to be highly variable (also see Carilli et al. 2003).
On all of the plots in Figure 6.10 | indicate an index of vaiiigpof W, = 0.5 with

a blue line. The index of variability is theoretically dejpemt on the detection level
of the source. The index of variability is defined as:
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Figure 6.10: Top panel: Distance of extracted source(s) from the paintien-
tre against index of variability. The variability of souscappears to get slightly
broader moving away from the pointing centre. Upper middlegh: Source id.
number against variability. The source id. number is thguminumber assigned
to each source entering the database. Some sources do Botdrability mea-
sures because they have already been associated withseuticm the database
from previous images, or they are unique sources for whicim@ex of variabil-
ity cannot be calculated. Lower middle panel: Mean peak fluthe extracted
sources against index of variability. Sources with lowexdkiappear to show a
larger amount of variability. Bottom panel: Mean sourceedtbn level against
index of variability. The black lines show the theoretigadéx of variability based
on the contribution from the noise exclusively.
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Oy
W= = 6.1
S (6.1)

Therefore for aS, = 50 detection, the index of variabilityy, = 0.2. The noise
therefore starts to dominate the index of variability at Idetection levels. On
the bottom panel of Figure 6.10 | plot the mean detectionllevall the extracted
sources against the index variability. | include on thist pihe expected variability
as a function of detection level (black line).

In all cases the large amount of sources with a high indexdlaity is a result
of instability in the absolute flux scale, and hinders eftety detecting highly
variable sources. One source was detected to have a sigtlifitegher index of
variability Vi, = 0.96 , than other sources (see Figure 6.10), but it was founéto b
associated with an artifact close to the edge of the image.

Further investigation into the variability of the sourceshin this field is ongo-
ing. Further work may include refinements in the flaggingibcation and imaging
stages, and also the transient detection algorithms. @tlyrtde instability in abso-
lute flux calibration and difficulty in source fitting impedas effective algorithmic
transient search. However, this work can be used as a benkclamapilot study for
future observations and testing. Despite the technicdlesiges of the algorithmic
transient search, two promising candidate transient ssunere easily detected,
by eye. All LOFAR images from August to October were averatgegther, and
compared with the April and December LOFAR observationd,aso the archival
WENSS image. This gives the best sensitivity to long duratisanges within the
field. These candidates were not intially identified by theaE because the func-
tionality that deals with non-detections was being comiaresd (see Chapter 4 for
discussion of non-detections), but they were subsequdaticted when the index
of variability query was dropped below, = 0.5. | will discuss these candidates in
detail in the following sections.

6.4 Transient Candidate ILT J0320.3+5512

The transient candidate ILT J0320.3+5512 was detectedh$igwes in the observa-
tions from 2010-Aug-13 to 2010-Oct-10, and also once on AW&-19; it wasnot

detected in observations on 2010-Apr-13 nor 2010-Dec-G5e tBe top panel of
Figure 6.11 for the August to October averaged image (wightthnsient on), see
the middle panel for the December observation (transidhtafd see the bottom
panel for a cut out of the WENSS image with the transient aatdiindicated with
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Figure 6.11: Top panel: A zoom in of the transient candid#t& J0320.3+5512
taken from a combined image of all observations from AugogDttober 2010.
Middle panel: The same region taken from the 2010-Dec-02rmvhsion. Bottom
panel: WENSS image of the same region with the transientipnsndicated with
a green cross. The WENSS survey took place between 1991 € 199
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a green cross. From epoch to epoch the fluxes of all sourcasitte field vary,
due to instabilities in the absolute flux calibration - anel Hariations of all sources
seem to be correlated. | correct for this uncertainty anadtia flux change (from
epoch to epoch) by assuming a source near to the transieitibpas constant; |
then apply the fractional change in the flux of this sourcethto candidate tran-
sient (as well as another persistent source). See the tag paRigure 6.12 for
a lightcurve with the corrections applied, see the bottomepéor the uncorrected
lightcurve.

The LTraP does not currently use upper limits to calculageridex of variability.
Thus for the time range August to October - between the tweulipits on Figure
6.12 - the index of variability calculated by the LTraPs= 0.36. The index of
variability calculated by hand for the entire lightcurveneluding upper limits -
isW = 0.61. Hence in previous LTraP searches, where the RMS values mod
correctly handled, the transient nature of the object wascaoectly identified.
Also, as was discussed previously | set a cutgff- 0.5 to define highly variable
sources, which without the RMS measurements this souroelasvb The index of
variability for the two nearby persistent sources are: ipst source 1 = 0.09 and
persistent source 2 = 0.16.

The candidate transient is locatedrat: 03"20M295.115 andd = +55°12108°.92
(J2000). In all the observations | set a pixel size of ,4dnd approximately three
pixels per beam. | therefore set a conservative upper limthe positional uncer-
tainty of 120, Fitting a Gaussian to the transient position in each epuadieq
it is on) yields smaller positional errors. In Figure 6.13ldtghe position of the
Gaussian fits with respect to the mean positioalbthe Gaussian fits, including er-
rors. Figure 6.13 shows that there is a greater systemadticiarthe position, than
the derived error from the individual Gaussian fits. FromuFeg6.13 | therefore
consider a refined positional uncertainty<of30”. | will use both 30 and 120 in
searching for multi-wavelength counterparts.

6.4.1 Multi-wavelength followup and catalogue search

Optical data have been obtained via the Liverpool Telesedbplee position of the
candidate transient source, in thandr filters (i filter = 6930 - 867@,, r filter =
5560 - 689(5\). The observations were obtained on 2011-Jan-14 with gaosxe
time of 25 minutes with each filter (data reduction courteflspro D. Bersier). See
Figure 6.14 for the filter image, with the 120and 30 error circles, the transient
position is indicated with a cross. The field of view of the ¢iigool telescope (LT)
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Figure 6.12: Top panel: Lightcurve ofLT J0320.3+5512 (black line). A cor-
rection has been applied to both the candidate transienparsistent source 2
to account for uncertainty in flux. The peak flux has been usethe plot and
the errors are derived from the local RMS. The WENSS, NVSS\AES upper
limits are plotted at arbitrary times; they all in fact to ggamore than 5 years be-
forehand. Downward arrows denote upper limits from norectéins. The dashed
purple line shows the time of the Liverpool telescope okatgon. Bottom panel:
Lightcurve ofILT J0320.3+5512without the corrections applied.
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Figure 6.13: Plot showing the positional offset of the Gaussian fits (idaig er-
rors), to the transient candidater J0320.3+5512 with respect to mean position
of all the Gaussian fits.

is ~ 2.5 arc-minutes; a number of sources lie within the”18@ror circle of the
transient location; and approximately eight sources liiwithe 30 error circle.

It should be noted that the LT observation was obtained o2@h-14, which
lies between the two LOFAR detections on 2010-Oct-10 and. 20&r-19. Fur-
thermore, the LOFAR observation on 2010-Dec-03 (which @éselin time to the
LT observation) finds the source at its lowest flux. The LOFARtirwavelength
follow-up team have compared the LT image with an archivéicapimage of the
field, from the Isaac Newton Telescope (INT). No new sourceslatected in the
field, and none of the sources show significant variabilitpwver, considering
the timing of the observation the optical emission couldehbeen in a state of
‘low flux’ and was potentially undetectable at the time - asswg that the radio
and optical emission are linked. The four persistent opsioarces within the 30
error circle are currently being investigated further, $oextain if they are possible
transient progenitors. If we assume that no new opticalcgsuinave been detected
within the error circle of the transient position, and thag forogenitor transient
source is not a persistent source in the field: we can set agr lippt of mg=22.1
andm;=21.4 on the optical emission (D. Bersier, private commaiir).

In the radio waveband, a proposal has been submitted foratoadr continuum
observations at 1.4 GHz and 350 MHz with WSRT to search fosdloandidates
with an independent instrument. Note, | have searched th&l8& VLSS and
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Figure 6.14: Optical image of thedLT J0320.3+5512field taken with the Liver-
pool Telescope in theband filter. The red circles indicate the 12inhd 30 error
circle on the location of the transient.

NVSS catalogues and images for a counterpart: none was fainedNASA/IPAC
Extragalactic Database (NED) and SIMBAD databases hawelm#sn searched
for a counterpart: no sources were found within 2 arc-misutethe candidate
transient position. Therefore the following possible omes are expected from
the WSRT observations A.) A radio source is observed withengdositional errors
of the transienabove the WENSS and NVSS flux limit, providing the verification
of the first LOFAR transient via an independent instrument) ABradio source
is observedeow the WENSS and NVSS flux limit, providing a progenitor radio
source (produced via an independent instrument). C.) Nio samlirce is observed
and upper limits on the flux at 1.4 GHz or 350 MHz (or both) carplaeed. In
all cases we regard the 1.4 GHz observations as highertgrlmecause we want
to achieve the best dynamic range possible. If the sourggishsotron in nature,
the increase in dynamic range at 1.4 GHz might be neededdsitgy the peak
of the spectral energy distribution may have shifted to lofkequencies. Having
an additional observation at 350 MHz will allow us to searchd steep spectrum
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(possibly coherent) source, and will also offer a direct parmson with the WENSS
catalogue.

In parallel to requesting observations of ILT J0320.3+554& also requested
observations of a second candidate LOFAR transient ILT 1E3%712 (which
I will discuss in the next section). At the time the obsemasi were requested,
around February this year, ILT J0320.3+5512 was at a low fiategbased on our
latest observation at that time, 2010-Dec-03). The secandidate was still bright
and active in our latest LOFAR observation of the time (2@Ex:-03), therefore,
the TAC decided to prioritise the observations of this seundiith the latest LO-
FAR observations of ILT J0320.3+5512 we will re-requesgearof opportunity
observations of the candidate, and also further LOFAR efasiens to confirm the
result.

6.4.2 ILT J0320.3+5512 Discussion

As LOFAR is in a rapid and critical stage of commissioning weat this result
tentatively. However, as we have multiple detections (amttdetections) at a vari-
ety of hour angles, with different combinations of basdinge believe this result
merited further investigation and followup. If we assume Hource is real and
not a consequence of imaging and calibration errors, thenamerule out certain
progenitor sources.

We can rule out a Gamma Ray Burst (GRB) afterglow (includingpgphaned
event) due to the flux of the candidate transient. One of tightast and nearest
GRBs detected was GRB 03032%-&t0 mJy (4.8 GHz; Berger et al. 2003, van der
Horst et al. 2005), and Z = 0.1685 (Greiner et al. 2003). By afiowy the higher
frequency light curves of GRB 030329, van der Horst et al08®Mave shown that a
peak flux of< 1 mJy would be expected at 325 MHz approximately 600 - 800 days
after the initial burst. Therefore at a flux 8fsqunz ~ 0.2 Jy, ILT J0320.3+5512
appears to be too bright for a GRB afterglow. The NASA Highfggé\strophysics
Archive Research Centre (HEASARC) database was also sshfohhigh energy
counterparts and none were found.

If we consider a Galactic X-ray binary as the possible pradgenve can scale
the average radio flux{ 0.2 Jy), using assumed values in the scaling relationship
between the X-ray and radio luminosity, and mass presentEthapter 3, to find a
predicted X-ray flux. Usingtg = 0.6 logLx +0.78 logM (see Merloni, Heinz, & di
Matteo 2003) with a distance of 10 kpc and a mass &0l find Lx = 1.6x10%8
ergs s1. This is reasonable with respect to the Eddington limit, &esv, such a
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Figure 6.15: Spectral energy distribution of the candidate soulté

J0320.3+5512 The black dotted line shows the best fit to the LOFAR detectio
and Liverpool telescope optical R-band upper limit: whiddlgs a spectral index
of a = —0.71. The blue dotted line shows the best fit to the radio datg alich
yields a spectral index af = —1.4.

bright flux in X-rays should have been easily picked up by ¥X-a# sky monitors,
over such a long duration: therefore an X-ray binary seerfikain

Figure 6.15 shows a preliminary spectral energy distrdmutf this candidate.
The black dotted line shows the best fit to the LOFAR detectind Liverpool
telescope opticdR-band upper limit: which yields a spectral indexaft= —0.71.
In Chapter 3 | used the ratio of the radio flux (at 6 cm), to thecapflux in theB
band, to evaluate the radio loudness parameter of NGC 72ddiofoud AGN are
typically defined as having aR parameter> 10, while radio quite range between
0.1-1 (Kellermann et al., 1989). Using Brband magnitude ahgr = —22.1 (upper
limit), and a average LOFAR flu$;sgunz = 0.2 Jy, | find the ratio of the radio to

optical flux to beR > 57000. In Sikora et al. (2007) and also Broderick & Fender

(2011) AGN have been shown to have an R value of up 0’ (using total radio

power). | have calculated the radio to optical ratio abovegis frequency of
150 MHz; assuming a spectral index@f= —0.71, at 6 cm, the radio flux of the
candidate would b&, =17 mJy, which in turn would yiel®R = 5050. Note, | have
not converted from an R-band flux to a B-band flux so this is anlgstimate. Both
theseR parameter estimates are within the permitted range for A€&aNve cannot
completely rule this scenario out based onRygarameter alone.
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It is however difficult to speculate on an AGN origin when cdesing the upper
limits from the radio data points. The blue dotted line ind¥&6.15 shows the best
fit to the radio data only, which yields a spectral indexrof —1.4. A flat spectrum
would typically be predicted from the jet of an unresolvedMGee Markoff 2010),
therefore this spectral index appears too steep. Thisrgph@utiex should however
be treated with care because the VLSS, WENSS and NVSS mezsuie were
taken at different times. Confirming a higher frequency gachunterpart using
another facility such as WSRT remains a high priority. If ant@rpart was detected,
obtaining follow-up X-ray observations would be a naturaigression, especially if
the radio spectral indexes was in a permitted range for dsgtron type source. If
the radio spectral index was steep, then we may considerteonestar origin. Ofek
et al. (2009) have shown that long duration radio transietibwrsts are predicted
for X-ray dim isolated neutron stars: which have low opteradl X-ray luminosities,
and also steep radio spectral indices. If this is the cadetmge resolution follow-
up would allow us to probe for short RRAT like bursts, or everakradio pulses.

A coherent radio emission would typically produce steespen, high bright-
ness temperature sources. The brightness temperaturebjfeat is defined as:

SiA?
~ 2KgQs
WhereTg is the brightness temperatu®,is flux density,A is the wavelengthKg
is the Boltzmann constant, a2}, is the solid angle of the source. The solid angle
can be approximated using:

Ts (6.2)

Qs~ 0% ~ — (6.3)

Wherer is the size of the source amlis the distance to the source. The size of the
source must be limited by the light travel time ire= ¢ x 1, in a given timescale of
variability 7. This would therefore yield a minimum brightness tempemati:

S/A2D?

T8 2 R0
Substituting in a timescale of variability of 107 days ifee time difference between
the penultimate and final datapoint on Figure 6.12; whiclultesn a change in
flux from 12.3 mJy to 125 mJy: a brightness temperature foruacsoat 10 kpc
would beTg > 2.0 x 10'%K. The inverse Compton catastrophe limit restricts the
brightness temperature of a synchrotron emitting sourdg to 10'2 K, providing
there is no relativistic boosting (Miller-Jones et al., 8D0At 10 kpc this source is at

(6.4)
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that limit, increasing the distance rapidly moves the knglks temperature beyond
the inverse Compton catastrophe limit. Therefore, if there® is synchrotron in
nature, then we can place a limit 8f10 kpc on the distance - which further rules
out an AGN and GRB origin (unless scintillation is a conttibg factor to the
variability). Further observations and analysis will beeded (and is ongoing) to
check the robustness of this result, and to rule out othesiplesprogenitors.

6.5 Transient Candidate ILT J0331.5+5712

This transient candidate was detected in all LOFAR obseEmatfrom 2010-Aug-
13to 2011-Mar-19, butot in the observation from 2010-Apr-09. The total time the
transient has beebserved on is~218 days. See the top panel of Figure 6.16 for the
2010-Apr-09 image of the transient location, see the botianel for the 2010-Dec-
03 LOFAR observation (transient on). The candidate has noteopart in WENSS
(see the bottom panel of Figure 6.16), VLSS and NVSS cata®glhe candidate
transient is located at = 03"31M45°.567 andd = +57°12"45°.56 (J2000). The
candidate reached a peak flux®f~0.5 Jy; note, this value has not been primary
beam corrected. See Figure 6.17 for a light curve of the ciateli A correction
has also been applied to this light curve to account for treerainty in absolute
flux calibration (see previous candidate for details). Ttk of variability for the
transient candidate M, = 0.44 for the entire lightcurve; the index of variability for
a nearby persistent sourceg= 0.29. The transient nature of this object is better
defined by the upper limit in the 2010-04-09 observation,thedipper limits from
the WENSS, VLSS and NVSS catalogues and images.

6.5.1 Multi-wavelength followup and catalogue search

Optical data have been obtained from the Liverpool Telesapthe position of
the transient in the andr filters. See Figure 6.19 for optical image with 120
and 30 error circles on the transient position (data reductionrtesy of Dr. D
Bersier). Similar positional errors were found for this datate as were found
for the previous candidate i.e~ 30 arc-seconds (see Figure 6.18). The optical
images were compared with an archival ILT image of the field tfie LOFAR
multi-wavelength team), for unique sources, and sourcasghowed significant
variability: none was found.

As of March 2011 this candidate had been observered consjsie nine con-
secutive observations; therefore we requested a WSRT flar@gportunity (ToO)
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Figure 6.16: Top panel: A zoom in of the transient candidét& J0331.5+5712
taken from the 2010-Apr-09 observation. Middle panel: Tams region taken
from the 2010-Dec-03 observation. Bottom panel: WENSS #&nafgthe same
region with the transient position indicated with a greevssr
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Figure 6.17: Top panel: Lightcurve ofLT J0331.5+5712(black line). A cor-
rection has been applied to the candidate transient to atdouuncertainty in
flux. The peak flux has been used on the plot and the errors davediéom the
local RMS. The WENSS, NVSS and VLSS upper limits are plottedrhitrary
times. Downward arrows denote upper limits from non-déest Bottom panel:
Lightcurve ofILT J0331.5+5712without the corrections applied.
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Figure 6.18: Plot showing the positional offset of the Gaussian fits (idaig er-
rors), to the transient candidatel J0331.5+5712 with respect to mean position
of all the Gaussian fits. Note, two of the fits failed to produce pms errors,
which is potentially due to estimating the beam volume (afteéng to fit within
MIRIAD produced the error ‘Failed to determine covariancatnix’), this is under
further investigation.

observation. A six hour LOFAR observation was taken on 2BtBt-19 and showed
the transient candidate still on. We obtained one 9.75 h60MN8Hz observation on
2011-Apr-02, and one 8.5 hour observation on 2011-Apr-GB34GHz, both with
WSRT. Figure 6.20 shows the WSRT 1.4 GHz image with the’ @ 30 error
circles, with the transient location indicated with a cr¢data reduction courtesy
of Dr. V. Tudose). There is a source within the 120ror circle, but outside the
30" error circle. This source has a peak flax= 0.76 mJy, which is below the 4
mJy RMS limit of the WENSS survey, we can not therefore conepjerule this
source out as the transient counterpart, however, it isdmutee 30 error circle so
it seems unlikely and the spectral index would be extremelgs

This transient candidate was also observed with the Loe&dstope on both
2011-Apr-02 and 2011-Apr-03 in high time resolution model @FAR tied array
beam was also used to observed the candidate on 2011-Apn@®th cases the
rationale was to search for either single pulses, or segseotpulses. The 350
MHz WSRT observations and the high time resolution obsermatare still yet to
be reduced, however, this work has been suspended for wedsan will discuss
in the next section.
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Figure 6.19: Optical image of thdLT J0331.5+5712field taken with the Liver-
pool Telescope in theband filter. The red circles indicate the 12dnd 30 error
circle on the location of the transient.

6.5.2 ILT J0331.5+5712 Discussion

Around February this year it was considered that ILT J038374.2 was of higher
priority than ILT J0320.3-5512, because in the latest observation - at that time
(2010-Dec-03) - ILT J0320.3+5512 was in a low flux state. €fame the candi-
date ILT J0331.5+5712 was the focus of intense follow-upc&ithat time further
observations have been carried out, the data reductioregoes have been re-
fined, and further algorithms have become available, or lmpnoved upon. ILT
J0331.5+5712 is quite close to the edge of the field8 pixels in a 512x 512
image. The only observation which does not show the traheieris the first 2010-
Apr-09 LOFAR observation. This was the only image in which pinase centre was
different from the other observations: it was centred oibcalor A (3C84). To test
that shifting the phase centre did not affect the detectiemrequested a further
LOFAR observation - taken on 2011-04-03 - which had the plbasére shifted to
the bright source to the South West of J0331.5+5712, seed-gj6. The image
from this observation did not detect ILT J0331.5+5712 dowthe RMS. So either
the transient had significantly dropped in flux since thestat®©FAR observation
- 2011-Mar-19 - when the source was detected, or, it was patignan artifact.
It should be noted that ILT J0331.5+5712 had been detectathandifferent ob-
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Figure 6.20: WSRT 1.4 GHz observation of the candidate transidmnt
J0331.5+5712 with 120’ and 30 error circle on the position. One source is
detected within the 120error circle atS, = 0.76 mJy, however, it is below the
detection threshold of the WENNS survey: therefore it ifi@ift to conclude if it

is a counterpart.

servations with different baseline configurations, déf@rnumbers of channels per
subband, and different hour angles.

Furthermore, the only imaging algorithm that was impleradnh the pipeline
architecture at the time, was the Cimager. The Cimager mae $ieen replaced
by a new imager based on the CASA data reduction package. daltbeated ob-
servations from 2010-Dec-03, which had a detection of IL33105+5712, were
re-imaged with the CASA imager, and the transient sourcensasletected in the
image, see Figure 6.21. However, a few sources close to thestige that were in
the Cimager image had either declined in flux, or were notafeide. One of the
sources that was not detected, had a counterpart in the WEASBgue. Clearly
both imagers are struggling to perform adequately at the efithe field. Currently
we are comparing different calibration and imaging strigegvith both the Cim-
ager and CASA imager, to test the robustness of detectingasstio the edge of
the image. By differencing two images made with each algorjtand comparing
with the WENSS catalogue, we can more easily detect imagtifgcs. More re-
search is needed to ascertain which imager is performingcty, and also if ILT
J0331.5+5712 is real, or just a spurious artifact. It is difi to explain how an
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Figure 6.21: Top panel: A zoom in of the transient candiddt& J0331.5+5712
taken from the 2010-Dec-03 observation produced with thmaQer. Bottom
panel: The same epoch imaged with the CASA imager. The iityessaling
of each image is the same (logarithmic units)

artifact (or error) can manifest itself in the visibilitigsr the image production pro-
cedure, in the same way for so many different observationsieder, LOFAR is in

its infancy so we shouléxpect to find unexpected results. This process of compar-
ing different data reduction strategies, and obtainingeolaions from other radio
telescopes, is therefore extremely important for futurd=AR transient searches
and commissioning.
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6.6 Conclusion and Future Work

In this chapter | have presented the data reduction proeddwreate LOFAR im-
ages. | have also presented the first algorithmic transesarth on wide field LO-
FAR images. There are still many issues to resolve in botbetipeocedures. For
the calibration and imaging algorithms absolute flux calilon must be stable, and
wide field next generation calibration strategies such eection dependent gains
must be applied. The beam properties also need to be betmatérised to pro-
duce good Gaussian fits. Other issues such as band-passittatitand primary
attenuation are still in a state of commissioning and impacthe quality of the
final images.

I have shown in this chapter this it is possible to run the PTaégorithm over a
sequence of LOFAR images, which produces a large numbeartdignt candidates
and statistics. The main bottle-neck is the current qualfithe images, a large ma-
jority of sources within the field show a large index of vairigyy and this impedes
detecting truly variable sources. However, by comparirgithages by eye with
archival images, some interesting candidates have beatifidd. The LTraP will
soon be capable of automatically detecting (and respoithrige type of attributes
that these candidates have i.e. non-LOFAR and archivalocpata detections. The
type of logic, testing and re-reduction of images conduotethe LOFAR commis-
sioning images may have to become more algorithmic. For pla@ni a particular
setting in the calibration or imaging stages is prone to peoty artifacts (in certain
situations), the SIP and LTraP must be capable of alteriagetlsetting to produce
comparison images, to automatically assess the robustheke result. Simply
producing one image and assuming it is always accurate nsait e lots of false
detections. The flexibility of the LOFAR data reduction gystis unique in this
sense; all algorithms within the pipeline operate undestrae architecture. If the
source extraction algorithm detects an intersting sourcan spawn new imaging
tasks to produce subsequentimages with different settimges-task the calibration
and flagging etc.

The B0329+54 field will form one of the zenith monitoring fisJdherefore de-
veloping accurate sky models, and data reduction techsitguessential to com-
mission the radio sky monitor. In future observations wee&grand the B0329+54
field of view, using multiple LOFAR beams, and using the dethsky model for
this field (plus further sky model sources), we can commis#ie radio sky mon-
itor. We can also use these early datasets and analysis aslnt&rk to assess
the long term ¢ year) variability and transient nature of the field. In thigpter |
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have only focussed on producing one combined image from gstad data; it is a
goal to produce images on much shorter timescales (i.e. emund). Dividing the
datasets described in this chapter into smaller chunks esaging could yield
further intersting results, because we would be more seag transients with
that characteristic timescale. A single 12 hour datasetdvoroduce some 43200
one second images, which in turn would place stringent $immit the rates of short
durations transients: if none were detected.

So far ILT J0320.3+5512 remains the most promising candidatl may well
turn out to be the first transient detected with LOFAR, howevenust stand up to
rigorous testing with different algorithms and data reducprocedures. Potentially
many more observations of the B0329+54 field will be obtajaed assuming that
each image holds an equal chance of detection, it shouldfiigpeot be long
before we have the first confirmed LOFAR transient to reportheé final chapter to
this thesis | will comment further on the parameter space ave Iprobed with this
survey, and | will relate this to the potential parametercepather SKA pathfinder
instruments might explore.



| like the dreams of the future better than the history of the
past.

THOMAS JEFFERSON(1743 - 1826)

Conclusion

In this chapter | will present the main findings of this thesiswill also discuss
future work and broader issues pertaining to each chapryere not addressed
in the individual chapter conclusions. | will place the lileaimplications of the
transient searches presented in this thesis into contettt,am emphasis on the
future parameter space SKA pathfinder instruments may explo

7.1 Summary of thesis and future work

In Chapter 3 of this thesis | presented a detailed varigistiandy of the low lumi-

nosity active galactic nuclei NGC 7213. Through this analygxplored the radio
and X-ray correlation using the cross correlation functibrshowed that a weak
but statistically significant delay existed between thea}{-and radio emitting re-
gions. | related this behaviour to that seen in other actaladjic nuclei and black
hole X-ray binaries. | also used the X-ray and radio lumitiesj together with the
black hole mass, to show that NGC 7213 was in good agreem#éntive predicted
correlation found on the fundamental plane of black holéviigt Around three

years of X-ray and radio data was collected to study NGC 72ifs-is one of

the longest campaigns of its type to date. Requesting rdasergations over so

155
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many semesters is difficult and time consuming. X-ray date&weich more easily
obtained with the Rossi X-ray Timing Explorer (RXTE), duetihe observatory’s
flexible scheduling, and willingness to collect long ternagats. Potentially with
‘all sky monitor’ type properties of the next generation adlio telescope, obtaining
large datasets of this type of source (and others) will beceasier. It is a goal for
these wide field facilities to frequently monitor known t) variable sources.

In Chapter 4 of this thesis | presented an overview of thegtype LOFAR
transients detection pipeline (LTraP). | demonstrateddiscussed the main com-
ponents that were used to analyse the datasets presentdthie® 5 and 6. |
discussed the broader functionality of the pipeline thdl s needed for future
operations, and | also presented pitfalls with current apghnes to tackling tran-
sient searches. Future work which is needed (and is cuyranderway) to com-
mission the full pipeline. This includes: development oflily control metrics,
automated classification algorithms, an automated (iaternd external) response
system, more rigorous transient database queries, andi@argfvisualisation sys-
tem to view results.

In Chapter 5 of this thesis | presented an automated VLA dataation pipeline
that was used to flag, calibrate and image VLA data. This in@gipeline was
used to produce images for three different datasets. yitstl datesets containing
the transient detections reported in Bower et al. (2007¢weaged. The properties
of the transient sources, and the light curves, derived fra.TraP were compared
with those reported in Bower et al. (2007). Five out of theesetransient results
were in good agreement with those reported in Bower et al0O{p&nd this work
was an excellent test of the LTraP. Secondly an archival Vafaset containing the
previously unreported outburst of the X-ray bind&wi ft J1753.3-0127, was im-
aged and processed through the LTraP. The results were augaglore the X-ray
to radio correlation; it was found that the source was ledorimminous then pre-
dicted by the relationship derived from the fundamentahelaf black hole activity.
Finally a blind survey for radio transients was conductddgiboth the automated
VLA reduction script and the LTraP, on archival calibratetds. This work placed
upper limits on the snapshot rate of radio transients at Gétpuencies; it also ex-
plored, and made predictions regarding the Log N- Log S ofsient radio sources.
In conjunction with producing early stage science, thiskvontributed to com-
missioning the LOFAR transient detection system. The VLAieee potentially
contains many hours unsearched data, which could contdia teansients. The
imaging algorithms developed for this study could be usddrther interrogate the
archive in the future.
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In Chapter 6 of this thesis | presented the procedure toeigages from raw
LOFAR data, and also a blind transient search using the LMaRy stages of the
image production procedure are in a state of commissiohiogever, it has been
shown that reasonable image fidelity can be achieved, amdigirgy results are ex-
pected in the future. In Chapter 6 | only concentrated on yeod) images with an
integration time of 12 (or 6) hour timescales; future worll wiclude reducing the
integration time to one second, and also developing andemehting & gener-
ation calibration techniques that are specifically tunedransient studies. There
are two key issues which have been addressed in ChapterdlyRivhat are the
ideal parameters to produoee adequate LOFAR image? Secondly, what are the
ideal parameters (and compromises that should be madeptluge asequence
of LOFAR images? So far efforts by other LOFAR imaging consiueers have
mainly focused on producing one image, whereas producingpteuimages (on
short timescales) is clearly a top priority for the Transsekey Project. The tran-
sient search using LTraP reflects the current quality of LREata. Until adequate
flux calibration is achieved, analysis of the variabilitysolurces within this field is
restricted. In this chapter | have however demonstratedtieainfrastructure and
algorithms are available to do this. Although the flux caltion is unstable, this
survey is still sensitive to unique sources not observedenipus images or radio
catalogues. | have presented two LOFAR transient candipat@ch meet this cri-
teria. In the next section, as a conclusion to this thesisl| explore the parameter
space we have probed with this prototype LOFAR survey, arat wéin potentially
be achieved in the future. | will also present the parameiaces that other SKA
pathfinder facilities may explore.

7.2 Exploring SKA pathfinder parameter space

In this thesis | have presented two transient surveys, oimg aschival VLA data,
and the second using LOFAR commissioning data. Both of tiseseeys have
started to probe the parameter space where large transigmtespopulations may
be abundant. In Figure 7.1 | show a reduced version of the fansitly versus
snapshot rate plot (see Chapter 5, Figure 5.12). In thisdigptot only the blind
transient surveys which have detected transient or variaburces; for clarity |
include the Lazio et al. (2010) and Bell et al. (2011) upperitk. | also include
the derived least-squares best fit to the Bower et al. (208i8ctions of 1 week
duration (thin black line). The best fit yields a logarithmgiadient ofm= —1.51,
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which is consistent with a uniformly distributed source pigpion in a Euclidean
volume of space (i.e. gradient of -3/2).

In Figure 7.1 the vertical dashed lines represent the RMSenfn a 12 hour
observation) for a number of SKA pathfinder instruments. dtveesponding hor-
izontal lines represent theo2upper limit on the snapshot rate, derived from 10
epochs of data with each instrument respectively. For tha BKase 2 | adopt the
values quoted in Carilli & Rawlings (2004); for a frequendylod GHz, an RMS
of 37 nJy, and a Field of View (FoV) of 1 dégg realised. For a frequency of 200
MHz (c.f. LOFAR), an RMS of 0.44Jy, and a FoV 0£-200 ded is realised. The
APERTIF upgrade to WSRT and the ASKAP telescope achieve idesisensitivity
of ~ 10 uJy (at 1.4 GHz) in a 12 hour observation, however ASKAP wilage a
FoV of 30 ded, compared to 8 dégfor APERTIF (see Oosterloo et al. 2010 and
Johnston et al. 2007 for further details). The MeerKAT tetge is designed for
high dynamic range imaging, and will achieve an RMS-df.8 uJy in 12 hours,
with a FoV of~1 ded at 1.4 GHz.

Figure 7.1 also shows the current sensitivibdQ0 mJy) of the LOFAR commis-
sioning observations (labelled ‘LOFAR (HBA) 2011’), anckthotential full array
sensitivity (31uJy, see Table 1.1), both values assume a 12 hour integratid®a
MHz and 10 repeat visits to the same field. A greater FoV canche=eed with
LOFAR by using multiple beams to tile up a larger FoV, howetl@s comes with
a trade off of sensitivity. Assuming that the transient dapan detected by Bower
et al. (2007) are in some way representative of the globaljadipn; by either im-
proving the sensitivity (which pushes the detection linmtiigure 7.1 to the left);
or by imaging larger FoVs (which pushes the horizontal snajpsite limit down),
the transient population can be efficiently explored. Natefigure 7.1 | do not
correct for any spectral index effects, with respect to thdz@nd MHz surveys
and predictions. As discussed in Chapter 1, an order maimincrease in flux
from 1.4 GHz to 150 MHz would be expected for a source with —0.7. This in
turn would shift the Log N - Log S of the Bower et al. (2007) GHztettions to
the right. This is probably an over-simplification, howeveshould be considered
when plotting fluxes and snapshot rates derived at two @ifiifrequencies.

In Figure 7.1 | have also included the snapshot rate derinad éne LOFAR
candidate transient (ILT J0320.3+5512) in the 10 epochesurWMore work re-
mains to ascertain the robustness of this result, it doegbhemindicate the region
of parameter space we have probed. The current sensitivitbbleacommissioning
observations needs to improve to adequately explore troigbeel population. In
Chapter 5 and 6 | discussed the possibility of detectingfargiice between a GHz
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Figure 7.1: Log of the Snapshot rate (def) against log of the flux density (Jy)
of detections of transients (labelled ‘T"), detections afigble sources (labelled
‘V’) and upper limits based on non-detections (labelledwdbwnward arrows).
The Bower et al. (2007) 1 week limits are indicated as B200he least squared
best fit to the Bower et al. (2007) 1 week detections are inelitevith a thin black
line. Ban201Y and Ban2011 indicates the separate rates derived for variables
and transients reported in Bannister et al. (2011). Bell’Gihdicates the @
upper limits derived from the VLA transient study. See Ckaptfor details and
description of other surveys. The dashed lines represergahsitivity (vertical),
and 2 upper limits on the snapshot rate (horizontal), derivecdfoumber of SKA
pathfinder instruments, assuming zero detections in 10hspafcdata.
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Figure 7.2: Field of view (deg) against 1 day sensitivityudy - right axis) for
current facilities (small circles) and new facilities @arcircles). The solid lines
corresponds to constant numbers of detected transiestenagy a homogeneous
Euclidean population (i.ec [OFoV—2/3). Figure courtesy of R. Fender.

and MHz population of transients. The limits provided bystburvey currently do
not adequately explore the region of parameter space neededn solid conclu-
sions. The predicted full sensitivity of LOFAR (labelledOEAR (HBA) Full’),
with only 10 epochs, separated by a week in time, should geosidefinitive an-
swer.

The field of view and sensitivity of current and future radeéescopes is sum-
marised in Figure 7.2 (courtesy of R. Fender). ConsidelregRoV advantage of
ASKAP, when compared with MeerKAT, it might be predictedtthavould yield
greater transient detections. Based on the current Log N3, @t each of the tele-
scopes sensitivity limits respectively, MeerKAT will indiadetect greater numbers
of transient sources (although this prediction is basechercurrent performance
parameters of the telescopes, which could change). Thieyietd is however de-
pendent on the integral under the Log N - Log S slope, for agargource flux
densities (see Figure 7.1). Included in Figure 7.2 are limegEh correspond to
constant numbers of detected transients assuming a hoemgeEuclidean pop-
ulation i.e. o OFoV~2/3, From this figure it can be seen that ASKAP will yield
a larger total number of transient sources (MeerKAT will leoer observe deeper
which will potentially sample a different populations ofusoes).
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Taking the Bower et al. (2007) best fit and extrapolating fitbie SKA Phase
2 (Mid) sensitivity limit, assuming a @ detection is needed, a snapshot rate of
9.7x10° deg 2 with a total yield of 9.% 10’ yr~1 is predicted. | also summarise
the predicted snapshot rates, rates per year and the tekdlfgr other instruments
in Table 7.1. The predictions are extremely speculativeiatiee true nature of the
transient population, however, evenifthe Log N - Log S is leteep, large numbers
of transient detections are still expected.

The examples above have assumed that only ten repeat vesibtined of the
same field. Using the proposed APERTIF surfeys an example, | can calculate
how many repeat visits we could expect from a commensal guiiee APERTIF
surveys will last for a period of-five years and will tackle a number of scientific
goals. The proposed surveys fall into the following thretegaries:

e Shallow
(1 x 12 hours)x 1250 fields.
Total: 10,000 defrevisited once.

e Medium deep
(10x 12 hours)x 125 fields.
(12x 12 hours)x 5 fields.
Total: 1000 dedrevisited 10 times.

e Deep
(100x 12 hours)x 5 fields.
Total: 40 ded revisited 100 times.
(500x 12 hours)x 1 fields.
Total: 8 ded revisited 500 times.

The shallow continuum survey represents (near) all sky lidont hemisphere
coverage to a sensitivity of 10uJy. This survey will provide one of the deepest
radio catalogues of the Northern sky at 1.4 GHz and can be amdpwith exist-
ing radio catalogues to identify transient radio sourcesteNa number of other
projects are proposing all sky surveys, such as pulsars &nabiwever these will
be conducted commensally (i.e. Pulsar and HI data can benedtaimultaneously
with continuum data). The deep surveys offer the largesthmirof repeat obser-
vations of the same field, potentially 500 revisits. In Fegurl, | include the limit
on the snapshot rate that would be found from 500 repeas\isithe same field

Ihttp://www.astron.nl/radio-observatory/apertif-@distracts-and-contact-information
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Table 7.1: Predicted rates of radio transients for SKA pathfinder imants (as-
suming a 12 hour synthesis for each instrument respeclivehe calculations are
based on the Log N - Log S of the Bower et al. (2007) detectians8GHz.
The snapshot rate column shows the rate extrapolated tastlietection limit of
each instrument respectively (NB, per @egrhe Bower et al. (2007) survey had
a cadence of-one week, therefore the rate per year column shows the expect
rate of transients in 52 weeks of observing. Note, this isveefdimit because
the characteristic timescale of the Bower et al. (2007)sigaris were between 20
minutes and one week, | also do not consider any recurrenicarigient activity.
The yield columns give the number of transients expecteddoh instrument over
the instrument’s FoV. The LOFAR rates do not take into actaay spectral index
considerations. Therefore, assuming a spectral index=e®.7 (synchrotron) and
a=-2 (coherent) | show the corrected rates based on thesgapadexes.

Instrument Snapshot rat¢ Rate per year Yield

(deg?) (deg?yr ) | (yrh)
SKA Phase 2 (Mid) 9.7x10° 5.0x 10’ 5.0x 10’
SKA Phase 2 (Low) 6.7x10° 3.5x10° 7.0x 10’
MeerkK AT 6.9x 107 3.6x10% 3.6x10%
WSRT + APERTIF 5.0x10! 2.6x10° 2.0x10%
ASKAP 5.0x10! 2.6x10° 7.8x10%
LOFAR (HBA) Full 9.8 5.0x 107 1.2x10*
ATCA 1.5x107 7.6x10° 5.3x 107
EVLA 5.9x 107 3.0x10* 2.1x10°
GMRT 2.7x 10 1.4x10° 1.4x10%
ATA 4.8 2.3x 107 5.7x 107
LOFAR (HBA) Full (a=-0.7)| 1.0x10? 5.3x10° 1.3x10°
LOFAR (HBA) Full (a=-2) 8.9x10° 4.6x10° 1.2x10°
SKA Phase 2 (Low)§=-0.7) | 5.5x10% 2.8x10° 5.7x10°
SKA Phase 2 (Low}{=-2) 2.4x10° 1.2x108 | 2.5x101°

(labelled ‘WSRT + APERTIF (500 Epochs)’). This offers apgroately an order
of magnitude improvement on the snapshot rate, assumimgnsiént are detected.
Different images could also be averaged together from tle@ émd medium sur-
veys to improve the sensitivity.

More work is needed to fully characterise the Log N - Log S. A fwiority
should be cadence, the Log N - Log S should evolve to incotpdhe character-
istic timescale of transient behaviour i.e. Log N - Log S - LtogFurthermore,
this parameter space (including cadence) should be cleaissed at a number of
different radio frequencies, and also in different direct. For example, in the di-
rection of the Galactic plane, variable radio sources maynbee abundant. In a
given extragalactic direction, interstellar scintil@tiimay be more prominent (due
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Figure 7.3: An example Log N - Log S - Log t showing a simplification of three
known transient source populations. By probing the Log N g [S- Log t we
can examine the abundance of transient source populatimh&lzether they exist
within discrete regions within this parameter space. Asent we are collapsing
and merging together different populations.

to increased electron content), and will also potentiatigréase short timescale
variability at low frequencies (e.g. see Hunstead 1972ndy also be interesting
to compare (or even normalise) the transient source Log Ny-3,awith the known
radio source Log N - Log S. For example, Windhorst et al. ()9&&ve shown that
above~ 1 mJy source populations are dominated by active galactienelow
this star-forming galaxies are thought to dominate (algo&eorgakakis et al. 1999
and Carilli et al. 2003).

In Figure 7.3 | show a toy model of the Log N - Log S - Log t whicleludes
three examples of known transient sources. In this exampl@eting black holes
populate a region of moderate to long duration transiemtigcf ~months to years)
with a broad range of fluxes, spanning eight orders of madaitirlare stars will
potentially populate a region much more constrained in tieethe typical flare
times are minutes only, with fluxes from mJy to Jy (see ChapieFlare stars are
probably less abundant than AGN, which is represented oplttteExtremely rare
events such as the Lorimer et al. (2007) burst would popalaggion of timescales
~milli-seconds, with extremely bright fluxes30 Jy.

In reality the boundaries between the different known tiertssource popula-
tions may not be so discrete and a variety of transient behgvboth in timescale
and flux, may blur them together (i.e. this figure is just fonogptual purposes
only). | have also not included any considerations of a hagnegus extragalactic
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of galactic normalisation to this plot, which will poteritiaimpact further on the
appearance of the populations.

Large amounts of parameter space clearly remain unchattedjossible that
there are possibly rare, or even fairly abundant, transieatce populations which
populate discrete regions of the Log N - Log S- Log t (c.f. typesupernovae in
the optical), which have so far gone undetected. With thécdéedd and commensal
transient surveys of the next generation of radio telesbegeming available soon,
we are on the cusp of characterising the Log N - Log S - Log t. ARRill soon
start to impact on the exploration of this parameter spadevafrequencies, and
potentially other SKA pathfinder instruments will soon star explore different
facets of the Log N-Log S - Log t.

7.3 A final remark

The process of aperture synthesis is heavily - or even cdsaiple dependent on
computers and algorithms to produce images. The human syistarically been

a key tool in interpreting astronomical images. The defirchgracteristic of the
next generation of radio telescope, and transient radensei in the future, will
predominantly be theomplete removal of the astronomer from the imaging, detec-
tion, classification and alert system. The algorithms theate this ‘system’ will
however have to mimic some of the complex cababilities offthenan brain and
eye. The brains ability to logically interpret the scietgignificance of pixelsin an
image, whilst considering a broad wealth of astronomictrimation is currently
unsurpassed. At least for the not too distant future anyway.
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Research is what I'm doing when | don’t know what I'm
doing.

WERNHER VONBRAUN (1835 — 1910)

Example Parsets

Initial Flagging and Compression Parset

uselogger = True

msin.startchan = 3

msin.nchan = 58

msin.datacolumn = DATA # is the default

msout.datacolumn = DATA # is the default

steps = [preflag,flagl,avgl,flag2,avg2,flag3,count]
preflag.type = preflagger # This step will flag the autocotiathes.
preflag.corrtype = auto

flagl.type = madflagger

flagl.threshold = 4

flagl.freqwindow = 5

flagl.timewindow =5

flagl.correlations = [0,3] # only flag on XX and YY

avgl.type = squash
avgl.freqstep = 58 # it compresses the data by a factor of Bédnency
avgl.timestep = 1 # is the default

167



168 Appendix A. Example Parsets

flag2.type = madflagger
flag2.threshold = 3
flag2.timewindow = 51

avg2.type = squash
avg2.timestep =5 # it compresses the data by a factor of fia ti

flag3.type = madflagger
flag3.threshold = 3
flag3.timewindow = 241

count.type = counter
count.showfullyflagged = True

Four Source Sky Model

# (Name, Type, Ra, Dec, |, Q, U, V, ReferenceFrequency=0Qe6’,
SpectralindexDegree="0’, Spectralindex:0="0.0’, Spalthdex:1="0.0’, MajorAxis,
MinorAxis, Orientation) = format

B0323.5+5510, POINT, 03:27:19.25, +55.20.29.0, 40.10, 0, , 1, -0.453, 0
B0326.1+5322, POINT, 03:29:52.16, +53.32.34.4, 14.89, 0, , 1, -0.684, 0
B0332.6+5328, POINT, 03:36:28.04, +53.38.51.6, 12.60, 0, , 1, -0.830, 0
J0328+5509, POINT, 03:28:11.74, +55.09.12.9, 13.27, 0, 01, -0.999, 0

BBS Calibration Parset
Strategy.InputColumn = DATA
Strategy.TimeRange = ]
Strategy.Baselines = *&
Strategy.ChunkSize = 0
Strategy.UseSolver = F

Strategy.Steps = [solve, subtract, correct]

Step.solve.Operation = SOLVE

Step.solve.Model.Sources = [B0323.5+5510, B0326.1+580232.6+5328]
Step.solve.Model.Bandpass.Enable = F

Step.solve.Model.Gain.Enable =T
Step.solve.Model.DirectionalGain.Enable = F
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Step.solve.Model.Beam.Enable = F
Step.solve.Model.lonosphere.Enable = F
Step.solve.Model.Cache.Enable =T
Step.solve.Solve.Parms = ["Gain:0:0:*","Gain:1:1:*"]
Step.solve.Solve.ExclParms =]
Step.solve.Solve.CalibrationGroups =[]
Step.solve.Solve.CellSize.Freq=0
Step.solve.Solve.CellSize.Time =1
Step.solve.Solve.CellChunkSize = 10
Step.solve.Solve.Options.Maxlter = 20
Step.solve.Solve.Options.EpsValue = 1e-9
Step.solve.Solve.Options.EpsDerivative = 1e-9
Step.solve.Solve.Options.ColFactor = 1e-9
Step.solve.Solve.Options.LMFactor = 1.0
Step.solve.Solve.Options.BalancedEqs = F
Step.solve.Solve.Options.UseSVD = T

Step.subtract.Operation = SUBTRACT

Step.subtract.Model.Sources = [B0323.5+5510]
Step.subtract.Model.Gain.Enable =T

Step.correct.Operation = CORRECT

Step.correct.Model.Sources = [B0323.5+5510, B0326.225B0332.6+5328]
Step.correct.Model.Gain.Enable =T

Step.correct.Output.Column = CORRECTHEIATA

Post-BBS Flagging Parset

msin.startchan =0

msin.nchan =1

msin.datacolumn = CORRECTEDATA
msout.datacolumn = CORRECTEDATA

steps = [preflag,preflag2,preflag3,flag3,flag4,flag5,flaa/il

preflag.type=preflagger
preflag.corrtype=cross
preflag.amplmax=250
preflag.baseline=[ [CS*,CS*] ]
preflag2.type=preflagger
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preflag2.corrtype=cross
preflag2.amplmax=250
preflag2.baseline=[ [CS*,RS*] ]
preflag3.type=preflagger
preflag3.corrtype=cross
preflag3.amplmax=250
preflag3.baseline=[ [RS*,RS*] ]

flag3.type=madflagger
flag3.threshold=4
flag3.timewindow=5
flag3.correlations=[0,3]
flag4.type=madflagger
flag4.threshold=3
flag4.timewindow=25
flag5.type=madflagger
flag5.threshold=3
flag5.timewindow=51
flag6.type=madflagger
flag6.threshold=3
flag6.timewindow=71
flag7.type=madflagger
flag7.threshold=3
flag7.timewindow=241

Imaging Parset
Cimager.Images.Names=ima@éean
Cimager.Images.cellsize=[40arcsec,40arcsec]
Cimager.Images.imag€lean.nchan=1
Cimager.Images.imag€lean.polarisation="I’
Cimager.Images.shape=[512,512]
Cimager.datacolumn=CORRECTHDATA
Cimager.gridder=WProject
Cimager.gridder.WProject.cutoff=0.001
Cimager.gridder.WProject.limitsupport=0
Cimager.gridder.WProject.maxsupport=800
Cimager.gridder.WProject.nfacets=1
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Cimager.gridder.WProject.nwplanes=257
Cimager.gridder.WProject.oversample=1
Cimager.gridder.WProject.wmax=15000
Cimager.gridder.padding=1
Cimager.ncycles=1
Cimager.restore=True
Cimager.restore.beam=fit
Cimager.solver=Clean
Cimager.solver.Clean.algorithm=Hogbom
Cimager.solver.Clean.gain=0.1
Cimager.solver.Clean.niter=200
Cimager.solver.Clean.scales=[0, 3]
Cimager.solver.Clean.verbose=True
Cimager.preconditioner.Names=Robust

Cimager.preconditioner.Robust.robustness=0.0
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