HJNIVERSITY OF

Southampton

University of Southampton Research Repository

ePrints Soton

Copyright © and Moral Rights for this thesis are retained by the author and/or other
copyright owners. A copy can be downloaded for personal non-commercial
research or study, without prior permission or charge. This thesis cannot be
reproduced or quoted extensively from without first obtaining permission in writing
from the copyright holder/s. The content must not be changed in any way or sold
commercially in any format or medium without the formal permission of the
copyright holders.

When referring to this work, full bibliographic details including the author, title,
awarding institution and date of the thesis must be given e.g.

AUTHOR (year of submission) "Full thesis title", University of Southampton, name
of the University School or Department, PhD Thesis, pagination

http://eprints.soton.ac.uk



http://eprints.soton.ac.uk/

UNIVERSITY OF SOUTHAMPTON
FACULTY OF PHYSICAL AND APPLIED SCIENCES
PHYSICS AND ASTRONOMY

Observations of X-ray binaries using
the Australia Telescope Compact
Array - Compact Array Broadband
Backend

by
Daniel Emilio Calvelo Santos

Thesis for the degree of Doctor of Philosophy
July 9, 2012






UNIVERSITY OF SOUTHAMPTON
ABSTRACT
FACULTY OF PHYSICAL AND APPLIED SCIENCES
PHYSICS AND ASTRONOMY

Doctor of Philosophy

OBSERVATIONS OF X-RAY BINARIES USING THE AUSTRALIAN
TELESCOPE COMPACT ARRAY - COMPACT ARRAY BROADBAND
BACKEND

by Daniel Emilio Calvelo Santos

The exploration of radio emission from the relativisticgetf X-ray binaries has
become key to understanding accretion onto compact objdptgrades to existing
radio telescope arrays have improved the ability of thesguments to detect faint
sources and their unique behaviours. In this thesis | addhesuse of one such in-
strument in observing several X-ray binary systems: thetralia Telescope Com-
pact Array - Compact Array Broadband Backend (ATCA-CABBIysHy, a study

of the adverse effects that may arise when imaging spectratiable sources us-
ing broad bandwidths, with emphasis on ATCA-CABB. Images@moduced from

model data and examined to find any false structures. | theouds complications
that such features may cause when attempting to intergakstreicture in images.

Secondly, the results of attempts to observe the black hatgybinaries, GRO
J1655-40 and XTE J1550-564, in quiescence with ATCA-CABBmesented. Up-
per limits from the non-detection of these sources are usexploring the lower
luminosity region of the radio/X-ray correlation for hartate black hole X-ray bi-
naries and the implications of “universal” scatter is dissed.

Thirdly, a 16 day campaign observing the radio emission efrtutron star X-
ray binary Circinus X-1 over a complete orbit during an higtally faint state is
presented. Variability in the source is examined and cteckitnages are compared
with archival maps in order to find any differences. | discossfindings in terms
of secular changes in jet geometry and behaviour.

Finally, the first successful millimetre detections of meatstar X-ray binaries
Circinus X-1 and Scorpius X-1 are presented. Sub-arcsemarstructure in Circi-
nus X-1 is compared to the existing centimetre maps, progiddditional support
for theories proposed earlier in the thesis. The radio to ecsum of both sources
Is estimated and discussed.

This thesis concludes with a description of the broader ttgaf the above
projects, as well as possibilities for future research icheféeld.
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The most beautiful thing we can experience is the mys-
terious. Itis the source of all true art and all science. He
to whom this emotion is a stranger, who can no longer
pause to wonder and stand rapt in awe, is as good as
dead: his eyes are closed.

ALBERT EINSTEIN (1879 - 1955)

“There are two kinds of people in the universe, Molly,” |
said. “Star Trek fans and Star Wars fans. This is shock-
ing.”

She sniffed. “This is the post-nerd-closet world, Harry.
It's okay to like both.”

“Blasphemy and lies,” | said.

HARRY DRESDEN GHOST STORY






So Einstein was wrong when he said, "God does not play
dice.” Consideration of black holes suggests, not only that
God does play dice, but that he sometimes confuses us by
throwing them where they can't be seen.

STEPHENHAWKING (1942 — PRESENT)

Introduction

1.1 A brief history of radio astronomy

On first inspection, as the lowest energy end of the electgomigc spectrum, ra-
dio waves might inspire little excitement (I distinctly rember my undergrad self
thinking along the lines of “X-ray astronomy sounds bettgrhowever, they have
not only radically affected human society over the yearsastrophysics (especially
the high energy domain) as well. Given the importance of,thnd rapid spread of
the use of radio waves in wireless communications duringetimty 20th century,
it was only a matter of time before someone noticed that thhEbe it a thun-
derstorm or the BBC, wasn’t the only source of radio noisehm tiniverse. The
unexpected discovery was made by Karl Guthe Jansky who, adia engineer,
was interested in finding sources of static that could ieterfvith communications,
and after eliminating several terrestrial signals evelhtaetermined the remaining
background hiss was coming from our own Milky Way. Though aélseronomical
community was slow to pick up on this revelation, the casaafddiscoveries that
followed once we really started looking at the radio sky hawee and again rede-
fined our understanding of the universe. These have inclgdadars (though their
nature was confirmed with optical spectroscopy: Schmidt319Bke 1963), the
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detection of the first neutron stars (pulsars: Hewish & Okb965, Hewishet al.
1968), and the Cosmic microwave background (CMB; many pigebed to bring
us this information; Penzias & Wilson 1965), the latter twouwbich led to a Nobel
Prize.

The instruments and methods that have been employed td tiegegide variety
of radio signals from these sources have evolved significaimce Karl Jansky’s
discovery (See Figure 1.1), often presenting great degighenges given the large
wavelengths involved. Using simple principles (angulaotation6 ~ A/D where
A is the wavelength of observed electromagnetic radiatiah@ns a telescope’s
diameter), one can quickly grasp the difficulty involved itteenpting to observe
the radio sky. For example, the 14.6m wavelengths detegtéthd Jansky would
require a telescope on the scale~df00km in order to create images with the same
resolution as human sight(1 arc-minute). Obviously, endeavours of such massive
scales are beyond us, but it has not prevented us from ohgeasibest we can, and
devising innovative solutions to the resolution problensidgle parabolic dish can
only become so large before weight becomes a severe issugtjmg in deforma-
tion over long periods, or even total structural failure andxtreme conditions (e.g.
the collapse of the Green Bank Telescope in 1988), althduglAtecibo telescope
avoids this by setting the reflecting surface in a sink hade (Sigure 1.1, panel 2).
Even overcoming this, single aperture systems will alwayffes from significant
diffraction effects.

The solution to this is the use of multiple smaller antenn@ead over a large
area whose detected signals can be combined via interfénpitoeform a virtual
telescope many times larger than any single dish. In suclemasio the group of
dishes cover a smaller surface area (determined by the nuanblesize of the in-
dividual dishes) compared to a filled dish and thus have arowerall sensitivity;
however, this is outweighed by the significant boost to resah determined by the
longest distance (‘baseline’ length) between any two ardenThis method, known
as ‘aperture synthesis’ is described in Ryle & Hewish (1968¢cussed in the fol-
lowing section) and has led to the development of a large runmwitradio telescope
arrays whose antennae vary in size and arrangement, yaaiiffierent capabilities.
The earliest interferometers used only two dipole anteraresgys (e.g. Ryle and
Vonberg's interferometer built in 1946) with fixed positeand which relied on the
rotation of the earth to allow for scanning of the sky. But asdware improved
(e.g. motorised dishes) and computers became availablangulate and analyse
received signals, interferometers with larger numbergeémble parabolic dishes
were constructed that could not only track sources acrasshii, but by exploit-
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Figure 1.1: Radio telescopes of the past, present and future. From fheawn,
first panel: Jansky’s ‘merry-go-round’, a turntable mouhémtenna with a diam-
eter of approximately 30m that was originally located atlBelephone Labora-
tories in New Jersey, USA. Second panel. The Arecibo Obsamyathe largest
single filled focusing dish on Earth with a diameter of 305tnated near Arecibo
city, Puerto Rico. Third panel: The Australia Telescope @ant Array (ATCA)
which is made up of six 25m dishes (the sixth is fixed severaimetres from
the five shown) which can have a maximum baseline of 6km, éalcat Narrabri,
Australia. Final panel: An artist’s depiction of the Squiieometre Array (SKA)
which could be made of thousands of small parabolic dishesdmpver thousands
of kilometres (the name itself refers to the array’s progosellecting area) to be
split between Australia, New Zealand and South Africa.
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ing the earth’s rotation could fill out a larger synthesispéréure as the relative
positions of baselines changed over 12 hours. Some of ther lkeiown examples
include the Very Large Array (VLA; 27 25m dishes in a symmetric 3 arm pat-
tern) in New Mexico, USA (Thompsoet al. 1980), the Giant Metre-wave Radio
Telescope (GMRT; 3k 42m dishes, some in 3 arms with the remainder arranged
randomly over 1krf) near Pune, India (Swarugt al. 1991), and the Australian
Telescope Compact Array (ATCA; & 22m dishes on an east-west track with an
optional short northern spur, picture in panel 3 of Figur®) in Narrabri, Australia
(Frater, Brooks & Whiteoak 1992). In the case of the VLA and2; a large por-
tion of the dishes actually lie on rails that allow them to kpasitioned in order
to alter the capabilities of the array. Each of these telesssemains in use today,
with both the ATCA and VLA having been recently upgraded tanten their use-
fulness for years to come (see section 1.3 for details speoifATCA). It is also
possible to utilise a number of facilities spread acrosgtbke in unison to produce
images with resolutions down to milli-arcseconds, effeadii taking the application
of interferometry a step further (Very long Baseline Inegdmetry: VLBI), but re-
quiring very precise 3-dimensional antennae positionstanohg information to
succeed.

Future radio telescope arrays will attempt to incorporaie best features of
many that have come before while continuing to push the $imitsensitivity that
can be achieved from the ground. The Low Frequency Array ARFde Vos,
Gunst & Nijboer 2009) for example, is a ‘phased array’ cutiygnompleting com-
missioning which consists of many thousands (on the orderXd000) of cheap
dipole antennae spread over several stations across E(stpen baselines of
100m, inter-station baselines from 100m to 1000s of km).ol&ip, unlike dishes,
have the advantage of being omni-directional (i.e. sesmsit the entire sky) at the
cost of significantly reduced sensitivity; however, themglicity makes them far
cheaper and thus can be included in very large numbers to oaka this reduc-
tion. With the aid of computers the signals from these dipaan be modified in
such a way that the array’s ‘beam’ can be altered to targétrdiit areas of the
sky without motorised detectors, and the software evemwallior multiple beams
which can be tiled to expand the observation area, or staitkedprove sensitiv-
ity over a smaller region. The planned Square Kilometre YA(lBKA, named for
its potential collecting area and featured in the bottomepaih Figure 1.1; Taylor
2008) to be constructed as seperate components in Soutapftustralia and New
Zealand, will consist of tens of thousands of dipoles andishods of small dishes
effectively spanning an entire host continent (baselin@)00km). This will be the
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most sensitive radio telescope to date, combining the ddgar of dish and phased
dipole arrays, as well as providing high resolutions fronngle unified instrument.

Over the following sections | will briefly cover the basic rhammatical princi-
ples in aperture synthesis that will aid in understandirggrttajority of the science
covered in this thesis. | will go on to further describe ATCAdaits subsequent
upgrade via the Compact Array Broadband Backend (CABB; a¥ikst al. 2011)
as it was used to gather all the new radio astronomical dad usthe included
scientific work, as well as briefly explaining how these upigsihave improved the
telescope’s capabilities, but at a cost of generating nellpms concerning obser-
vations of variable radio sources (discussed further ingBdra3). This final topic
is directly related to much of the material in this thesisthat X-ray binaries are
inherently variable sources and their observation hasiredjthat | tackle the prob-
lem as best | can in order to get the most out of my data, andedeseful scientific
results.

1.2 Radio interferometry and aperture synthesis

Unlike the majority of telescopes, radio interferometersdt detect the sky bright-
ness distribution directly. Instead, antennae from eadelbee pair detect a radio
signal which is transferred to a central receiver to be comdj after correction for
geometrical path delays, into an interference patterng@éinterferometry’). As
a result of the nature of interference patterns each baselimore sensitive to a
particular range of source sizes defined by the length of &selme itself. Longer
baselines produce patterns with narrower fringe spacingjsimg them attuned to
smaller structures in the sky (effectively a higher resohit and less so to larger
structure, with the inverse true for shorter baselines. sTlw order to detect mul-
tiple source scales at the same time, a variety of baselimgths is required, with
the highest resolution at any particular wavelength deteethby the longest base-
line. The properties of the recorded interference pattGrasamplitude and phase)
are used to define a component of the 2-dimensional Fouarsfiorm of the sky.
The position of each baseline’s component depends upongathysientation of
the baseline’s two antennae, relative to the position ofdhget source in the night
sky. This is normally described usingigv,w co-ordinate system wherepoints to-
wards the target, andlandv define the projected eastern and northern directions of
the baseline position respectively, with distances tyijiexpressed in wavelengths
in order to represent everything in terms of spatial freaqyemv distance becomes



6 Chapter 1. Introduction

Figure 1.2: Theuv plane. This diagram shows how baseline and source positions
relate to thauvplane, with an example baseline represented by B, and ijsqbian

on theuvplane labelled B’. The top version shows the relation foraese directly
overhead of the telescope (i.e. so that tivgplane and physical telescope plane
are the same) whereas the bottom version shows how the air@nthanges for

an offset source (dashed edges represent regions belowykeEa plane).

directly proportional to angular resolution). This defivelsat is known as theuv
plane’ on which the measured components of the sky’s Fouraasform lie at each
moment in time. The related geometry is depicted in Figu2e 1.

The amount ofiv plane covered at any moment depends on the number of base-
lines, their positions, and target source declination. ifoldal factors also weigh
in, such as instrument bandwidth which broadens the spiatiqliencies encom-
passed by each individual baseline and thusntplane coverage (assuming no
frequency averaging). Furthermore, if we then allow obagons to continue over
time then the projected baselines actually change as tipettawoves across the sky.
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Interferometers exploit this to improve theiv coverage by allowing each baseline
to trace out a track in thav plane, allowing the interferometer to slowly fill uwv
space and eventually sampling large arcs or rings of Fognemponents instead
of discrete points. Telescopes like the VLA with large nunsbef well spaced
(2-dimensions) antennae have gaodcoverage over short periods of time (often
referred to as ‘snapshots’). Therefore, though improversgihoccurs, long obser-
vations are less important for VLA like arrays than for eastst arrays like ATCA,
where the linear arrangement (especially lower numberstefiaae) provides poor
snapshotiv coverage. Nonetheless, with fewer antennae, east-wesisaare very
cost-efficient and full synthesis (12 hour) observations maduce results compa-
rable to larger arrays. This can be seen in Figure 1.3, wiheramtenna placement,
snapshot and full 12 hour observatianscoverage (though units remain in km) are
shown for the VLA and ATCA. Though the VLA will always out perin ATCA
when working at the same bandwidths, you can see that a 12bsarvation vastly
improves coverage for both compared to snapshot mode, buliffierence is more
important for ATCA.

The exploitation of these effects during long duration obsgons does come
with drawbacks, in that one must assume that all visible ggidetected during
an observing run are unvarying. This is often untrue, egtlgan the case of X-
ray binaries (ser the following Chapter for details), and oasult in severe image
defects when violated.

The mathematical representation of the process arisesafigtirom wave the-
ory and Fourier transforms. For each detected position éruthplane (i.e. each
baseline) during each integrated unit of time, one meagheephasef) and am-
plitude (A) of the correlated signal, which together make up complaibilities
of the formV (u,v) = Ad®. These visibilities are the measured components of the
sky’s 2D Fourier transform evaluated at eachco-ordinate and so are related to
the true sky brightness distributioB(x, y), via equation 1.1.

~+o00
V(u,v) :// B(x, )& (W) dx dy (1.1)

Since radio telescopes do not sample the entuglane, the inverse Fourier
transform of the above, shown in equation 1.2 below, onlyioles us with an
incomplete or sampled sky brightness distribut®(x, y). However, the greater the
amount ofuv space explored, the closBf(x,y) becomes to the true sky brightness
distributionB(x,y).
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+00
B'(x,y) = // V (u, )& (W) du dy (1.2)

Coupled with the effects of varying baseline length, it isgible to manipulate
the data before this Fourier inversion is carried out in darefo enhance particu-
lar structure in the final image. While complete removal ogdiliag of uv regions
is possible and effective; for example, eliminating shasddines (lowuv values)
to reduce sensitivity to large scale nebulae and structiin@sdrown out smaller
sources, this may be considered drastic as it is effectikeyoving useful data.
An alternative is the use of weighting schemes that alterefegive contributions
of different uv regions, and the applications of which fall between two exies
in this thesis: natural and uniform weighting. Natural weigg applies the same
weighting to everyuv measurement, whereas uniform weighting alters the weight
of uvpoints based on the sampling density around them. Sincalatata reduction
applies this in terms of gridded area (gridding is also intgat for the 2D Fourier
inversion, discussed later), it is useful to describe hoeséhweighting schemes
work in a grid format. The interpretation of these two scheroan become con-
fused when discussing grids instead of individual visilas as their roles are ef-
fectively reversed: natural weighting causes grid seatorgaining larger numbers
of visibilities to contribute more heavily to the imagingogess and thus no longer
‘levels’ the contribution of the entirav plane, whereas uniform weighting actually
makes all grid sectors contribute equally (sector weiglebb@es a function of visi-
bility density). Since most radio arrays tend to be biasedhtds shorter baselines
and thus the detection of larger structures, uniform wénghtan be of benefit in
improving image resolution and revealing point-like sasby reducing the contri-
bution from lowuv visibilities just like the removal of shorter baseline Widities,
whereas natural weighting would be best when wanting torebsamoother large
scale structure or to maximise point source sensitivitv@onoise levels). Very
often, a balance must be struck between the two schemesdiegem the nature
of a target field and desired results.

1.2.1 Calibration and deconvolution

The initial stages of radio data reduction, prior to any imgg requires flagging
and several steps of calibration. Recorded data can be poorsglio frequency
interference (RFI) as a result of terrestrial radio sourgesiable levels depend-
ing on source direction and distance from the horizon) oorerfrom within the
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instrument hardware itself. It is therefore necessary tmlzahe raw visibilities
for such errors, via both frequency channels and time biervats, and flag them
out to minimise adverse effects to calibration and imagi@mce flagged, multi-
ple calibration tasks are applied in an attempt to corretd & a wide variety of
effects, both observational and instrumental, includibgadute flux density scale
calibration, bandpass calibration, system temperaturections, pointing accu-
racy, polarisation (both source and leakage correctigorgjary beam correction,
and phase calibration (correcting for transmission effeite to the atmosphere).
Depending on the information that is required from a datas®he of these tasks
are not always necessary; nonetheless, most dish basgd traa exist today (i.e.
including ATCA) require observations of at least one ‘cedifor source’ to use as
a reference for the calibrations. For example, a typical ATdbservation requires
two or three (depending on the frequency used) calibratorces: a flux calibra-
tor that is both bright and has a stable, known absolute fl@bserved at the start
and end of a run; a bright, unresolved bandpass calibratonésmes the same
source as the flux calibrator) observed at the start and eadrah (these sources
are often useful for initial array phase and delay calilmrats well) and finally a
simple, unresolved, unvarying phase calibrator with kn@eftarisation (easiest if
it's unpolarised) that should be close in the sky to the tasgeirce. The reason
for the required phase calibrator proximity is twofold; fiys the phase calibrator
must be observed regularly throughout a run to maintain ticeracy of the phase
corrections and a nearby source reduces wasted slew tideseamondly, the phase
calibration is based on the position of the calibrator ftaeld thus degrades with
distance from it (i.e. most effective for sources withing #ame isoplanatic patch).
Each stage of calibration updates the complete correcsbrvhich can be trans-
ferred to the next calibrator source, before the final cdioas can be applied to the
target source data.

While this level (£ generation) of calibration is often sufficient for many ob-
servations, there also exist more compleXd(generation) processes under the al-
gorithms of SELFCAL. This uses the target source’s own datgenerate time-
dependent bandpass, gain and/or phase corrections anditchngon the results of
normal calibration routines. However, this method reguismegood dynamic range
(i.e. not useful for faint targets) to be effective as wellaagelatively good start-
ing model for complex source structure. Self calibrationsirbe used with care if
dealing with sources that vary significantly during an oliagon.

The sampled sky function (equation 1.2) can also be reptedémanother use-
ful form via the convolution theorem, as shown in equatidh 1.
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B'(x,y) = P(x,y) * B(x,y) (1.3)

Where P(x,y) defines the point source response of the array (Ug.cover-
age/function) which is more commonly known as a ‘dirty beanExamples of
dirty beams for VLA and ATCA observations are shown in therfght panels of
Figure 1.3. As it is directly related to the availahle coverage of an observa-
tion, the structure of the dirty beam is also highly dependararray configuration,
source declination and observation timing. The full 12 h@uA observation (top
right panel of Figure 1.3) yields a near ideal point sourcthwinly minor ripple
like distortions to the north and south which are relatedh $parsely populated
uv regions to the left and right of the full synthesis coverage plot in the panel
to the left. These distortions are known as ‘sidelobe’ adttef since they resemble
the lobes that appear in the radiation pattern of an antdnribe case of an ATCA
full synthesis observation, we haveacoverage that is more sparsely populated by
distinct baseline rings, whose pattern is translated imcstdelobe rings of the dirty
beam (bottom right panel of Figure 1.3). While it is eviddmttgiven a dirty beam
image, a person could intuitively identify point sourcessparsely populated im-
ages by eye, difficulties begin to arise when sources bectmteced and sidelobes
overlap with each other and other sources.

Equation 1.3 gives us a more qualitative understandingefittal result of the
2D Fourier inversion, in that it shows us that the sampleddikgributionB’(x,y)
is merely the true distributioB(x,y) convolved with the dirty bear®(x,y), and
helps us to understand the process of image cleaning knowsreasnvolution’.
In this process all unsampled space is set to zero before the inverse 2D Fourier
transform is carried out to produce a distorted or ‘dirty’pnd he inversion process
itself applies a gridding and fast Fourier transform altfori (FFT; a more efficient
2D inversion process than the original discrete Fouriardfarm) which divides the
uv plane visibilities up into a grid before inversion. We céien take the resulting
dirty map and, assuming that every source can be represbgtadpoint model,
identify the spread of points that when convolved with a nidilty beam account
for as much structure in the map as possible. Effectivelyyeptace a subtracted
dirty beam with a corresponding point source (defined by theeys beamsize and
a flux) at each identified point.

Deconvolution is often an iterative process and the resutnever perfect. A
particularly busy region of the radio sky, in conjunctiontlva complicated dirty
beam structure, can make the deconvolution process mdieuttif However, there
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are many different ‘CLEAN’ algorithms available that aresgged to tackle dif-
ferent types of structure and data qualities that can be ak®tk or together to
achieve better results in each situation. Two such algosthvere used in the
works contained in this thesis, which | will proceed to déseiin brief. The most
common CLEAN methods employ variations of the Hogbom atgor (Hogbom

1974, Schwartz 1978): A process which first identifies the imam of an image
and generates a component for this location with an intgoéi certain fraction of
this maximum value (known as the ‘gain’ parameter and tyjyid2®0% by default),

which is then convolved with the dirty beam and the resultoeed from the map.
This process is then repeated, slowly removing all visilohéssion in a map. Sev-
eral improvements to this exist including the Hogbom andriChlgorithm (Clark

1980) which crops the dirty beam and includes minor and miggoation cycles

that reduce the computational requirements to speed upticess.

A more advanced incarnation of the CLEAN process comes itidime of the
multi-frequency synthesis or MFCLEAN algorithm (Conwaygr8éwell & Wilkin-
son 1990, Sault & Wieringa 1994). This version attempts tmaat for frequency
dependent variability such as sources with different spéptofiles, which become
important for systems with large fractional bandwidths abdervations of X-ray
binaries (Chapter 2 discusses the causes of variabilitgreds Chapter 3 elabo-
rates on the effects on imaging). This is achieved by inclgdidditional terms
in the dirty beam model which account for different spectraliability patterns,
the most simple of which, and that which is applied in the MEEAN algorithm,
assumes linear variability in a source spectrum:

B(v) = B(vo) + 20 (v~ v (L.4)

In terms of new beam components, the instrumental resp@is@®f a point
source with the above behaviour can be described using:

Bo(X,y) = B(Vo)Po(X,y) + Vo% PL(X,y) (1.5)

Where Py(x,y) is the standard dirty beam that would be used if one was not
concerned with spectral effects (i.e. the response of ayuéecy invariant point
source) andPi(x,y) is the ‘spectral dirty beam’ which defines the response of a
point source whose spectrum varies with frequenciby vp) /vo. These two beam
components are weighted by corresponding fadBjig) andvydB/dv, the latter
of which can also be defined agB(Vvy) wherea is the equivalent spectral index
(ae = vdB/Bdv). Effectively, this means that by calculating the mulgduency
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synthesised beam and therefore these weights, one edithatéux density of a
point source along with its spectral index. It is also pogsib expand this method
to incorporate more complicated spectral models; howdgethe purposes of the
work in this thesis such an exercise was never necessatry.

1.3 The Australia Telescope Compact Array (ATCA)

As was briefly stated in section 1.1, the Australia Telescop@pact Array (ATCA)
is a group of six 22m diameter dishes designed to observeattie sky (an anno-
tated satellite image of the site is shown in Figure 1.4)oRn ATCA's construc-
tion, Australia was already well known for radio astrononsg@ciated with single
dish instruments such as the Parkes radio telescope (Bo9&8).1However, the
southern hemisphere still lacked a radio dish array, andheetwas an excellent
opportunity for Australia to maintain a strong presencelobgl radio astronomy,
while opening the southern radio sky to a new powerful todlth% time of open-
ing (1988) ATCA provided high resolving power, along withethbility to study
polarisation and source spectra.

The six antennae, known as CAO01 through CA06, produce 15libaseand
prior to the CABB upgrade (described in the next section)ewsitially capable of
observing four frequency bands between 1.1 and 10.5 GHzisadly, 1.5 GHz
[20cm L band], 2.3 GHz [13cm S band], 5.0 GHz [6cm C band] aeda&-z [3cm
X band]) with primary beam FWHM (effectively the size of usk$ky coverage)
ranging between 44 and 5.1 arcminutes. Two later millimeta@e upgrades added
a further 3 bands between 15 GHz and 105 GHz (20 GHz [15mm K]bdad
GHz [7mm Q band] and 95 GHz [3mm W band]) with primary beamsnaalisas
30 arcseconds, though the highest frequency band did nioid@@ntenna CAO6.
The maximum bandwidth observable at any one time was 128 MHetplaced
anywhere within the available bands; however, the systemoapable of dual po-
larisation imaging which meant two of these 128 MHz windovesavavailable and
allowed some frequency bands to be observed simultanefrigly3 and 6 cm).

The arrangement of the antennae themselves is also not penmavith antenna
CAO06 being the only fixed dish and CAO01 through CAO5 residimgaatrack that
allows them to be repositioned into several useful arrayfigarations. The track
(marked in Figure 1.4) is comprised of a 3km east-west stretuich existed upon
opening of the facility, as well as a northern ‘spur’ whichsaadded in 1998 in or-
der to significantly improvelv coverage for short observations by making ‘hybrid’
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Figure 1.4: Satellite image of ATCA layout. The largest possible 6kmcggha
antenna position is marked by the horizontal dotted linghwie 214m northern
spur marked in the vertical direction. The antennae are mueth with antenna 6
furthest west in a fixed position. The solid horizontal litm®ws the extent of the
3km rail track which allows antennae 1 through 5 to changetipas(including
into the northern spur).

telescope configurations available.

1.3.1 The Compact Array Broadband Backend (CABB)

To maintain ATCA's level of contribution to radio astroplgsit was necessary to
carry out more significant hardware upgrades, beyond siagding additional ob-
servable narrow frequency bands. While antennae desigritowvgears has not un-
dergone or even required radical changes, electronicspating and communica-
tions hardware has advanced dramatically since ATCAsttoason and presented
an affordable avenue through which major improvementsccbalmade to the in-
strument. Though improvements were also made to individisil hardware and
data transfer methods (increasing transfer rates and irggldata loss/corruption)
the most significant change was a replacement of the ‘coorgléhe hardware that
collects data signals from all antennae, frequencies atafipations, combines,
and processes them into the final output stored for analitssthe correlator that
defines how and what information is recorded; polarisatidregjuency channels,
bandwidths, sampling rates and tolerance against RFI.

The new correlator allowed for an increase in ATCA's maximamdwidth from
128 MHz to 2048 MHz, maintaining dual polarisation capapiand thus giving
observers two 2048 MHz windows to place at similar centradjfrencies to those
that were available before. This is a factor of 16 improvetnebandwidth, corre-
sponding to a factor of 4 increase in sensitivity (r.m.sseai (Br)~%° where B is
bandwidth and is integration time), reducing the time required to reaclesicd
detection threshold in images by a factor of 16. By maintajrdistinct division
of the band into up to 2048 frequency channels, one alsoidadgtincreasesiv
coverage (i.e. when using multi-frequency synthesis) efdlray. This is illus-
trated in Figure 1.5 where | compare the multi-frequencytisgsisuv coverage of
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Figure 1.5: ATCA and ATCA CABB model dataiv coverage comparison. The
left hand panel shows thev coverage of a model 128 MHz (the equivalent of
what ATCA was capable of prior to the CABB upgrade) data seafsource at
declinationd = 60° with ATCA at 4.8 GHz. The right hand panel uses the same
source and central frequency, but with a bandwidth of 204&Nit¢. post CABB
upgrade capability) to show significant changeuincoverage. Data models and
plots were created witRIIRIAD.

modelled pre-CABB ATCA data (Full synthesis/12 hours) tcegivalent follow-
ing the CABB upgrade. The increase in bandwidth also im@mVECAS use in
radio spectroscopy, in that far more of a spectrum is ob&éevat any one time,
reducing the need for frequency switching. This ability ver further enhanced
by the use of zoom channel windows which can increase théutesoin several
primary band channels by dividing them into a further 2048rutels (down to 488
Hz bins for 2048x 1 MHz calibrator configuration) and can be placed anywhere
within each original 2048 MHz band: ideal for spectral linedies requiring high
velocity resolution. The new correlator also allows thitailed spectral study using
all polarisation parameters. Finally, sampling resolutieas also improved which
provides high time resolution modes (spectra output camtreased to one every
second from the default of one every ten seconds) for use lsapand transient
studies.

ATCA's new capabilities also significantly increase the mpityt of data from
each observation. A standard observation (no zoom windawscoeased write
speeds) outputs 1.4 GB per hour, and increases by an equahafooevery zoom
window added (since a zoom window represents the same nuwhbdata parame-
ters, i.e. 2048 channels). Therefore, a full set of 16 zoondawivs and the fastest
write speeds would, hypothetically, increase data outpatsrby a factor of 170.
Though it might seem advantageous to gather as much datasibleaduring each
observation, it is important to realise that the difficulbydaime required to process,
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calibrate and produce images from CABB data also increagedile size.

In respect to the work detailed in this thesis, this upgradelenit possible to
target a variety of sources in faint states that fell belowCAE original sensitiv-
ity levels including black holes in quiescence (Chapternrt) aeutron star X-ray
binaries during historically faint epochs (Circinus X-hapter 5). Additionally, it
also made it possible to observe neutron star XRBs at mittensavelengths for
the first time (Chapter 6). However, this has not come witlomst, in that an ex-
pansion of observable bandwidth will also increase the eémte of source spectra
profiles in imaging. Not only does the application of muteduency synthesis and
MFCLEAN become essential, but spectral changes over timehmsge as great
an effect on images as overall intensity changes, makingreason of variable
sources even more difficult an undertaking (discussed irpt@na).

1.3.2 MIRIAD

MIRIAD (Sault, Teuben & Wright 1995) is a radio interferometiata reduction
suite created specifically for use with ATCA data. It pro\ddbe necessary tools
to reduce ATCA and ATCA-CABB data from scratch, includingdting of various
data formats, viewing and manipulation (flagging) of rawbilgies, calibration,
imaging, cleaning, analysis and display. This includethalaforementioned meth-
ods and varying techniques such as multi-frequency syigthesighting schemes
and deconvolution algorithms (CLEAN and MFCLEAN). It is edgbe of data
simulation for a wide variety of scenarios encompassingyaconfiguration, band-
width, frequency channel configuration and observatioerirals as well as allow-
ing for addition and subtraction of model sources of varitypes (e.g. point, Gaus-
sian). It is the dominant piece of software used in the amalysall radio data in
this thesis (Chapters 4 through 6), as well as the simulatiiscussed in Chapter
3. While the software has continued to be updated over tiheeptocedures used
to discover the results discussed herein remain unchangetha final outcome, if
carried out today, should be the same.



Every time | learn something new, it pushes some old stuff
out of my brain.

HOMER SIMPSON, THE SIMPSONS

X-ray binaries and their
electromagnetic emission

In this chapter | will briefly discuss the principal electragnetic emission mech-
anisms that are believed to occur in X-ray binary (XRB) systeand their sur-
roundings, as it will be required to understand the scieniork that will follow.

I will continue to summarise several concepts related tocomrent understanding
of XRB structure and behaviour, as well as a review of moremédiscoveries that
are directly associated with the scientific results in sghset chapters.

2.1 Emission processes relevant to XRBs

Before discussing specific emission mechanics, it is ingmvtb mention the format
in which radio spectra profiles are often described. For a flarsity (e.g. in
Janskys), $ which varies with frequencyy, we define a power law relationship
with spectral indexx of S, [ v9.

17
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2.1.1 Blackbody

Blackbody radiation describes the electromagnetic ramtigiroduced by matter in
thermal equilibrium with its environment, with a tempenm&@above absolute zero,
converting the thermal energy of the body into radiationwilarations of charged
particles. The spectrum’s shape can be defined by the siagéneter of temper-
ature of the system, and thus gives rise to the common noatenelof ‘thermal’
radiation. An optically thick astrophysical ‘surface’ doject that represents a ther-
mal distribution of charged patrticles can be a blackbody@®at least in part),
including stars (marred by absorption and emission feajuthick accretion discs
(actually multiple blackbodies) and the original fireb&lht produced the radiation
that we now see as the cosmic microwave background (the destnatural black-
body spectrum known to exist, see top left of Figure 2.1). pbwer emitted by a
blackbody initially increases with frequency with a spattndex ofa = 2 at low
energies, where Planck’s law breaks down into the simpliReglleigh-Jeans law.
As frequency increases, quantum effects become more iengand curb the total
emitted flux density, resulting in a peak at a frequency priojgoal to the body’s
temperature, defining the dominant ‘colour’ of the emittadiation, before transi-
tioning into a steep decline (the ‘Wien tail’ which followise Wien approximation:
S, 0 e /K in radiated power towards higher frequencies.

2.1.2 Bremsstrahlung

Bremsstrahlung, or free-free, radiation is the result afederation of free electrons
via deflection in the electric fields of ions, making it prematlin hot ionised plasmas
such as those found in HIl regions. Emitted photon propedepend on the energy
of the affected electrons, plasma ion composition and itngaometry, allowing
the mechanism to produce photon energies up to and inclggimgna-rays though
the radio regime is most relevant when discussing XRBs (aenl €nvironments).
For a thermal population of electrons the calculated spettignoring any absorp-
tion effects, can effectively be described as ftat{ 0, but slightly negative owing
to the Gaunt factor) across all frequencies up to a high emargoff defined by the
highest possible electron energy (related to the overaiptrature of the popula-
tion). At high frequencies, where photons are energetiughdo pass through the
plasma unhindered (optically thin), the spectrum remamshanged and thus flat.
At low radio frequencies, self-absorption occurs prevemtiow energy electrons
from escaping (optically thick) and causing a turnover therinal spectrum odr
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Figure 2.1: Emission process spectra. Top left: The cosmic microwawk-ba
ground blackbody spectrum that traces out a near perfecckleurve (adapted
from http://arcade.gsfc.nasa.gov/cmb_spectrum.html). Top right: Ra-
dio emission from the Orion Nebula (M42) revealing a bremagdting spec-
trum where the turn-over due to optical thickness variat®wisible (adapted
from Terzian & Parrish 1970). Bottom left: Radio synchrotremission from
our Milky Way Galaxy with various spectral fits (solid, dashand dotted lines)
over-plotted (adapted fromttp://gtn.sonoma. edu/images/MW_Synch.png,
originally seen in Cummings, Stone & Vogt 1973). Bottom tiglX-ray to y-
ray spectrum of the active galactic nucleus Mrk 501, showittgd synchrotron
(left hump) and synchrotron self-Compton (right hump) medadapted from

Konopelkoet al. 2003).

=+2 (i.e. Rayleigh-Jeans limit blackbody). An example $peun (Orion nebula) is

shown in Figure 2.1 (top right).

2.1.3 Synchrotron

19

Synchrotron radiation also results from the deflection e€gbns, but via magnetic

fields rather than ion charges as is the case from bremsasti@ifhence why syn-
chrotron is sometimes referred to as magnetobremsstrghlunis essentially an
extension of cyclotron radiation to relativistic energigg. requiring relativistic
electron velocities). The path of a relativistic electroovimg in a plasma contain-
ing a significant magnetic field is bent into a helix along tiveaion of the field

lines (i.e. derived from >?/I§), with the circular acceleration component giving rise
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to the electromagnetic emission in the direction of thetebeds motion.

The strength of the magnetic field and electron energy defi@gyrofrequency
of the electron’s helical path, which in turn affects theginency of the emitted
radiation. Typically, astrophysical synchrotron emigtielectron populations have
non-thermal power law distributions of the foriN(E) = NoE ~PdE, where p rep-
resents the spectral index and is relatedrteia a = (1— p)/2. For such popula-
tions, the resultant emission spectra haz< a < 0 with values typically around
a ~ —0.7 in the optically thin regime. In the optically thick regimmane must con-
sider the effects of synchrotron self-absorption, whiagha@ower-law distribution
yields a low-energy turn over ta = 2.5, slightly steeper than the equivalent for
a thermal population of electrons (i.e&x = 2.0, Rayleigh-Jeans spectrum). Note
that the final result is a peaked spectrum, whose maximunatitiee turning point
between optically thick and thin regimes. An example speotis shown in Figure
2.1 (bottom left). The dependence of synchrotron radiatiofield line orientation,
together with magnetic fields tending to be highly ordereeldg a tell-tale side ef-
fect which can help to identify sources associated with teelmanism: synchrotron
radiation can have a high level of linear polarisatien{0%) though the exact de-
gree of polarisation depends on electron distribution amsl rdered the magnetic
field lines are.

2.1.4 Inverse Compton scattering

While not an independent form of emission (requiring a ptsteng source of pho-
tons), Compton scattering is an important mechanism in tbhdyztion of unique
photon populations and describes the interaction of higiiggnphotons with mat-
ter. Often represented as an inelastic scattering protessesult is a transfer of
energy from the photon to the particle, increasing the wevgth of the incident
photon (the ‘Compton effect’). While the particle may be a&ona, the actual in-
teracting body is of course a charged particle and most @fteelectron (which is
expelled in the atom scenario), since their scattering luiéipais dependent on the
Thomson cross-section: a value proportional to charge avetsely proportional
to particle mass (hence hindering scattering via protons).

In the case of astrophysical studies we are more interesttteireverse of the
above process, that isverseCompton scattering. In this scenario, high energy
electrons (again, possible for protons but less likelygratt with low energy pho-
tons and impart energy to them resulting in a decrease inlemagth (photon energy
typically boosted byr2, wherel' = 1/(1-2/c?)%5 - the Lorentz factor). This phe-
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nomenon can be used to explain the X-ray component in XRBtspétiscussed

later) where low energy photons from the accretion disc apescattered’ to X-ray

energies by relativistic electrons in a hot corona or a jée &ffect is also of impor-

tance in the observed distortions of the cosmic microwawkdp@und by regions

of high energy electrons (e.g. within hot galaxy clusteksjpwn as the Sunyaev-
Zel'dovich effect, and synchrotron self-Compton scattgi(See Figure 2.1, bottom
right), in which the same population of relativistic elerts that produce a syn-
chrotron spectrum also up-scatter the resulting photons.

An important side-effect of the inverse Compton processdosaer, is the
‘comptonisation’ of the initial spectrum. This describestaation where the inverse-
Compton process becomes a major (or indeed dominant) batdrito the energies
of a population of photons, thus having a significant effectie shape of the final
spectrum. This can be a very complex effect to decomposeeafinl outcome
depends on a large number of already complicated factots asithe initial pho-
ton energy spectrum and the properties of the scatterirgjretepopulations (e.g.
density, velocity distribution). What must be kept in miredthat the effects of
comptonisation can distort spectra enough so that the ethésion mechanisms
become difficult to distinguish. This is of particular contevhen attempting to
decipher the high energy region of XRB spectra (discussetduin the following
section), or analysis of emission line profiles from innesration disc regions.

2.2 X-ray binaries

In this section | will summarise some of the basic scientifineepts related to X-
ray binary studies, including ‘standard model’ theoriedalihare often employed
when interpreting observed behaviour. The term XRB encasgmseveral species
of object that share the scenario of a compact, degenesdlar storpse (black hole
or neutron star) that accretes matter from a companion,ardd, star and in the
process produce an emission spectrum with a significantibatibn from X-ray
photons (Figure 2.2). There are numerous sub-groups ddiyadditional param-
eters including companion type, accretion mechanics ahdweur, but for the pur-
poses of this thesis we are most interested in low-mass Xirsaries (LMXRBs:
binaries in which the companion is of lower mass than theeditay compact ob-
ject): specifically those that exhibit powerful radio jets.
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Figure 2.2: Diagram of an X-ray binary. This is an artistic impressionwgiat
an X-ray binary might look like, including many of major phgal components
(individually labelled) that can give rise to distinctivensssion these objects are
known for. Credit for the image goes to Prof. R. Hynes, Lansi State University.

2.2.1 The compact object

Within the subdivision of LMXRBSs there exists the furtheffdientiation between
systems that harbour different types of compact object. |&\V&ll XRBs share a
large number of characteristics due to the shared accratgrhanics, it is impor-
tant to know the nature of the compact object as it may be tedifferences in

the observed emission properties that can be studied tdageadetter understand-
ing of fundamental physics. The simplest way to identify degienerate object in
an XRB is to attempt to estimate the masses of the two bodidisystem via
Kepler's laws, requiring that we know the orbital periodbibal separation (or al-
ternatively, the velocity of one of the objects), and masis & the two bodies. The
period is often the easiest property to measure, as it capvealed by light curve
variations resulting from effects such as eclipses or congradeformation, or by

spectroscopic study of emission line shifts (i.e. orbitadtion Doppler effects);

however, this is dependent on the inclination angle of th®talrplane (stronger
effects visible in edge on systems). Orbital separationlden be impossible to
measure directly due to the distance of objects and obsenztresolution limita-

tions; however, the aforementioned emission line studssalow us to calculate
the velocity of the companion along our line of sight, whiogether with a period
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allows us to estimate the orbital separation as a functiomatihation of the system
(which may also be discovered as a result of eclipses or otleans). Finally, the
companion’s spectrum and luminosity can allow us to idgritEftype and from that
an estimate of its mass. Unfortunately, most of the abovédoust require one to
be able to clearly observe the companion’s spectrum, wisabften not possible
as a result of a combination of faintness and contaminatmm the accretion disc
(which can be brighter than the donor star).

Assuming one can gain a reliable estimate for the compaectbjmass, it is
then possible to compare the value to the range of massegddrom the Pauli-
exclusion principle for objects made up of degenerate natdrhe mass boundary
between white dwarfs and neutron stars (the Chandrasekhiéxdiefined by elec-
tron degeneracy pressure is approximately 1.4 (Where M is the mass of the
Sun) though it is possible for a white dwarf to exceed thisrei@tion. Beyond
this limit the white dwarf collapses under its own gravitydan the absence of any
counteractive force, results in electron-capture by prstim form neutrons and the
creation of a neutron star. However, in reality a collapsiigte dwarf may trigger
runaway fusion, detonating as a type la supernova evergrrdtan forming a neu-
tron star. The next collapse limit is determined by the rmutfegeneracy pressure
(the Tolman-Oppenheimer-Volkoff limit); however, since\wave yet to fully un-
derstand the required nuclear equations of state this ighéss well defined, with
current estimates ranging between 1.5 and 3.0 (Mrnett & Bowers 1977, Bom-
baciet al. 1995) and spin remaining an important factor. Beyond tihggs get
really messy, with theories predicting objects made up aftiexparticles such as
quarks; however, given that our understanding of equatidrssate degrades even
further it is far more comfortable to assume that neutroassdikely collapse into
a singularity and form a black hole.

I need not focus on the specifics of white dwarf masses for tinpgses of this
thesis, but the range of masses where black holes and nestacsmay be in-
distinguishable from each other is significant, especidliyere is already large
uncertainty in the estimates themselves. As such, it isgsarg to discuss other
ways to differentiate between the two types of object. Onde@imore obvious dif-
ferences that results in observational distinctions inttin@ species is the absence
of an event horizon in NSXRBs, or rather, the presence of taseiron to which
accreted matter can fall and interact. In the absence ofttbagsmagnetic field
required to create pulsar emission, matter accreted by taarestar will collect and
become compressed and heated under the extreme gravity sibth The pressures
and temperatures in these situations can become so higth#ratonuclear burn-
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ing becomes possible on the surface and triggers a massa/@K-ray luminosity.
Such events are known as Type-l X-ray bursts (reviewed inibevan Paradijs &
Taam 1993) and provide one of the few irrefutable indicatiohthe presence of
a neutron star; however, the absence of such bursts doesmiatnt the compact
object to be a black hole either. In many cases, if a systensavbompact object
type remains in doubt displays behaviour akin to that onlgepked in ‘confirmed’
black hole XRBs, such as spectral profile similarities, feanihardness-intensity
tracks, or unique spectral components appearing durinicpkar states or transi-
tions, then a good case can be made for the unknown objedbailsg a black hole.
The Fourier analysis of X-ray variability can also reveah&@ours unique to each
type of compact object, such as the hHz (hectohertz) andkiwmquasi-periodic
oscillations (QPOs) seen in NSXRB frequency-power diagréseen in 4U 1636-
53 for example, Altamiranet al. 2008), though sometimes the differences are only
revealed in particular source states. Nonetheless, thigaeants are never perfect
and only hold until someone discovers the same behaviouounces from both
groups.

2.2.2 The accretion disc

XRBs can accrete matter in three ways, as a result of Rocleedwedxflow in which
the donor star is sufficiently large and close to the comphjgab for the latter’'s
gravitational field to strip matter away from the former,rfrdghe donor star’s stellar
winds, or a situation in which the donor spins rapidly enot@form an equatorial
outflow (atmosphere of stellar disc) on which the compaceadbgan feed (this
method is exclusive to a subset of high mass XRBs known as BBsXRWhile
stellar winds may remain a factor in LMXRB accretion, the doamt mechanism
involved in such systems is that of Roche lobe overflow (sgergi2.3) and is of
most relevance to this thesis.

As a consequence of the orbital motion of the bodies in a pisgstem, the
matter that falls towards the compact object via Roche lokflow actually has
a significant amount of angular momentum imparted by the dohbis prevents
the infalling matter from following a linear path, and ingteapproach the com-
pact object at an angle normally significant enough to entegligptical orbit. The
exceptions to this require long orbital periods (reducing approach angle of the
material) or a strong magnetic field associated with the @mnhpbject which al-
ters the infalling material’s trajectory (i.e. not applita to black hole systems).
The interaction of such an orbit with the companion’s grawitnal field leads to
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Figure 2.3: Roche lobe and accretion disc diagram. Labelled are therdsiao
(DS) on the left, which fills its Roche lobe (the boundariesheflobes are defined
by dashed line R) allowing matter to transfer across therihagrangian point,
L1, as an accretion stream following path S. As describedénmain text, this
matter builds up into an accretion disc, represented inithage as a series of
circular orbits around the compact object (CO) on the rigkiso labelled are the
impact point between the stream and the disc, often reféoes the ‘hot spot’
(HS) and the system’s centre of mass (CoM). While the Rodbeslostar positions
and CoM are based on a system of mass ratig/Mco = 0.25 (duplicated from
figure 11 of Frank, King & Raine 1992), the depicted donor aisd dizes, stream
path and relative velocity magnitudes (arrows on each aternerely illustrative
and are not intended to represent any particular system demo

precession, which in turn results in collisions betweeffiedént regions of the in-
falling stream. The general result of these interactiorsr@ularisation of the orbit
of accreted matter over time until it settles into the loners¢rgy Keplerian orbit: a
ring around the compact object. The matter within this rinljeontinue to interact
with itself and additional gas stripped from the compani@a/number of possible
mechanisms, such as collisions, viscous shearing, andetiagmteraction, causing
the orbiting matter to heat up and radiate energy as a blaljkbbhe energy loss
is sustained by reduction of angular momentum and thusabdiigtance; however,
the process is generally slow, making the drop in orbitaluac gradual effect.
The path of radiating matter can be well approximated by es@f progressively
smaller circular orbits around the compact object, andmgi@éong or continuous
epoch of accretion, infalling matter will fill a number of georbits to form what is
typically referred to as an ‘accretion disc’. Thus, the discves to transport angular
momentum outwards (typically, back into the binary orbithile matter spirals in
converting gravitational potential energy into kinetidahermal energy: an incred-
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ibly efficient conversion in the presence of degenerates ggag.>10% of accreted
matter rest mass for a typical neutron star of mass 1.5 avid radius of 10km),
radiating away a large fraction along the way (though blagle$ can incurr some
additional loss due to hot matter passing the event horizon)

Understanding the structure and behaviour of matter in areion disc is both
difficult and fundamentally important in also understamgihe behaviour of phe-
nomena associated with compact objects and X-ray bina¥iesonly can the emis-
sion (blackbody and otherwise) from the hot gases withindise dominate the
observed spectrum from infrared to X-ray wavelengths, betdisc’s structure and
internal dynamics determine the rate at which matter algtw@aches the compact
object, which is in turn is believed to directly influence lhég energy phenomenain
the system such as the corona, jets and overall luminosig/nb surprise then that
a great deal of work has gone into determining useful mod&Is{RB accretion
discs.

To first order, XRB accretion flows may divided into two groupadiatively
efficient or radiatively inefficient (though it should be edtthat other divisions
exist that are, for example, based on optical depth and dismgtry). Radiatively
efficient discs/flows refer to systems in which the accretedten loses the majority
of its energy (efficiencyn ~ 0.1 inL = nmc for BH and NS) in the form of
radiation and include the famous Shakura & Sunyaev (1978jng¢rically thin,
optically thick disc. This type of model describes a disc thegins relatively thicker
at its outer edge, and becomes thinner as we approach theacooigect, forming
a near-concave cross-section (see Figure 2.4) beforertatimg at the inner most
stable circular orbit (ISCO): the radius beyond which ndkaircular orbits can
form and matter becomes dominated by the radial velocitypmmnt (note that
this distance is affected by both compact object mass amj.sflonversely, the
matter in radiatively inefficient flows carries most of itseegy all the way to the
compact object and describes models such as advection dtadiaccretion flows
(ADAFs; Ichimaru 1977; Narayan & Yi 1994). In the case of a BRE this can
mean a significant portion of the released gravitationaépiial energy actually
passes the event horizon before it can be radiated away.eTipss of flows do
not conform to the thin disc scenario since the unradiateztggnis assumed to
‘inflate’ such regions. Some models combine the above twoaseas into a disc
that transitions between radiatively efficient and ineéfitidisc regions, divided at
a thin disc ‘truncation’ radius (Esin, McClintock & Narayd897).

The nature of angular momentum transport (disc viscosityheése scenarios is
difficult to pin down but important in explaining the rate ofaterial flow through
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Figure 2.4: Generic accretion disc model cross-section with emissmmpn-
nents. This figure shows a simple representation of a ‘stdhdaodel for X-ray
binary structure, as well as various emission componendspancesses believed
to contribute to XRB spectra. While | try to show most of thepontant contrib-
utors to an XRB spectrum, one should be aware that they dollnetist in every
XRB and state. Note that the scales of various components @sithe compact
object) are skewed and the shape of the disc exaggeratedantorbetter display
important features.

the different disc radii. The Shakura-Sunyaev model, faregle, employs aa
parameter to account for what they regard as the two mostrit@piomechanisms:
magnetic fields and turbulence. Indeed, it was later estaddi that the magnetic
field (locked into the accreted material) likely plays theajest role in accretion
disc viscosity, via magneto-rotational instabilities ({Be& & Hawley 1991). These
instabilities arise when components of gas orbiting aedéht velocities (and thus
radii) interact with each other through field lines, with £4o faster components
being slowed by gas in larger orbits, and vice versa, yigldive necessary transfer
of angular momentum towards the outer disc. Furthermoreowt believed that
large scale height magnetic fields associated with certairetion disc models can
become incredibly complex, to the point of not only affegtaccretion mechanics,
but driving the spectacular phenomena known as jets (sdesnbgection).

Crudely speaking, the basic spectrum of an optically thidc @an be repre-
sented as a sum of blackbody spectra from each Keplerian Hiogvever, this is
not the final product of the disc’s emission, as the blackbpldgtons can act as
seeds for inverse Compton interactions (be it with jet oooarelectrons), and the
disc may contribute reflection components when it is illuatéd by X-rays emerg-
ing from nearer the compact object (also shown in Figure. 2.4)
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2.2.3 Jets

The first astrophysical jets to be observed were those engefigim galactic nuclei
and were quickly identified as powerful outflows of energy amatter from accret-
ing black holes within their host galaxies (i.e. AGN such ggs A: Hargrave &
Ryle 1974). However, it has only recently been establishatlthese phenomena
are not unigue to supermassive black holes, but in fact aalatsult of accretion
on all scales, with jets being detected in protostellar ciigjenteracting binary sys-
tems, and believed to be the cause of some types of gamma rrstg.b&tudy of
jets is obviously important as they represent a powerfulmaes energy return to
an accreting object’s surrounding environment, as well ataasible mechanism
for angular momentum loss and thus an influence on accredien ©On the largest
scales, AGN jets are believed to play an essential role inlagigg the growth of
their host galaxies (McNamara & Nulsen 2007), whereas ollastecales XRB
jets produce beautiful complex jet-powered nebula whiahrezord the history of
their host system'’s activity. XRB jet systems have the aold#tl benefit of allow-
ing observation of variability on short timescales, owingle fact that their host
compact objects and accretion discs are smaller than tinobeir AGN counter-
parts (variability timescalesyk, [1 Mgy, €.g. McHardy 2010), which also vary
but on timescales of the order of human lifetimes or moreeédj given that jets
appear to be intimately tied to the process of accretios, iittuitive to believe that
what we learn of BHXRB jets can be scaled up to supermassivietais to better
understand what is occurring in AGN. Nonetheless, thoughffem XRBs have
been actively studied for decades, they remain one of the poasly understood
features of XRB systems. | will briefly describe some of thestofluential and
widely used theories and models applied to various aspédstmphysical jets,
though full descriptions are beyond the scope of this thesis

2.2.3.1 Formation

One of the most difficult questions to answer about jets isdhthe nature of their
formation, with questions on the subject normally followsda great deal of ‘hand
waving’ and a muttering of the words “magnetic fields”. Thboug large effort
has been made to solve this problem over the years, inclutlegyetical models,
simulations and even laboratory reproductions, we arewstgure as to the exact
process involved, or if indeed there is only one or severat@sses occurring in
real systems. Initial theories involved thick accretiosadmodels, where the in-
ner funnel-like region of the disc could help to collimate e@vfrom the compact
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Compact object Magnetic
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Accretion disc

Figure 2.5: Artist's impression of Blandford-Payne magnetocentréluget
formation. Magnetic field lines become twisted, subsedyericceler-
ating and collimating matter near the compact object into edativis-
tic jet. Modified fromhttp://www.nasa.gov/centers/goddard/images/
content/96552main_jet_schematic. jpe.

object (Ree=t al. 1982); however, such models were eventually shown to be un-
stable (Papaloizou & Pringle 1985) though other thick dsensirios may exist. A
more attractive alternative was proposed by Blandford &gy 982) involving the
magnetocentrifugal launching of charged particles. Thadiaterpretation of the
model requires a disc with a large scale height poloidal retigrield, whose field
lines are frozen into the orbiting plasma and of which soneeogren and pitched at
an angle lower than 6Grom the plane of the disc. These field lines carry their own
thin material, which is forced away from the disc via cenigi&l acceleration as the
lines are dragged around by orbital motion (the analogy @atts on a wire” is
often used); however, as distance from the disc increadsesnertia of this carried
material forces the connected field lines into helical streess as their base remains
connected to the rapidly rotating disc. The result is a dylical wall of toroidal
field lines (see Figure 2.5 and panel C of Figure 2.6) whosenetagtension acts
to collimate material within it and continues to acceleratey from the disc: the
beginnings of a jet. Interestingly, since thin disc fieldswd be of smaller scale
height (bound close to the disc surface) this model wouldtion better for thicker
magnetised flows such as those presented in ADAF models (2@).

As with most models, this is an idealised situation and thgimmal work notes
several complications that can exist in real systems, cotyuthermal effects from
disc emission (affecting field line material accelerationl ghus the required field-
disc angle), reconnection events (field line pairs inténgcand reacting elastically
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Figure 2.6: Jet formation methods via magnetic fields. A: Rotation of atros
star’s dipole magnetic field. B: Collapse of of an object dragd winds up an
existing field. C: Poloidal magnetic field of a rotating a¢ine disc. D: Frame
dragging near a black hole wraps field lines within the ergesp. C is of most
relevance to XRBs, though A and D may contribute dependintp@mature of the
compact object. B is shown for completeness, but applidsecollapse of stellar
cores/corpses and thus possibly GRBs. From Meier, Koide Bidéc(2001).

to carry away energy) and instabilities occurring withie fbt itself. Nonetheless,
this work has become the foundation of our understandingtdioymation, being

applied and built upon time and again to explain observatairever more complex
jet features and inspiring the use of magnetic field dynamiexplaining other jet

formation scenarios (Meier, Koide & Uchida 2001; see Figuf®.

2.2.3.2 Composition

Another area in which there is still much debate is that ofatieial composition of
the matter carried by jets. Evidently, the material mustdrajgrised of charged par-
ticles (though macroscopically neutral), but as obseovetof all but one jet system
(on all scales) have only revealed the leptonic synchratraission component, we
are only able to confirm the presence of electron, positrobsth. The only system
in which we can confirm the presence of baryons within jethésmicro-quasar SS
433, with emission lines appearing in X-ray, optical andanéd spectra (Margon
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1984). An explanation for this unique difference can bewtifrom SS 433’s other
rare jet property: a distinctly lower bulk flow velocity (&) than that measured
in other jets. The acceleration of heavier baryons would faxsnore energy than

the same process applied to a population of electrons; #rusverse correlation

between flow speed and average particle mass should not kpaated. However,

even realising this, a small baryonic component cannot lsslrout given that re-

lated emission lines may be difficult to detect due to highsation parameters or
extreme Doppler broadening (Mirabetial. 1997).

2.2.3.3 Spectrum

Jets are one of the most well known sources of radio emissidrwae have had
several decades to study and understand their behaviouclatwgvelengths. Nu-
merous observations have revealed several consisteatdsah X-ray binary radio
jets: non-thermal (power-law) spectra, high brightnesgteratures, and in several
cases a significant level of linear polarisation. Togethese imply synchrotron
processes are the source of jet emission (See section,zfefjfically that of rela-
tivistic leptons within field lines following the jet streafnence magnetocentrifugal
launching fits very well, see section 2.2.3.1). An idealadie(an important distinc-
tion: see section 2.2.3.5) jet spectrum should thus bedim the expectedr = 2.5
self-absorbed component and end with an optically thinaregir ~ -0.7) associ-
ated with the jets highest energy emission. However, umisemal synchrotron
emission which displays a single break between the two regiamd thus a peaked
spectrum, steady jet synchrotron spectra include a nearefigbn @ = 0.0 - 0.3;
Markoff 2010) between the two steeper slopes that can exterkde entire observ-
able radio spectrum: a signature which is a direct resulhefutnique structure of
jets.

As a jet travels, the leptonic matter may continue to be asedy(by either the
magnetic field or secondary events such as shocks: seers2i@.5), but the jet
also expands as internal pressure overcomes the collimdéading to adiabatic
cooling in addition to the already significant radiative log. The result is a grad-
ual variation in the jet medium’s synchrotron emission,haiibth self-absorption
break frequency and lepton energies dropping (espectaiywtmber of leptons at
high energies, since radiative coolingisE? and adiabatic cooling is E, where E
is particle energy) as the spatial extent of the jet incredsech behaviour is well
described in Blandford & Konigl 1979). Indeed, it is podsito divide the jet into
layers of optically thick material with specific emissioroperties, i.e. a ‘strati-
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Figure 2.7: Stratified spectrum of an ideal compact jet. Each segmertieojett
(base on the right, flowing in the direction of z) contribuéegeaked self-absorbed
synchrotron spectrum (simplified in the image) which whembmed produce
the typical flat spectrum displayed by jets (black line). €lations atvgps will
primarily pick up the segment whose peak matches the olsamiequency, as
well as increasingly smaller components from segments ¢b sale (as marked
by the black circles). Thus the observed jet resembles grtiedl photosphere
(marked by the grey dashed region), and is far smaller thamvtiole. This figure
is based upon figure 1 of Markoff 2010.

fied’ jet model. Each layer produces its own self-absorbettissotron spectrum
with an associated peak frequency, but all with roughly thee spectral profile
(assuming fixed equipartition between internal particlé aragnetic field energies,
and conservation of plasma properties along the extenegeth which when com-
bined produce the tell-tale flat spectrum. Figure 2.7 itatsts this effect, as well
as a possible observational effect when imaging at a simgeific frequencyy:
one only observes a smaller region of the jet centred on #er lhose spectrum
peaks atvgy and with smaller contributions from neighbouring segmenlste that
the frequency at which the jet transitions from opticallickhand flat, to steep and
optically thin (known as the jet break frequency) is impattas it provides infor-
mation on the extent of the jet spectrum and thus its totalggawtput, or clues
about the composition and geometry of the outflow.

2.2.3.4 \Velocity

It is now well known that jets from X-ray binaries reach relatic velocities, with
the aforementioned jets of SS 433 being some of the slowes2&¢, and ‘transient’
jet events yielding some of the fastest with multiple sosrsleowing evidence for
velocities> 0.98c. However, in the absence of spectral lines the onlynsied
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measuring the velocity of such jets is by capturing the motibdistinct identifiable
components in the jet flow. In the case of a steady compadtgetrésembling the
simple models mentioned above) this is very difficult, amex@esolved steady jet
will, as named, appear as a single unvarying stream. Fore¢hson, there are yet
no direct measurements of the speed of such jets, though éhersome estimates
based on observed secondary effects, such as jet asymmsaitimg from Doppler
boosting ¢ 0.6¢ for Cyg X-1, Stirlinget al. 2001).

There are also scenarios where the jet is not steady (seextsubsection on
shocks), otherwise referred to as transient jets, and drevbd to reach similar
or higher relativistic velocities than their steady coupgets. The advantage of
observing a transient jet is that they often result in ‘lumfdgws with brighter
regions of emission whose motion can be tracked and thusvaltity calculated
(e.g. GRS 1915+105: Mirabel & Rodriguez 1994; GRO J1655#fAgay et al.
1995; XTE J1550-560: Hannikainest al. 2001). While these motions implied
velocities with Lorentz factors df ~ 2, it was argued that the motion of such radio
components could not provide an accurate upper limit forflinves with available
distance measurements, and that it was actually possibbathl™ > 5 (Fender &
Kuulkers 2001, Fender 2003). Furthermore, the assumgtettthe motion of such
objects directly reflect the properties of the underlyingl@vs may be false.

At this point it is useful to review the basic formulae usectaiculate the ve-
locities of superluminal motions. The apparent angulaft ¢proper motion) of an
objectyu, in milliarcseconds per day, is related to an observed \glparamete|3

(=v/c) by:

Boss = (755D 2.1)

where D is the distance to the source in kpc. This parameteladted to the true
velocity parametepe via a known inclination to line of sighf, as follows:

BreSinG
15 Brecosd

where thef represents the effects of approaching and receding compsrfeor
reference, superluminal motion (i.8sps > 1) appears whefie > 2709,

Bobs= (2.2)

2.2.3.5 Shocks and interactions

While the events that can cause changes in jet flow properiiebe handled in
section 2.3, the resulting effects are simple to explairh&durrent context of jet
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Figure 2.8: The famous jets of SS 433 and Cygnus X-1. To the left is a VLA
radio (1408 MHz) image of the nebula W50 that surrounds treaqguasar SS 433
(red point towards the centre) displaying spectacular igecdtructures resulting
from the interactions of a precessing jet with the nebulanbawy (Dubneret al.
1998). To the right is a WSRT 1.4 GHz image of Cygnus X-1, digiplg the
bremsstrahlung bubble near the system: a compressed bak &rmed by the
impact between the system’s jet and the ISM (Gatlal. 2005).

flows and fall under the title of shocks. Shocks describe ¢isalt of an interaction
between two bodies of material where at least one of the caegs is travelling
with supersonic speed, forming a shock wave where the bulkvigocity changes
abruptly: a collision which causes re-acceleration ofipkes in the impact region
and a subsequent increase in emission. The collision fs®ifs two shock fronts,
one moving forward and the other in the reverse directiott) bdwhich accelerate
leptons to higher energies (also into a new power law digtidn) via first order
Fermi acceleration (compressed magnetic fields in the stonks form distortions
which bounce and energise leptons between them). Suckioalican be of two
forms: internal or external.

Internal shocks (Kaiser, Sunyaev & Spruit 2000; Jamil, leer@&Kaiser 2010)
form between two jet components moving at different speadbe stream (often
referred to as ‘shells’ of material). In the simplest modeddativistic momentum
is conserved in inelastic collisions, and part of the redelasnergy is believed to go
towards accelerating particles in the merging shells. ©ftisn results in rebright-
ening of jet components downstream during events which fsiér jet flows (see
section 2.3), without necessarily observing the energisineam itself (as in the
case of Scorpius X-1 and Circinus X-1: Fomalont, Geldzakl&radshaw 2001
and Fendeet al. 2004 respectively). These shocked shells eventually mery®
continue travelling with a new average velocity down theatn, while continuing
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to expand and radiate via synchrotron processes like tiggnatijet stream model.
Since the component is compressed early on, the emissiotrspewill steepen to
a positivea as expected from optically thick emission, but graduallytéia again

as expansion and cooling continues and the material transito the optically thin
regime. The motion of such sites can be tracked to estimateviibocity or their

flaring behaviour correlated with that of the core emissioan effort to determine
the velocity of the energising flow itself (as mentioned ictsm 2.2.3.4). Given
a highly variable jet, it is possible for multiple shock siti® exist and for existing
shocked shells to experience new collisions with freshtijes or further down-
stream shells (e.g. XTE J1748-288: Hjellmiegal. 1998).

External shocks describe collisions between a jet and a ocosr not associated
with the jet, such as the interstellar medium or supernowvaent material (in some
cases that associated with the binary system’s compacttpbjEhe main distinc-
tions from internal shock models are: the larger differemceelocity between the
two components (the jet is likely to be faster), and the cositiom of the external
medium. While the former will result in a slower but intensmek front (released
energy is partially dependent on the difference in shelbeigles) than those seen
within the jet, the latter can not only affect the merged $t®final speed, but the
manner in which it radiates, since the external compondikeky to contain a high
concentration of atomic material to compress (i.e. brerabiing can become the
dominant emission mechanism, as in the case of Cygnus X-lg &aal. 2005).
Over time, the force of the jets can deform material arourdithpact site forming
so-called ‘jet-powered nebulae’; for example, the jet ofj@ys X-1 has created a
large bremsstrahlung emitting bow shock with a synchrogwonitting void behind
it (Figure 2.8, right panel). Such structures can be usefdadorimeters, allowing
an estimation of the energy the jet has contributed to theil@mimedium over its
active lifetime. In the case of existing structures like suqmva remnants, the jets
act to deform them also, with a spectacular example in SS A83ta surrounding
nebula W50 (Dubneet al. 1998: Figure 2.8, left panel), which is believed to have
formed as an expanding spherical nova remnant that hasyshmein deformed by
the jets in the east-west direction. SS 433 also serves ascafient example of
interaction sites in a nebula revealing the varying dimatof the jets over time, in
this case as a result of precession.
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2.2.3.6 Precession

Returning to SS 433, we have the most famous example of teetefof jet pre-
cession: a situation in which the jet axis rotates peridtjicving rise to helical
outflow structure (individual ejections follow ballisticajectories but in directions
that vary with the jet axis), and in the case of SS 433, traoésaossal arcs as the
flows impact on the interstellar medium at the boundary of racsunding nebula
(W50: see Figure 2.8, left panel). Since the cause of theepsian is likely tied
with the nature of jet production, we can again only speeuatto what it is; how-
ever, assuming a magnetic launch scenario, it is likely tihetdirection of the jet
is linked to the orbital plane of the disc material whose figlds contribute to the
jet’s structure. Thus a scenario in which an accretion dissimply the deformed
inner region of an accretion disc, ‘wobbles’ over time (désc plane changes over
time) should be able to give rise to a varying jet directiarg auch deformation and
wobble can result from disc irradiation (Livio & Pringle 18P loss of material via a
disc wind (Schandl & Meyer 1994), misalignment of binary &gt orbits, Lense-
Thirring effects due to a spinning compact object (BardeeReiterson 1975) or
the effects of a neutron stars magnetic field (Lai 1999).

2.2.3.7 Instabilities

In the absence of precession or shocks, there are addigffeats which can result
in jets that show distinct distortions or deviations in ttfw trajectory. Blandford
and Payne already suggest that velocity shearing coulceadmsnstream disrup-
tions in the normal flow of a jet: an effect that is has been sgtidied and is
known as a Kelvin-Helmholtz instability. This phenomenam arise at the bound-
ary between any two fluids (atmosphere layers, ocean csirplatnet cloud bands)
travelling side by side with different densities and flow eg®, and can be applied
to jet models which include similar boundaries such as adas surrounded by a
slower sheath (Normaet al. 1982). Another form of instability can arise earlier
in the jet in regions where energy is dominated by poynting fiLe. the magnetic
field is the largest energy reservoir) and yet to convert tlagonity of its energy
into the kinetic flow. Known as a current-driven or ‘kink’ irabilities, smaller de-
formations in the jet brought about by internal magnetobgginamic waves can be
intensified by the jet's own magnetic field, due to differencthe field strength on
different sides of a forming kink (Nakamura & Meier 2004).
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2.2.4 The corona

The corona describes a region of high energy plasma surhogiidle compact ob-
ject, possibly extending to the inner accretion disc (thancyegions depicted in
Figure 2.4). It is the corona which is identified as the sowtaigh energy X-
ray photons in several disc models, which begin as lowerggnehotons emitted
by the disc but are upscattered (inverse-Compton) by widét electrons within
the corona. However, it should be noted that there remaimsestiscussion as to
whether there is also some contribution to high energy X faym the base of the
jet itself, and indeed whether the jet base and the coronabmaytimately linked,
with the corona material feeding the jet, or even that theyare and the same
(explored further in section 2.3).

2.3 States, transitions and multi-wavelength correla-
tions

Using standard accretion and jet models to decipher thevimmiraof accretion onto
compact objects is all well and good, but unfortunately XRBssome of the most
badly behaved (read: interesting) objects in the sky, ofteswing significant un-
predictable variability, indicative of events that defy mgaof the assumptions used
in simple modelling. It is now well known that black hole XRBpend time in
various ‘states’ defined by a number of common luminositgcsgl, X-ray timing
and radio properties, and that over time systems evolvedmithese states, with
some being triggered by periods of greatly increased lusiip@alled ‘outbursts’.
Similar but less well understood behaviour can also be @st&atwith neutron star
XRBs. | will briefly describe some of the more popular meckars believed to in-
fluence these state changes, as well as the typical chasticethat mark the most
well known states.

2.3.1 The Eddington limit

It is often useful to discuss relative luminosities in terfi$ractions of the Edding-
ton limited luminosity. This is the maximum luminosity pdss for a spherically

accreting, isotropically emitting object, and is derivgddalancing the gravitational
pull on matter by the object, with radiation pressure exemgthe emitted photons.
The result for pure hydrogen accretion is given by
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4nGMmyc

or

wherem, is the mass of a proton, aray the Thomson cross-section, though
the latter is only used assuming scattering by electronbiasdbminant opacity
mechanism (this can be replaced by a more complex absorpbieificient). For
an astrophysical source this simplifies to 1:38.0° (M/ M) erg s'1. This can
of course be violated if any of the original constraints ai@ated (e.g. emission
beaming in jets or on-spherical accretion via an accretiso)d

Note that we can crudely relate the rate of accretion to lasiiy, and thus
the Eddington limit, by assuming all converted gravitatibpotential energy is is
eventually radiated by matter falling towards the compégect. In such a scenario
the luminosityLacc given my matter accreted at ratefrom infinity to radius R is
given by

LEdd = (2.3)

GMm
Lacc: T (2-4)

whereM is the mass of the compact object.

2.3.2 \Variable accretion and disc instability

As has been described, the emission of many XRB featuresearéot matter and
fields within the accretion disc, which in turn are affectedthe rate at which
material enters, passes through, and finally leaves thedtstalls onto the compact
object. Therefore, it is logical to assume that variatiomny one of these factors
may lead to a change in observed emission characteristics.

While a change in the properties of the donor star (such akigwo over its
lifetime) can alter the degree to which it fills its Roche Iab@l thus rate of mat-
ter loss, such events are rare and the chance of catchingeylspstem at one of
these turning points unlikely. Elliptical orbits can prdeia stable constantly vary-
ing Roche lobe model, and thus an ideal scenario in which dingpact object is
better able to strip matter from the donor star at certaintakphases, namely those
closer to periastron. Such phases should therefore be ymtect by an increase
in matter passing through the disc onto the compact objaetbasubsequent boost
in luminosity, though a delay may be observed owing to thestrequired for the
extra matter to pass through the accretion process. Indieisds the explanation
for the flaring behaviour of some high mass X-ray binarieg.(€&5X 301-2: Lay-
tonet al. 1998), Be X-ray binaries (stripped from a circumstellarcdisee section



2.3 States, transitions and multi-wavelength correlation 39

2.2.2), and the NSXRB Circinus X-1 (one of the primary soarstudied in this
thesis, see Chapters 5 and 6). Since the timing of these Haea®lated directly
to orbital phase, they are periodic events which can be giedliand studied in-
tensely in order to better understand periods of high aicereate in XRBs. Donor
star winds can also contribute to the matter accreted bydh®act object, and so
variability in the wind (for example in a ‘clumpy’ wind) canso lead to variability
in emission from accretion processes. A particularly ies&éing example is that of
Cygnus X-1, in which a line-driven wind from the companioarss slowed and
subsequently accreted as it passes within the ‘Stromgree’ around the compact
object: the region which can be photoionised by the X-ragsg3ov, Brocksopp &
Lyuty 2003).

The majority of XRB outbursts and state changes cannot lee@ted with vari-
ability in initial matter accretion rates as they are oftempbright events that occur
more than once and on timescales longer than a binary pesicad;ing from the
above scenarios. Indeed, it is likely that the rate of acmmefrom the donor for
many XRBs remains stable, leading us to seek another exparfar their vari-
able emission. The answer lies within the accretion digdfitand the ability for
the rate of matter transfer from one region of the disc to la@oto change abruptly
as a result of instabilities. If such instabilities occuraolarge scale in the disc, then
the rate of matter accretion onto the compact object itsmifatvary dramatically.
Returning to the Shakura-Sunyaev disc model, there are tinapy types of insta-
bility which can cause such effects: one associated withothisation of hydrogen
and the other with radiation pressure.

The hydrogen ionisation instability occurs at temperatuiese to that required
to ionise hydrogen (5 10° to 5 x 10* K), where the opacity of the gas increases
sharply as photons begin to be absorbed in the ionisatiotepso The absorption
heats the gas further, which produces more ionising photeading to a runaway
heating effect (thermal instability) in that region of thisa until most of the hy-
drogen is ionised. This thermal instability then triggerdscous instability (rapid
increase in mass loss from the disc region) since viscoessis proportional to
pressure in the Shakura-Sunyaev model (incorporated nrgor tparameter), and
results in material quickly being dumped (into a smalleritatradius) at a rate
faster than it is refilled by accretion from the outside. Tit@duces pressure in the
unstable disc region, which in turn cools the disc by redgitive heating effect, al-
lowing the remaining hydrogen to recombine. However, oratd mstabilities have
ceased to exist, accretion from outside is now sufficienttogase matter in the re-
gion and start the entire process over again, creating dahitisy cycle. Though
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this describes the effect in only a single disc region, itidtidoe obvious that the
viscous instability and dumping of matter into subsequentetion disc radii can

trigger the effect in them as well, leading to a global cyekh the disc alternat-

ing between the standard Shakura-Sunyaev model wheretiaccie the same at
all radii, and a cooler neutral disc with decreasing acoretate towards the inner
disc. Though this type of instability was originally invaké explain cataclysmic
variable (CV) outbursts (Cannizzo, Ghosh & Wheeler 1988 gossibility that the

same process could occur in XRB discs was evident, thoudh avie significant

alteration: disc irradiation. XRB outbursts show a longgp@nential decay than
those of CVs, which is best explained by irradiation of théeoalisc by emission

from the hotter inner disc and corona delaying the coolinghef outer disc (van

Paradijs 1996).

The second instability arises at high mass accretion ratebe innermost re-
gions of a disc where material goes from being gas pressuméndded to radiation
pressure dominated (i.e g nkT to Bk = 0T43c). In such a regime, a small in-
crease in temperature yields a large increase in pressiiehwoosts heating as
in the model above (viscous stress is proportional to preysiigain, the matter
undergoes runaway heating. The Shakura-Sunyaev modetiekkstabilisation
of the disc at this point, with no stabilising scenario to wmmuact it. This can
be counteracted by assuming that some energy can be canagdboy advection to
neighbouring disc regions and radiation (Abramowatal. 1988). However, obser-
vations show that discs that should suffer this instab{ligsed on their Eddington
ratio,L/Lgq4q) Show stable systems instead, indicating that the pressizalations
for the inner disc overestimate heating and our understanafi the inner accretion
disc is incomplete. The only system which may show signs fiésng from this
type of instability is GRS 1915+105, which spends a sigmnifiGamount of time
at near-Eddington luminosities, and thus accretion raégslole of triggering this
scenario (Fender & Belloni 2004; Neilsen, Remillard & Leel 2]

2.3.3 Black hole X-ray binary outbursts and states

Whether it is triggered by increased accretion or disc inistees, the sudden influx
of matter passing through the disc and onto the compact bibjeeases emission
over a wide range of wavelengths. These events are knowntbsrsts and often
provide the first detections of new X-ray binaries via alfvsk-ray monitoring,
due to the significant boost to X-rays from the inner disc amaia. Lightcurves
for three black-hole X-ray transients are shown in Figu& Rlustrating how the
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Figure 2.9: BHXRB RXTE ASM lightcurves. Each shows the unique outburst
behaviour of the sources, with various profile shapes andsgence durations.
Plots were scanned and modified from McClintock & Remilla20d6), figures
4.2 and 4.3.

event profiles and duration can differ significantly, evendotbursts from the same
source; however, two properties are often repeated: a sism@nd a long term
decay (continued irradiation of the disc, see section 2.318 the case of non-
elliptical XRBs (i.e. those with a relatively stable acavetrate), outbursts normally
punctuate periods of quiescence lasting months, decagesitaps even centuries.
In this quiescent state XRBs tend to be at their faintestendtrays (in some cases
up to 1078 fainter than during outburst: A0620-00, Narayan, McClaka& Vi
1996), with a spectrum dominated by a power law componerat@whindexl” =
1.5 - 2.1, defined byN O E~" where N is photon count rate in countstsm—2
keV~1, and E is photon energy).

When not in quiescence, XRBs are typically found in one of brighter states:
the hard and soft states. The hard state (otherwise knowredsw-hard state) can
effectively be considered a brighter version of the quiasstate whose name is
derived for the continued dominant presence of the powerlamponent{ = 1.5
- 2.1) in the X-ray spectrum (see left hand panels of Figut®@.though a weak
thermal component can still be detected at lower energieak(at~ 1 keV, see
GX 339-4’s spectra in Figure 2.10). The soft state (also kmaw the high-soft
or thermal dominated state) is identified by a spectrum thdbminated at lower
energies € 10 keV, peak at- 1 keV) by a thermal component, but retains a steep
power law ( = 2 - 5) that is visible towards higher energies (see righthaanels
of Figure 2.10). Note that there are also various timinguesg which provide ad-
ditional means of differentiating between the above statesd state power spectra
typically start flat at low frequencies, breaking betwedilGand 1 Hz into a power-
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Figure 2.10: RXTE X-ray spectra of BHXRBs in the hard and soft states. The
hard spectra on the left show the characteristic flat poasgrdomponent (dashed
line) dominating over smaller contributions from other smms such as the accre-
tion disc (dotted line). Conversely, the right hand spestraw a much stronger
thermal component (solid line) with the power-law compdrssminating only at
higher energies (dashed line). Plots were scanned and eubdifim McClintock

& Remillard (2006), figures 4.8 and 4.11.

law (y ~ -1.5, forvY), and again at 1 - 10 Hz into a slightly steeper compongnt (
< 2). Soft state power spectra are best described by a singlerdaw (y ~ -1)
and, typically, lower levels of integrated variability. @te are also additional XRB
states which correspond to transitional phases betwedmatiteand soft states (the
so called intermediate states), which can show similarddebato one of the above
regimes (including both thermal and power-law spectral ponents), but at radi-
cally different X-ray luminosities and/or with unique ting features (e.g. the steep
power-law or very high states) .

The behaviour of the radio jets appears to be intimately wetl what is ob-
served from XRBs in X-rays and other wavelengths, with ragtgssion typically
visible and persistent in the hard state (including durinigsgcence: e.g. A0620-00;
Galloet al. 2006), flares during transitions between soft and hard s{ghe exact
point at which this occurs remains in doubt) and is much weakeindetectable
during the soft X-ray state. This behaviour is discusseth@rrin the following
section.

2.3.4 The hardness-intensity track and a unified model

Monitoring of outbursts of multiple BHXRB sources has rdeeahat the majority
follow a very similar sequence of transitions. This seqeesdllustrated very well
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Figure 2.11: Hardness intensity diagrams for a simplified BHXRB model and
GX 339-4. The left hand image shows a simple model track th#XBBs may
progress through as they transition through various spkstiaites (marked) during
their lifetime (modified from figure 7 of Fender, Belloni & Gal2004). The out-
ermost loop best represents the ‘main’ track for a singleplete transition from
quiescence (bottom right), through the hard (right sidefgrimediate (horizontal
branches), and soft states (left side). The thick solidicadrtine marks (crudely)
the ‘jet line’, the boundary representing the activity oé tjets from the source,
with them inactive on the left side (soft state). The inneclks represent devia-
tions that some sources (GRS 1915+105 being the best exXadigiday during
their outbursts, moving in and out of the soft state and aciios jet line, resulting
in multiple radio flares. The right panel shows the evolutadrGX 339-4 during
its 2002/2003 outburst (modified from figure 18 of Bellatial. 2005) with dif-
ferent state regions marked, and displays an excellenintgdsece to the model’'s

outer track.

by comparing the X-ray intensity of a source to its X-ray heesls (akin to the ratio
of contributions from the power-law and thermal componémtsie spectrum) in a
hardness-intensity (HI) diagram, tracing out an evolumgrirack over a complete
outburst (Fender, Belloni & Gallo 2004: see Figure 2.11).e fimary track of

the model describes the brightening of a source as it mowees fuiescence into
the hard state, softens (thermal spectral component becomes dominant) dur-
ing the peak of the outburst (passing through intermediaties and possibly the
very high state) moving into the soft state where it declinefore hardening once
again (back through the intermediate states), shifting liaio the hard state and
finally returning to quiescence. The 2002/2003 outburstléKBRB GX 339-4 is an

example of real source behaviour that strongly resembbasithich is described by
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the model scenario (Bellomit al. 2005: right panel of Figure 2.11). An important
feature of the HI diagram is the so-called ‘jet-line’, regeating the point at which
jets can turn on or off during the sources evolution. Noté tha vertical jet line in
Figure 2.11 represents an early, crude description of tatife, with more recent
studies indicating it is more likely to be variable or tilt@¢ording, Jester & Fender
2006; Klein-Wolt & van der Klis 2008; Fender Homan & Bellord@).

It is important to note that every outburst can display défe behaviour, reach-
ing different luminosities during the first horizontal bcdm(some near Eddington,
others only a few percent), or transitioning back and fordtween some of the
states. Some sources display these types of behaviour rfterear even exclu-
sively, for example GRS 1915+105 is often found at near Egtdim luminosities,
and appears to bounce in and out of the soft state, with nheiligglio ejection events
(Klein-Wolt et al. 2002), suggesting it also moves across the jet line replyaiésl
behaviour could be well represented by the closed loop or syuked on the left
hand side of Figure 2.11.

Given this behaviour, it may be possible to describe the statl jet changes as a
sequence of events related to the evolution of the accrdigmand its instabilities
(Mirabel et al. 1998; Fender, Belloni & Gallo 2004). A crude scenario imagia
mostly radiatively inefficient disc being ‘loaded’ duringgt quiescent state (perhaps
a truncated disc such as that of Esin, McClintock & Naraya@7)9with the sys-
tem becoming brighter as the disc grows and accretion rdtetba compact object
rises. As required, the spectrum in this state is dominayethé hard power-law
component from a hot corona. During this phase, the jet nesnalatively stable,
but grows in luminosity with accretion rate. The disc cdmites the thermal X-ray
component, which gradually intensifies as the disc gainenat Eventually, the
disc becomes hot enough for instabilities to kick in andgeigrapid migration of
material to the inner disc regions. This process is fastdpcong a geometrically
thin, optically thick, radiatively efficient disc all the wao the ISCO (akin to the
Shakura-Sunyaev disc) which in turn caused the thermalibotibn to the spec-
trum to increase dramatically. Since Shakura-Sunyaevdisics may find it more
difficult to support the high scale height fields requireddar a powerful jet (see
section 2.2.3.1) the sudden propagation of the thin disaids/could interfere with
jetformation. The existing collimating field may be forcesMards, where magnetic
stresses or perhaps the rotational effects of the blackdwrigosphere (see panel D
of Figure 2.6) result in a significant boost in jet velocitydathus radio flaring via
internal shocks, but finally collapses or is left signifidgnteaker as the thin disc
reaches the ISCO. Eventually, enough disc material is tosh the inner regions
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in the process that the system cools and fades, returningetoriginal quiescent
scenario. While this sequence of scenarios can begin toidesghat we observe,
| must stress again that this is a very basic model and thegesathat occur during
real state transitions are likely to be far more complex. déscribed sequence, for
example, fails to explain why we can observe both a brighitafly thick disc and
strong jets at the same time in some bright hard states.

2.3.5 Neutron star X-ray binary states

The notion of states is not isolated to black hole XRBs bub alscurs in their
neutron star counterparts, albeit with some differencelserd@ are two classes of
NSXRBs (originally classified in bright NSXRBs by Hasinger\v&an der Kilis,
1989): Z-sources and atoll sources, named for the shapeeaf ¢blour-colour
diagram (CCD) tracks (i.e. comparison of hard X-ray intgnsd soft X-ray in-
tensity: see Figure 2.12). Z-sources are NSXRBs that fterdlg accrete at lev-
els close to Eddington, and thus are some of the brighteBtes¥&ray sources
in the sky. Their typical variability evolution traces a odenensional z-shaped
track, moving through the horizontal, normal, and flaringrarthes as luminosity
increases, with radio being strongest in the horizontahtia and weakest in the
flaring branch. Atoll sources are fainter and are thus belieto accrete at lower
rates & 10% Eddington), with their earliest CCD shapes showing aexdiregion
referred to as the ‘banana’ branch, and a long-lived faatesnh which sources were
so often observed that the CCDs often displayed an isolatzh@way from the
banana branch, thus giving rise to the name of the groupr C&E®s showed a fur-
ther branch in some atoll sources at very low luminositied treated a shape far
more similar to Z sources, implying a connection betweenwuespecies (e.g. 4U
160852: Gierlihski & Done 2002). Other sources also shohag@urs from both
sub-classes at different times (including Cir X-1: see ¢hp5 and 6), with one
of the best examples being observations of XTE J1701-462wsthowed distinct
transitions between atoll and Z-source states, attribttte@riation in the source’s
accretion raten (Homanet al. 2010).

Radio emission is typically observed in the faint harderoeg (island states
in atolls, horizontal and normal branches in Z-sourceshef €CDs, implying a
similarity between these states and the hard and soft stat®sIXRBs. In fact,
the atoll NSXRB Aquila X-1 has shown an outburst HI diagraackrthat shows
striking similarities to the BHXRB model (Tudos al. 2009).
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Figure 2.12: Schematic colour-colour diagrams for atoll and Z-sourceXR8s.
The evolution with accretion rate and hypothetical regions associated with ra-
dio emission (grey) are marked. Various track states andches are labelled;
extreme island state (EIS), island state (1S), lower bafmaach (LB), upper ba-
nana branch (UB), horizontal branch (HB), normal branch Bid flaring branch
(FB). Image modified from Fender (2006) figure 9.11.

2.3.6 Emission correlations

Given the similarities in the behaviour of radio and X-rayission during the hard
state rise, a comparison between the two types of emissisrngaitable. A corre-
lation between the two was first indicated in simultaneouftimavelength studies
of GX 339-4 (Hannikainemt al. 1998, Corbekt al. 2000) but was later found to
exist for the majority of hard state BHXRBs (Gallo, Fender &oey 2003) with
a relationship ofLg O L9(~7 (a value which can actually be derived from existing
synchrotron jet and radiatively inefficient accretion misjle This implies some
common physical process in BHXRBs couples the hot X-ray tamgiregion near
the compact object to the optically thick portion of the j&.possible explana-
tion for this is that the X-ray emission originates in thehese itself, or similarly,
that the jet is fed by the hot corona. A similar type of cortiela was also found
for NSXRBs but with a steeper slope log 0 Ly (Migliari et al. 2003) which is
likely a result of accretion flows in neutron stars being atigely efficient (Migliari
& Fender 2006).

Recent updates to the correlation data with new obsen&from existing and
additional sources has complicated the overall picture ([Sgure 2.13). Several
sources were found to lie below the existing track, and thoungtially easy to
dismiss as outliers resulting from errors (from incorresttance estimates for ex-
ample) this population has grown to the point where it is naiggistically likely
that there are two distinct correlation tracks rather thaa (one ‘radio quiet’ and
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Figure 2.13: Radio/X-ray correlation of hard state BHXRBs. Figures amf
figures 1 and 6 of Gallo, Miller & Fender (2012). On the left iseoof the most
recent collection of radio and X-ray luminosities for BHXRBL8 simultaneous,
2 non simultaneous, plus some radio upper limits) for whiglositive correlation
is clearly visible. On the right are two sets of trendlineiriigt results, the upper
right panel depicting the fit for a single population (as waginally considered in
Gallo, Fender & Pooley 2003), with a slope of 0.45. The lovigihtrpanel shows
the fit results for two populations, with slopes of 0.63 ar@B(for the upper and
lower tracks respectively. Note that dashed lines reptd#emn which upper limit
points are ignored.

the other ‘radio loud’: Gallo, Miller and Fender 2012). Fhat analysis has shown
the lower track follows a steeper correlationlgf O L$:%8 straddling the values for
‘standard’ black holes and neutron stars. These two caioeka might at first be
thought to define two distinct groups of black holes; howgetlee sources GRO
J1655-40 and H1743-322 have been found to exist on bothstetakfferent times.
H1743-322’s correlation was studied intensely in Coetadl. (2011), where it was
found that the source actually exhibited a break in its dati@n and that it could
move from the radio loud track to a neutron star like[] L%* track. This was inter-
preted as either the accretion flow changing from radiatiuefficient (radio loud)
to efficient (radio quiet) during the hard state, or a diffénelationship between jet
kinetic power and accretion rate.

Two groups independently took the radio/X-ray correlatiorther by testing if
similar behaviour was exhibited by AGN; Merloni, Heinz & did#teo (2003) and
Falcke, Kording & Markoff (2004) They found that with thecinsion of black hole
mass as an additional parameter, all weakly accretinghi@ed state) black holes lie
on a plane (in the 3-dimensional space defined by mass, coag XKiminosity and
core radio luminosity) defined by the function log E (0.6 + 0.1)log Lx + (0.8 +
0.1) log M + (7.3+ 4.1). This was dubbed the ‘fundamental plane of black hole
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Figure 2.14: The fundamental plane of black hole activity. As seen in gg8iof
Galloet al. 2006 with the addition of A0620-00 in quiescence (lowerteéingle).
This extended the existing slope of log E (0.6 = 0.1)log Lx + (0.8+ 0.1) log
M + (7.3 + 4.1) (shown) from Merloni, Heinz & Di Matteo 2003.

activity’ (see Figure 2.14) and strongly supports the notadd common accretion
and ejection processes for black holes on all scales, arglthi@uscaling of XRB
properties to the level of their supermassive counterparts

2.4 Thesis overview

In the first chapter | discussed basic radio observatiomhjisind theory that will
be required throughout this thesis in interpretation oadatalysis methods. In this
chapter | have outlined many of the basic astrophysical eptscassociated with
X-ray binaries and their radio emission, which will be of fi@rlar importance in
understanding the results and impact of science in thisgghés Chapter 3 | will
briefly return to discussing radio observation theory, dreldtudy of the effects of
source spectral changes on upgraded telescopes such as@ABB. In chapter 4

| cover the attempts to observe the two BHXRBs, GRO J1655~406 E J1550-
564, in quiescence with ATCA-CABB in an effort to further éage the lower lu-
minosity region of the hard state radio/X-ray correlatiomchapter 5 | will present
the results from ATCA-CABB observations of NSXRB CircinusIXover a com-
plete orbit while it was in a historically faint state, inding the behaviour around
the observed periastron flare, and the evolution of the systedio structure over
time. In chapter 6 | will discuss the first successful mm wangth detections of
NSXRBs Circinus X-1 and Scorpius X-1 using ATCA-CABB, dissing their ra-
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dio structure, variability and spectral behaviour at theseelengths. In the case
of Circinus X-1 | will also discuss how the group of obsereas at cm and mm

wavelengths may support the idea of recent variability angizstem’s jet geometry.
Finally, 1 will conclude this thesis in chapter 7 with a dission of the scientific

impact of the enclosed studies, and future prospects fearek in each field.






It's one of the great tragedies of life - something always
changes.

DR. GREGORY HOUSE, HOUSE

The effects of source spectral changes

on radio imaging

3.1 Introduction

As | mentioned in Chapter 1, the hardware upgrades instale® CA significantly
boost its observation capabilities (see Section 1.3.1)cén also have detrimental
effects to imaging of sources that undergo significant spechanges during an ob-
servation. This is very relevant to observations of X-rayaies and their jets since,
as | described in the last chapter, structures in these eswan rapidly shift from
optically thick to thin regimes and vice versa as a resultafree evolution and
particle (re-)acceleration. In this chapter | will first éajm these possible effects
in terms of observational theory and data analysis metheflsrd moving on to
the process | went through to simulate plausible obsemao@narios that include
variable sources. | will present attempts to image such, dagauss the resulting
image artefacts that may influence interpretations of sostoucture, and finally
summarise the implications of the results. Note that thigirgoals of this investi-
gation were to introduce me to advanced radio data reductionepts, and to make
me fully aware of the signs that could indicate the effectguestion (essential for

51
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my subsequent research), not to create a solution that ecatalint for the error and
correct images. Much of this work was carried out prior to teelassification of
some of ATCA's antenna configurations, with configuratiobBGnow also known
as 6.0C.

3.1.1 Theory

As described in Section 1.2, radio images are derived fraenRdurier transform
of theuv plane (Equation 1.2) which is gradually filled by the sigrfadén antenna
pairs, with eacluv point’s position dependent on both the projection of theanae
physical positions onto the sky (for each observable locatirelated to the signal
phase), and the observation frequency. This latter poipaiscularly relevant for
multi-frequency observations, as it allows for a greateoant of uv space to be
filled every moment and thus is a major benefit of upgradingstpes to expand
their observable bandwidths (such as the ATCA-CABB). Hasvethe position of
measurements on thev plane (specifically, distance from origin) also influences
the size of sources that can be resolved. Though this is oblji@ benefit in trying
to observe sources with ever increasing resolution, it sé&fe up a scenario where
a spectrally variable source can effectively change inisizmmages, depending on
which sets ofuvranges the source is most strongly detected in. | will expllis
phenomenon using an extreme case which will be based on ¢narsas depicted
in Figure 3.1: a series of model observed source spectra@neptesentations (or
cross-sections) afv plane and image plane responses.

Consider first an ideal hypothetical scenario in which isasgible to observe a
source’s entire spectrum with an infinite range of basekemgths (row A of Figure
3.1). In such a scenario, a true point source will appeargastuch in the resultant
images (i.e. the Fourier transform of an infinite, even, fila¢ function is a delta
function at the origin). In a more realistic situation (rowoB Figure 3.1), one is
forced to observe a specific bandwidth of frequencies (nthibke/min t0 Vmax) and
with a limited number of baselines (a single baseline in teeof Figure 3.1) which
causes thev coverage to be truncated and imaged point sources to digpayp-
ical wave-like form prior to cleaning. A truly realistic stario would also have to
deal with multipleuv rings and discrete frequency sampling, but the current com-
plexity is sufficient for the purpose of explaining the effestudied in this chapter.
Next, consider an extreme scenario in which the sourcestapa resembles a step
function; that is, below a certain frequenay, it cannot be detected, but behaves
just like the previous scenario at frequencies higher than(tow C of Figure 3.1).
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Figure 3.1: lllustration of the effects of spectral shape owplane and image
plane response. The left hand plots show a model sourcess\aasspectrum that
defines each situation: A, a flat spectrum source observedppathetical instru-
ment with infinite frequency coverage; B, a flat spectrum sewbserved over a
particular bandwidth i, t0 Vinay); C, a source with a flat spectrum at high fre-
quencies but a sharp spectral cut-off to ‘undetectablegletzelow frequencyyp;

D, a source with a flat spectrum at low frequencies but a shaeptsal cut-off to
‘undetectable’ levels above frequengy (i.e. the reverse of C); E, a source that
varies between two spectral states (akin to C and D) regultia ‘blended’ spec-
trum. Middle plots show a representation of a cross sectiansingle baseline’s
(broad bandwidth) response to the source inuhplane, with the horizontal axis
marking the distance from the centre of the plane (assuna¢éiooal symmetry in
the uv coverage), and the vertical axis being an arbitrary measutiee source’s
detected amplitude. The right hand plots show the Fourarsfiorm of theuv
plane response, which is equivalent to a cross-sectioneointlage of the source
prior to cleaning, or the dirty beam, with the horizontalsalzseing angular distance
in the image plane, and the vertical an arbitrary measuragfdénsity. The hori-
zontal scale of the plots remains the same in each scened-@urier transforms
are real calculated plots), though the vertical axis aratiked scale of each column

are arbitrary.
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The radial distance of av measurement is proportional to wavelength; thus, the
loss of low frequencies in the source’s spectrum limigoverage to the largeav
values and higher observation resolution, or in other woddsreases the width of
the primary peak in our image Fourier transform. In the regarase, where instead
the spectrum loses the higher frequencies (row D of Figut¢, 3ve observe the
opposite effects (as one would expect): that is, a widenfmpak width and lower
resolution.

The major concern now lies in attempts to clean such souacd#, models to
them in an effort to determine attributes or their resolvetest, both of which
depend on use of the image plane point spread function (R8F)irty beam’. A
basic dirty beam will be derived from the full normalisas coverage available,
and so in our scenarios will match the middle plot of situa(remember that the
dirty beam is simply a Fourier transform of the instrumemé&sponse to an ideal
point source centred in the observed field: the equivaleth@fplots in the right
column of Figure 3.1). When used to fit sources like C and D Jim will not
match up perfectly, which aside from complicating the clegmprocess, could also
lead to the incorrect interpretation of a resolved sourneah{e case of situation C)
or inaccurate measurements. Obviously, this issue shoigdd e any image that
includes sources with different spectral shapes, evemiémd them vary over time.
However, as described in Section 1.2.1, multi-frequencytssis (MFS) and clean
(MFCLEAN) methods account for this scenario by including an addititerm in the
beam model that models the response of a source with a §neaibble spectrum
(spectral dirty beam: equations 1.4 and 1.5). Though thescifanction would be
unable to fit some of the examples shown in Figure 3.1 peytettik model should
be sufficient for the majority of real radio sources in whidwer law spectra are
common (see previous chapter). The effect of a more gentjyngspectrum (such
as atypical power law) on thevplane visibilities of a model instrument (broadband
with 3 baselines) is crudely represented by Figure 3.2ebltbbf distinct cut offs at
specificuvdistances, the baselines each respond in a similar manitera gradual
rise in measured flux density towards higher frequenuaiedistances for a positive
o spectrum source, or lower frequenciestistances for a negative spectrum
source.

Unfortunately, the spectral dirty beam (SDB) cannot actdemsources whose
spectra vary over time. In a situation where a source vamdaden situations C
and D, the SDB will likely fit a model that resembles a blendnaf two spectra. An
example of this possibility is shown in row E of Figure 3.1f tuill vary depending
on the relative amount of time the source spends in each Sat#h a fit will work
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Figure 3.2: lllustration of the effects of sloped spectra owm plane visibilities.
These plots show thav coverage of three baselines with broad bandwidths ob-
serving a single source for 12 hours (note that the plotsdmalised for a source
atd = 90°; i.e. circular tracks). The grey scale indicates the retaintensity of

the source at eaalv point, with a flat ¢ = 0) spectrum (left) giving uniform de-
tection, a positived > 0) spectrum (middle) being brightest towards the higher
frequency extreme of each baseline’s coverage ring (oulges), and a negative
(a < 0) spectrum (right) being brightest towards the lower fiegy extreme of
each baseline’s coverage ring (inner edges). This in tdectsfthe dimensions of
the source image, as discussed in section 3.1.1.

to some degree during periods of transition (a nearly flatspm as in B, which is
much closer to E’s model), but obviously continues to diffignificantly from the
two extremes. In an image, the cross section of source’seshaoss a particular
hour angle (an axis defined by the projection of the baselireaaeh observation
time) will approximately resemble the Fourier transformtioé source’suv plane
response at that time; thus, a variable spectrum sourcappkar deformed. If one
attempts to subtract a point source modelled on the spelittplbeam (symmetri-
cal), the process may leave behind regions of over and wwd#raction around the
source’s location. Given that these should appear in rgugyrhmetrical locations
about the source position, it is easy to imagine someonausord the structure for
something like a jet ejection.

It should be noted that this effect is similar to that whiclm @aise from sim-
ple flux density variability in monochromatic observationsr such a scenario,
the flux density associated with a dirty beam fitted to a védeiagource will not
correctly match the source’s flux density at all hour anglEiserefore, just as de-
scribed above, there will be regions affected by over anceusdbtraction during
the cleaning process, but as a result of incorrect ampl#odenaxima and minima
rather than shifts between differing profile shapes.
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3.2 Methodology

A logical path to testing the severity of these effects isnadpce model data that
include a source whose spectrum varies over time, and thegrply existing data re-
duction and analysis techniques. WhileRlAD does include a robust task capable
of generating modalv visibilities calleduvGEN, it unfortunately lacks the option
of including a source with any parameter that varies oveetfbe it monochromatic
luminosity or a complete spectrum). This can be overcomedmnegating multiple
data sets with different source models and timing propettiat can be combined in
sequence using the taskAvER which, given fine temporal and frequency binning,
can closely resemble a variable source data set. The dosvisstildat this requires a
very large number of model data sets to combine; for exanaplealistic represen-
tation of a 12 hour observation would require 2048320~ 9 million individual
models (number of frequency channelsiumber of 10 second bins) that must first
be combined in frequency, and then time. Suffice to say, evedwced number of
time and frequency parameters would still take a signifieambunt of computing
time to prepare. Therefore, | prepared the python scriptethWh SPECSIM (Ap-
pendix A) which prompts the user for input (see a preparddrigppendix B) to
produce a shell script afiiRIAD commands that can be run to produce the desired
single completeiv visibility set. A few notes on WSPECSIM:

e Though \ASPECSIM may only take a few minutes to run and prepare the
script, theMIRIAD tasks required can cause the actual data generation to last
hours, depending on the complexity of the models involved.

e VASPECSIM can include both point (i.e. a Gaussian restricted to theedim
sions and position angle of the PSF) and Gaussian sourossyhq the for-
mer is most useful in determining the severity of spectraiamlity effects.

e VASPECSIM can simulate spectral shapes that include both power ladis an
Gaussian profiles, though the former is most relevant foretiod) of X-ray
binaries.

Additionally, for the first tests, the following constrasnwvere decided upon (with
explanations) to maximise useful results:

e Initial parameters fouvGEN should be such that the model data sets resemble
real 12 hour ATCA-CABB observations as closely as possime,comput-
ing time is a factor and some simplification is necessaryamaters 2-15 of
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Appendix B are the same for all the included models. The mianpl#ica-
tions are an increase in frequency channel spacing from 1 MHzMHz,
and the spectrum changes every 36 minutes (for a total of @6tispin a 12
hour model) rather than gradually. The latter constraiousth still allow for
reasonably accurate results, since even if the differepbsden the theoret-
ical model SDB and the source is more significant in an earfydia time
segment than it should be (due to the spectrum being stab&6fminutes),
this is offset by the opposite effect in the last half (therseus closer to the
model than it would be for a gradual variation).

e Antenna array configuration 3.0C is used as it includes vgelteduv base-
line rings ranging from 0.15 km to the ATCA maximum of 6 km. $lig also
an array configuration similar to those used in observing XRBhere high
resolution is important.

e Though noise can be added to images, it is better ignorecddier ¢o test the
simplest effects of spectral variability.

¢ Initial tests need only be carried out on a single point seusith a lin-
ear spectrum, as this closely represents observations & XB&es’ (cen-
tral point source of a system) and will also match assumptioade in the
calculation of the SDB.

The only parameters left to decide on are the range of spesbtbfzes to test and
how they should vary. A reasonable range of radio emissiochar@sms are cov-
ered by power laws in the range of 2a < 2, which for a 2 GHz bandwidth about
the mean frequency of 5.5 GHZ (one of the standard ATCA-CABBewvation fre-
qguencies) is approximately equal to linear slop€eS,(dv, no log values) ranging
from O = + 3.5. Thus, to simplify the modelling process further, | capls linear
spectra in the source (set the exponent, B, during paranmgat to 1. see code
in Appendix A). Two types of variability should be tested,eon which observa-
tion length is shorter than variability timescales (i.e. radyal change from one
spectrum to the another), and a second in which the revetsgeigi.e. the source
quickly switches to another spectrum and back again). Ttvesscenarios should
also display two different types of structural deformationmages. An important
parameter to keep constant while varying the spectrum istkeall integrated flux
density over the bandwidth, since, as mentioned earligr,vanability in overall
luminosity will have its own effect on the source image (stddurther in Section
3.4). The level of average flux density should be realistid, given that noise is
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ignored, the value | choose should not adversely affectdsis tand so | can set the
test source to have an average flux of 10 Jy. Once an initiaf $e$ts is complete, |
can then choose a single model to duplicate with new averagésfiels in order to
see how the effects scale with the parameter (Section 3.Babje C.1 (Appendix
C) lists the complete set of test model parameters | stalt. wit

3.3 Results

For each model | produced an image, cleaned witlcLEAN (200 iterations), sub-
tracted a point source from the source location usugT (subtracted point source
flux densities are listed in column 5 of Table C.1) and produaenew image of

the residuals. There are distinct properties that are amaiross all resultant model
images: firstly, the source appears identical (point likedll pre-subtraction images
so these need not be presented, though residuals do diffeede sets of models
and thus are included in subsequent figures; secondly, icea#ts the flux of the
resulting point source fit isz 10 Jy with only 8 showing a 0.1% variation from

this value. Minimum and maximum residual flux density meameants are listed
in columns 7 and 8 of Table C.1 and will be referred to in théofwing subsections.

3.3.1 Stable models

In order to understand the effects of the variable modeksutsieful to have bench-
marks of stable sources with each spectral index limit(-3.5, -2, -1, 0, 1, 2, 3.5)
so that | can see the responseMdCLEAN to non-variable spectra. The residual
images from such models are shown in Figure 3.3. Unsurgligithe most suc-
cessful cleaning occurs in the model with= 0, with residual flux densities not
exceeding 0.04 mJy (4 10 * % of the source flux) and structure resembling dif-
fuse sidelobe components. For all other valueS adidelobe residuals are far more
pronounced, appearing as ring structures around the paimts, with their inten-
sity proportional to the steepness of the source spectrui®.01% for|0| = 1, ~
0.02% for|0J| = 2 and~ 0.035% for|J| = 3.5: See Table C.1). This already sug-
gestsMFCLEAN has more trouble modelling and subtracting sources withpste
spectral indices with the same number of iterations.

While it is likely possible to remove these completely witkd@ional iterations
of MFCLEAN, | am interested in the relative intensity of residuals ie tharying
models compared to these, and thus need not waste time rmpithg to eliminate
them entirely. In addition, it is important to realise thataned eye should be ca-
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Figure 3.3: Stable model residual images. These maps show the resudts of
tempting to subtract a fitted point source (usimgrRIAD taskIMFIT) from images
made from generated data of a single point source (centrbdsevlinear spec-
trum (S, O v) remains unchanged during a full 12 hour ‘observation’. Ting
structures are unsubtracted sidelobe residuals whichpeetrsl dirty beam has
been unable to match perfectly. Images have been cleaneaiwitLEAN for 200
iterations and flux density contrast range increases frdntdeight. Black corre-
sponds to positive flux densities, white negative. See Talldor image statistics
(table reference matching top left labels).

pable of identifying such structures as sidelobe effectkaatjust accordingly. Note
that the difference in ring spacing between the upper anédoaws of Figure 3.3
resembles the effect illustrated in Figure 3.1, and thecesfen the corresponding
plane visibilities should be akin to that illustrated in &ig 3.2; albeit, with a larger
number of baselines and different track widths (which in AFCABB’s case can
cause some to overlap in the plane).

3.3.2 Gradual models

The residual images for the ‘Gradual’ models, i.e. those lictv the source spec-
trum varies linearly over 12 hours between two values, agsgmted in Figure 3.4.
The structure of the residuals has changed dramaticaltiy ashumber of distinct
components forming instead of the ring like structures olein Figure 3.3. The
pattern formed is a natural result of the mismatch betweditraction model and
what is actually in the map, and can be explained if we oncénamygproach the
image from the perspective of hour angles (HA). In these @des, the beginning
and end of the data set (HA = -6 and +6 respectively) corredpmthe north-south
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flat to +ve

+

flat to -ve

-ve to +ve

—
Range = 110 mJy Range = 20 mJy

Range = 30 mJy

Figure 3.4: Gradual variation models residual images. The spectraXimndthese
models varies linearly from one value to another (see leftdhand top labels)
over the 12 hours. The top set start with a flat spectrum, vesetee bottom
set start from a non-flat spectrum. Black corresponds totigediux densities,
white negative. Images have been cleaned witicLEAN for 200 iterations and
flux density contrast range increases from left to right. $alele C.1 for image
statistics (table reference matching top left labels).
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axis, with data ‘filling in” along axes in an anti-clockwisgettion as HA increases.
Since the spectrum also changes with HA, the radii at whielsttielobes fall will
gradually vary, contracting with rising (unstarred letter panels) or expanding with
decreasing] (starred letter panels): an effect which is most evidentmt@mpar-
ing either side of the north-south axis (Ha =-6 one side, adidhe other). Now,
remember that the SDB (equivalent to the subtracted motielyld resemble an
average of the dirty beams corresponding to each indivisipettral model used in
a data set, and in this case should effectively be a halfway petween the two ex-
tremes of the spectral variation (since it is a linear chamgg the full observation).
Thus, at the earliest and latest HAs (those closest to tht@4south axis) the SDB
matches least effectively to the source profile, and theldds go unsubtracted,
whereas towards the middle of observations where the SDB clasely resembles
the source model (corresponding to the east-west axis imthges) the sidelobes
are removed.

As expected, the brightness of these artefacts is highdresetimages than in
those made using stable source models, with the structpm®aching 0.4% of
the source’s flux density (a factor ef 10 increase compared to stable models) in
the most extreme cases (J, JFi| = 3.5). The intensity increases as the difference
between start and end spectral gradients widens which isdhgjiven that, if the
SDB does represent an average, then it is roughly the saneaébrgroup of mod-
els (e.g. approximately equivalent to the SDB for O for the cases of H, H*, I,

I*, J, and J*) but the source spends time in increasinglypeéand thus increas-
ingly different) spectral states &S| rises; therefore, the sidelobe residual regions
gradually become less effectively subtracted.

It is important to note that, though these structures amghiter than those seen
in stable models and no longer resemble typical sidelobeg,dlso do not immedi-
ately resemble physical structures observed in real seutdewever, like all side-
lobes, it remains possible that such artefacts arising frartiple closely clustered
sources could produce brighter, distinct structures duevierlap. Nonetheless,
there is an important effect which can help an observer totifiethese artefacts,
and that is the fact that these structures are paired witliaslgnintense negative
regions near to them (the white regions of the maps: ministadi in column 7
of Table C.1). The SDB may fail at subtracting the positivdetdbe regions, but
it also fails at eliminating the equivalent minima in the Feutransform, or even
oversubtracts/intensifies certain areas. In additiometheay be a possible pairing
with similarly patterned structures on the opposite sida sburce.
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Table 3.1: Results of model repetitions using different source fluxsitees. Du-
plicating models J and P (10 Jy) with new sourgeof1 Jy and 1 mJy.

Model name Source,S Residuals min  Residuals max
(Jy) S (mJy) S (mJy)
Gradual-3.5t03.5 10 -32.30 32.31
Gradual-3.5t03.5 1 -3.22 3.24
Gradual-3.5t03.5 & 1073 3.12x 103  3.32x 103
Burst-3.5t03.5 10 -67.26 76.66
Burst-3.5t03.5 1 -6.96 7.68
Burst-3.5t03.5 1x 1073 -6.98x 103 7.60x 1073

3.3.3 Burst models

The residual images for the ‘Burst’ models, i.e. those inchitthe source spectrum
rapidly varies from one value to another and back during théndurs (spending
more time at oné] than the other), are presented in Figure 3.5. Again we see the
effects of badly subtracted sidelobes; however, they anemore concentrated to-
wards a specific set of angles (east-west), reflecting tleé \mriation of the source
spectrum (HA~ -2 to 2). These structures are brighter than in Gradual nsoolel
a factor of~ 2 (~ 0.2% for|0| = 1, ~ 0.4% for|J| = 2 and~ 0.7% for|| = 3.5).
This is expected given that the source now spends more timnaarspectral state
than the other, shifting the SDB to resemble the former mtseaty, and thus re-
sulting in a greater deviation from the source during thesbyeriod and a poorer
subtraction of the sidelobes.

It is obvious then, that spectral variation artefacts argemntense when the
source spends a briefer amount of time in a different spkestate to its ‘normal’
state. In addition, the brief switch concentrates the lieghartefacts towards a
single axis which can quickly resemble the effects of jet#pms (paired structures
either side of a central source). This is a far more dangesoesario for observers,
but might still be identified as false if care is taken, sifeemegative regions of the
sidelobes also intensify.

3.3.4 Effect of source brightness

To test the intensity of artefacts resulting from sourcesliierent flux densities,
one can use some of the above models as references and vanotied spectra
by a single factor, while retaining the overall spectralerdi.e. for a power law
of AxB+C, multiply A and C by the same factor and leave the exponentB.

Model J had some of the most severe artefacts of the Gradudéls)cand P the
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IVimaxl =1 IVimaxl =2 [Vimaxl =3.5

-ve to +ve to -ve flat to -ve to flat  flat to +ve to flat

+ve to -ve to +ve

Range = 15 mly Range = 130 mJy Range = 150 mlJy
Figure 3.5: Burst variation models residual images. The spectral inddkese
models remains stable for the first 4.2 hours, changes sh@ypér 1.2 hours) to

a new value where it remains for 1.8 hours before rapidlyrretig to the original
index (over another 1.2 hours) and stabilising for the renngi 3.6 hours. The
top set starts with a flat spectrum, whereas the bottom setfsten a non-flat
spectrum. Black corresponds to positive flux densities tavhegative. Images
have been cleaned withFcLEAN for 200 iterations and flux density contrast range
increases from left to right. See Table C.1 for image stasisftable reference
matching top left labels).
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most severe of the Burst models, thus | chose to base the s¢tsvae these, but
with sources of 1Jy and 1mJy in place of 10 Jy. The measurenoéithages from

these models plus the original are shown in Table 3.1. Itwsms that the intensity
of the artefacts varies by the same approximate factor asdatece, which is not
unexpected given their origin.

3.4 A comparison with variable flux density artefacts

It is naive to think that sources can undergo change in sgdgubfile without some
change in flux density (see Chapter 2), and given how fainabieve artefacts are
in comparison to their root sources, it is important to tesivithey compare to
the artefacts that arise from sources that vary in briglgmather than spectrum. In
addition to the effect discussed in subsection 3.1.1,wast-arrays like ATCA may
suffer additional complications as a result of decreasexs@lsensitivity along the
north-west axis of the array. In such a case, the array cafistihguish between
a source that varies, and additional structure being obsgealong the north-south
axis: the phases simply do no vary sufficiently between baselairs to resolve
out additional sources close to each other. Thus, a sourtevariable flux will
appear to change size much in the same way as describedysiyyiout along axes
perpendicular to the projection of the array onto the slkg. (perpendicular to the
hour angle perspective described in the previous section).

For this case, | created models of flat spectrum sourcesnhetlly start at 10
Jy, but increase by a factor of 1.095, 1.95 and 10 over the Ligshd he resulting
residuals are shown in Figure 3.6, and their statistics Werd.2. The form of the
artefacts is very different, showing an almost linear eltian along the east-west
axis, though they still appear in with positive and negatiemponents. However,
the most important difference to note is that even in the ksiatise case, these
artefacts are brighter than any of the spectral variatiéeces detailed in the previ-
ous section. The 1.09% rise alone already yields artefacts with flux densities of
1% that of the subtracted source (compared to 0.77% in theé extreme case of
spectral variance model P), with factors of 1.95 and 10 yigl@ven greater effects
at 6.8% and 18.6% of source flux density, respectively.
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1.1 x Increase 2 X Increase 10 x Increase

Range = 0.1 Jy Range = 1 Jy Range = 110 Jy

Figure 3.6: Flux density variation images. The spectral index in thesslels
remains stable and flat but flux increases linearly over thedi#zs. Black corre-
sponds to positive flux densities, white negative. Images heen cleaned with
MFCLEAN for 200 iterations and flux density contrast range incre&ses left to
right. See Table 3.2 for image statistics.

Table 3.2: Results of variable flux density models. Flat spectra, Imgdr increase
in flux density over 12 hours.

S, increase factor Average Residuals min  Residuals max
(Svend/Svstart) SourceS(Jdy) S Qy) S (Jy)

1.095 10.47 -9.4% 102 9.98x 1072

1.95 14.74 -9.46<101  9.96x 101!

10 53.09 -9.54 9.87

3.5 Conclusions

| have been able to show that spectral variance in a souraegiam observation can
result in image artefacts, and whose intensity depend dmthetbehaviour of the
source over time (the shorter the period over which the sodaviates from ‘nor-
mal’ the more noticeable the effects), the difference betwene spectral state and
the next (the bigger the change in spectral slopes, the mtease the effects) and
average source brightness (a bright source yields brigleabes). Having com-
pared the relative brightness of these artefacts to theggmitor sources, | find that
these effects can become visible in particularly brightrses, where flux densities
approach hundreds of times the image noise (i.e. where-3L% of source ).
However, having subsequently compared these artefacketwell known effects
of simple variation in source flux density, | find them to beegder concern to the
latter flux density variability effects. The only regime irhigh spectral variability
artefacts may become an equal concern, is in images of soutrere flux density
does not vary by more thak 10%, and even in these circumstances the spectrum
must show significant change&d > 2) over short periods of time. In both cases



66 Chapter 3. The effects of variable source spectra on ratiging

of variability, the observed artefacts share the commandfappearing as pairs of
positive and negative components with distinct symmetgualthe position of the
variable source. These properties can be very useful itateaf such effects when
interpreting images, and may be of use in determining whegtracture is real or
not.

My investigation has only scratched the surface of the mioblwith a large
region of parameter space not having been explored and namgbles untested
which could have significant impacts on the above limitagidn particular, the an-
tenna configuration | used was intentionally selected bsx#uncluded a balanced
range of baseline lengths, but there are many alternativefiich baselines tend to
one extreme or the other, and scenarios in which very lonfont $aselines might
be eliminated from a data set entirely, to better observaitetypes of structure.
The effects will likely be of biggest concern for data setgpogdominantly short
baselines, since at shart distances a small change uv coverage has a much
more significant effect on the Fourier transform’s main peadth than the equiv-
alent variation at largev distances. One can crudely estimate the degree to which
these effects might affect different antenna configuratioy comparing the range
of baseline lengths in a particular array configuration,hte tange of observable
frequencies in a band (which define the extent of the basebmetheuv plane).
The latter is~ 1.4 for my tested band, and approache for higher frequencies,
the former is of the order of 100s for the 3.0 configurationgalwior my models
gives baseline ratio/band ratio 6f0.01, supporting the order 1% flux density arte-
facts seen in the above results; however, compact confignsafsuch as the 0.122
configuration) can give baseline ratios of order 10 or loveessming one ignores
antenna 6 which supplies the 6km baselines) which impliegaats might exceed
10% flux density in such scenarios.

Be aware that the effects described in Section 3.4 are phatlg important for
the remainder of this thesis, as they appear in source ingigplslyed and analysed
in chapters 5 and 6.



The most exciting phrase to hear in science, the one that
heralds the most discoveries, is not “Eureka!” but “That’s
funny...”

ISAAC AsiMOV (1920 — 1992)

Observations of BHXRBs GRO
J1655-40 & XTE J1550-564
IN quiescence

In this chapter | present the results of radio observatidnthe BHXRBs GRO
J1655-40 and XTE J1550-564 in quiescence, with the upgrAdstialia Telescope
Compact Array. The goal was to explore the sparsely popdilate-luminosity re-
gion of the hard state BHXRB radio/X-ray correlation (SentR.3.6) by exploiting
the, then recent, improvements to ATCA. Though my analysisvs both sources
are undetected, the radio flux density upper limits that ¢alte from the images
still allow me to reveal a significant amount of detail abdw torrelation’s low
luminosity region, since the limits fall below the currerdadk. In conjunction with
guasi-simultaneouShandraX-ray observations (in the case of GRO J1655-40) and
Faulkes Telescope optical observations (XTE J1550-56)nd that these systems
provided the first evidence of relatively ‘radio quiet’ bkdwole binaries at low lumi-
nosities, indicating that the scatter observed in the hiateé X-ray/radio correlation
at higher luminosities may also extend towards quiesceetdeand possibly even
suggest that multiple tracks exist in the correlation. Whibth the radio and X-ray
data reductions were performed by myself, the optical oladiEm results of XTE
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J1550-564 and Figure 4.2 were provided by Dr. David Rusgedditionally, my
supervisor Prof. Rob Fender was kind enough to produce €igL using existing
data points in his possession, which | went on to modify f&riaghis project. This
work was published in Calvelet al. 2010a.

4.1 Introduction

As described in section 2.3, observations of accretingkbhentes (BHs) over the

past decades have revealed the existence of spectral apdredmorrelations be-

tween emission at different wavelengths, both in X-ray besg and active galactic
nuclei. The correlations highlight the association of ation onto a compact object
with an outflowing jet, providing an important method of emetransfer from com-

pact sources to the surrounding environment. For reviewhetopic see Belloni

(2007), Done, Gierlinski & Kubota (2007), and Markoff (21

Generally, when speaking of accretion and outflow activitBH systems one is
referring to emission in the X-ray and radio wavebands, wh#éhradio component
arising from synchrotron emission within a well collimated (section 2.2.3) and
X-rays originating from various possible sources, inchglihe jets themselves,
the hot inner disc and a Comptonising corona (Markoff, Fal€kFender 2001;
Remillard & McClintock 2006a). BHXRB states are defined bg tiehaviour of
the observed X-ray spectrum (section 2.3.3, also well desdrin Remillard &
McClintock 2006b) but are also associated with significdmanges in the observed
radio emission. Typically, a source in the hard state exhikteady, flat-spectrum
radio emission (e.g. Fender 2001), whereas a soft stateesatiows little or no
radio emission (Fendet al. 1999).

Understanding of the relationship between the X-ray antrajimes of black
hole systems has significantly improved in recent years dwertumber of works
which combine observations from both bands, or presenethidts of simultaneous
(important for BHXRBs) multi-wavelength campaigns (Hadinenet al. 1998;
Corbelet al. 2003; Gallo, Fender & Pooley 2003; Falcke, Kording & Maikof
2004; Merloni, Heinz & di Matteo 2003, henceforth Ha98, CoGEFP03, FKMO04
and MHAMO03 respectively). Correlations have been obsebegidieen the radio
and X-ray luminosities of hard state systems (section 2.33iginally noted by
Ha98 in multi-wavelength observations of GX 339-4 (latemfooned in Co03), the
relationship was explored further by GFPO03 investigatingtiple binary sources.
The same correlation was discovered to hold for another BBX¥404 Cyg, as
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well as a combination of points from additional sources leadditional source
alone provided too few data points to reveal a relationsinighcating a correlation
over 3 orders of X-ray magnitude. The basic characteristiche X-ray and radio
emission appeared to be independent of BH mass, and it waslapel that similar-
ities might exist between the behaviours of stellar mass &tdisheir super-massive
counterparts residing within galactic nuclei. This proetpturther expansion of the
correlation to include BHs of all sizes by MHdM03 and FKMO04lahe discovery
of thefundamental plane of black hole activity

As with any correlation, knowledge of the extremes can hegaty in further
refining a fit, and additionally, the lower extreme of thisatednship corresponds to
a source regime where the dominant power output is of the @dmradiatively inef-
ficient outflows i.e. jet dominated (Fender, Gallo & Jonked20Kording, Fender
& Migliari 2006). Indeed, it may be that all hard state sosrege jet dominated
(Gallo et al. 2005). The possibility that the correlation between radid X-ray
extends all the way down to systems at quiescent levels dhmmtlbe entirely un-
expected as the quiescent state is often described as ntlieechard state but at
minimal accretion rates (though further differences armdp@incovered; Corbel,
Kording & Kaaret 2008). A quiescent binary system woulahkstill keep a jet,
though of such low luminosity it would be difficult to detecttiwvall but the most
powerful radio telescopegy level flux; GFP03).

The investigation into this regime has already met with sgsen the observation
of A0620-00 in quiescence by Galét al. (2006). The flux measurements allowed
for the expansion of the fundamental plane by a full two csd®rmagnitude in
both radio and X-ray luminosities, as well as refining therelation gradient; k
0 Lx%58+0.16 \/404 Cyg has also been observed in ‘quiescence’ (Gallodéien
& Hynes 2005) although it appears to be considerably moradaos than other
quiescent binaries~ 10 - 10" times brighter than A0620-00 in both radio and X-
rays). At the time of my investigation’s development, thetnigest sources for
observation were the low-mass X-ray binaries GRO J1655+d0&d E J1550-564,
based on distance and relative brightness (see GFP03).

4.1.1 GRO J1655-40

GRO J1655-40 was discovered in 1994 as it went into outbdtsdr{g et al. 1994)
observed by the Burst and Transient Source Experiment (BEABSoard the Comp-
ton Gamma Ray Observatory. Radio observations revealeareppsuperluminal
jets (Hjellming & Rupen 1995, Tingast al. 1995), only the second time such a phe-
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nomena had been observed from a binary source (there are theweaxamples).
Analysis of optical observations of the system in quiesegyielded primary and
secondary masses of 5440.3 and 1.45t 0.35 M., respectively (Beer & Podsiad-
lowski 2002), with the primary’s mass exceeding the maxiniumit for a neutron
star, supporting a black hole classification (see Secti@rilp. During this initial
outburst the system was observed simultaneously at X-rdyrasio wavelengths
(Harmonet al. 1995) clearly showing relativistic ejection events foliag X-ray
flares. The system has also recently been observed in X-taysgdquiescence
(Pszotaet al. 2008) where power law fits gave a flux ok@0 14 erg s1 cm2
(0.5 - 10 keV). GRO J1655-40 remained in quiescence duriagetobservations,
making it an ideal target for exploring the lower limits oktfundamental plane.

4.1.2 XTE J1550-564

XTE J1550-564 was discovered in September 1998 (Smith 1:888)he All-Sky
Monitor (ASM) aboard the Rossi X-ray Timing Explorer (RXTEVventually reach-
ing 6.8 Crab as measured by the RXTE (Remillatchl. 1998). Subsequent ob-
servations by Oroset al. (2002) found the compact object’s mass to be-MO0.1
+ 1.5 Mg: far greater than the stable neutron star limit. Radio olzens of
the 1998 outburst also showed evidence of relativistic fjetend to decelerate over
time (Corbelet al. 2002). Interestingly, the jets were also seen in X-rays aad e
trapolation of radio fluxes suggested that much of the X-nayssion may come
from the same relativistic electron population that praskithe radio component:
directly revealing the transfer of kinetic energy from tle¢sjto accelerating parti-
cles towards TeV energies. XTE J1550-564 is also in its geiaisstate (Corbel,
Tomsick & Kaaret 2006), observed at its faintest in X-raysae (2<10%2 erg st
at 0.5 - 10 keV) and with a spectrum that can be adequately fitith a power law.
Like GRO J1655-40, XTE J1550-564's distance and luminasigike it an ideal
candidate for expanding the fundamental plane.

4.2 Observations & data reduction

My goal was to determine the radio luminosity of the two bldke candidates
using ATCA-CABB, (quasi-)simultaneously with an estimate¢he X-ray flux. For
GRO J1655-40 | was able to do this directly with a near-siendbusChandra
observation. In the case of XTE J1550-564 | used contemporaoptical obser-
vations (results provided by Dr. David Russell) to indifgetstimate the X-ray flux
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via the X-ray:optical relations established in Russellle{2006) as well as use of
past X-ray flux measurements from observations of the sysieiescence.

4.2.1 GRO J1655-40
4.2.1.1 Radio

Observations of GRO J1655-40 were carried out on 2009 Juns0iy uhe up-
graded ATCA-CABB in 6A configuration. PKS 1934-638 was ussdtee pri-
mary/amplitude calibrator and 1729-37 (PMN J1733-3722hasecondary/phase
calibrator. Observations began at 07:31:25 UT (with actmalrce observations
from 07:49:15 UT) and ended at 19:00:55 UT with time on there®dpeing ap-
proximately 32.8 ks, giving predicted RMS noise of 6 andX (using the ATCA-
CABB Observing Characteristics Calculatohatp: //www.atnf .csiro.au/obs
ervers/docs/at_sens/) for the 5.5 and 9 GHz bands respectively (both with full
2 GHz CABB bandwidths). There was some radio frequency fitence (RFI)
evident in the second quarter of data at 5.5 GHz data and fiestey of 9 GHz data
which was thoroughly flagged prior to image production. hsi@n was straightfor-
ward and cleaning was carried out using a combinatiommELEAN and original
CLEAN subroutines. All data and image processing was carriechoumtRIAD .

4.2.1.2 X-ray

Chandraobservations (using the ACIS-S detector in very faint mooe)J5RO
J1655-40 took place on the 2009 Jun 08 02:27:18 (UT)~@0.7 ks ¢18.2 ks
effective exposure) and ended at 08:11:42, 7.5 hours aft€@AACABB observa-
tions finished, making them near-simultaneous. The arslyas carried out on
the standard pipeline output level 2 data usingo version 4.1.2 (Fruscione et al.
2006). The data were also re-reduced manuallyixp, with no significant differ-
ence to the pipeline output. No major background flares weteatled. On source
counts came to a total of 169, giving a net count rate 0ka@ 3 counts s1.

4.2.2 XTE J1550-564
4.2.2.1 Radio

Observations of XTE J1550-564 took place on the 2009 Aug (B ¢6d 9 GHz)
and 2009 Aug 06 (1.75 GHz) using the ATCA-CABB in 6D configioat PKS
1934-638 and PKS 0823-500 were used as primary calibre@&tS 0823-500 was
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used where PKS 1934-638 data were unavailable or of badtyjuatid PKS 1613-
586 as the secondary calibrator. Observations on the 4thArbay02:45:00 UT
(actual source observations began at 02:57:00 UT) and eatdett00:00 UT with
approximately 33.8 ks on source. Observations on the 6thrbag02:02:30 UT,
unfortunately during the run there were RFI related proldevhich required fixes
to be made on-the-fly, resulting in observation interrupgi@nd initial calibration
errors. The observations ended at 13:59:00 UT with the fiotal bn source time
being~28.1 ks. Flagging, reduction and cleaning of the 5.5 and 9 G&ia were
relatively straightforward; however the process for asaly the 1.75 GHz data was
far more complicated. Approximately 75% of the data chamheld to be removed
because most of them displayed drops in amplitude to nedgidevels. The re-
maining data underwent significant flagging to remove RRtespi The RMS in the
1.75 GHz images would therefore be significantly higher tingtral predictions.

4.2.2.2 Optical

XTE J1550-564 was observed with the EM03 camera on the 2-hké®lielescope
South located at Siding Spring in Australia, using the SI¥Y8&nd filter on the
nights of 2009 Aug 04, 05 and 06. Observation conditions vparéicularly good
on the nights of the 4th and 6th; however, they varied somewméhe 5th limiting
the usefulness of resultant images. Twenty-six 200s iategrs were made on
the 4th and stacked (usingAF) into groups of three to improve signal to noise.
Another 12 were produced on the 5th; unfortunately, manyguiaunusable (see
section 4.3.1). Finally, 6 more images were obtained on the The images on
target were de-biased and flat-fielded using the FaulkedipgeCalibration was
carried out using known i’-band magnitudes of stars withiafield from table 1 of
Sanchez-Fernandet al. (1999). Typical uncertainty in the magnitudes is stated to
be~ + 0.01 magnitude.

4.3 Results

4.3.1 Flux measurements

Neither GRO J1655-40 nor XTE J1550-564 was detected in artheofATCA-
CABB radio observations. Thed3upper limit for each band is listed in column
six of Table 4.1. No extended structure previously detectedorbelet al. (2002)
can be seen in the 1.75 GHz images of XTE J1550-564.



Table 4.1: X-ray transient parameters, quiescent X-ray and radio fleixsdies. This table includes both predicted and new measemts
from this work (bold values in column six). | have amendedstng predictions from GFP03 using new distance estimates Jonker &
Nelemans 2004, more recent quiescent X-ray flux measuremantl expanded the list to include details of additionab)X4ransients in

quiescence.
Source Lx Distance| X-ray F,(1 kpc) | Predicted radio § | Measured “quiescent” F
(10%2ergs™) | (kpc) | (10°°Crab) (udy) (uJy(GHZ))
A 0620-00 0.02-0.04 (1,2) | 1.2+0.4 1-5 13-30 51+7(8.5)
GRO J1655-40 | 0.2-39(1,3) | 3.2+0.2 6-82 5-30 <26(5.5)
<47(9)
XTE J1550-564 ~28 (4) 5.3+2.3 ~70 ~10 <1400(1.75)
<27(5.5)
<47(9)
GRO J0422+32 0.0¢ (5) 2.8+0.3 ~2 ~3 Unobserved
GS 2000+25 0.0 (5) 2.7+0.7 ~0.5 ~1 Unobserved
GS 1009-45 <0.12 (6) 5.7+0.7 <3 <1 Unobserved
XTE J1118+480  ~0.03% (7) 1.8+0.6 ~1 ~4 Unobserved
XTE J1859+226  0.14f (8) 6.3+1.7 ~4.2 ~1 Unobserved
GS 2023+338 169 (9) 4.0°%9 ~400 ~58 350(1.4-8.4)
(V404 Cyg)

Energy ranges? 0.4-2.4 ke\P 0.4-1.4 ke\* 0.3-7 keV¥ 0.5-10 keVe 0.5-7 keV¥ 0.3-8 keV¥ 1-10 keV.

References: (1) Konet al. (2002); (2) Narayan, McClinktock & Yi (1996); (3) Asat al. (1998); (4) Corbel, Tomsick & Kaaret (2006);
(5) Garciaet al. (2001); (6) Hameungt al. (2003); (7) McClintock, Narayan & Rybicki (2004); (8) Tornakiet al. (2003); (9) Campana,
Parmar & Stella (2001).

R.M.S. values for this work’s radio limits (column 6) were aseired using theGcuRrsroutine (mean value of multiple image regions).
It is evident that the severe flagging of the 1.75 GHz obsematimited the quality of the images in that band.

S)nsay €'y
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GRO J1655-40 is clearly detected Byandra | extracted spectra, binning the
counts into rebinned channels with at least 15 photons e¢attempted to fit several
model spectra to the data usiRgPEG the results of which are listed in Table 4.2.
Assuming a power law fit (see Figure 4.1) and allowingtd vary results in a fitted
value of Ny = 2.0729%x 10?2 cm~2 and a corresponding unabsorbed 2-10 keV flux
of Fx = 9.0453 x 10** erg cn2 572, which with the distance from Jonker &
Nelemans (2004) (3:20.2 kpc) gives an X-ray luminosity ofyL= 1.117335 x 10%
erg s'1. | also include power law fits with the Hydrogen column den§ited at
previously calculated levels; Asat al. (1998): Ny < 0.3x10%! cm~2, and Kong
etal. (2002): Ny ~ 0.9x 10?1 cm~2. The fits yield slightly larger luminosity values
of 1.2x10%? erg s'! and 1.5¢10%? erg s'! respectively along with shallower power
laws.

XTE J1550-564 is easily detected in the Faulkes optical esamn all three
nights, the light curves for which are shown in Figure 4.2ttleivariability was
detected in the source over the individual nights (the rasfgeagnitudes is similar
to the error on each magnitude); however, a noticeable drdymminosity occurred
on the third night (6th) of~ 0.3 magnitudes. Itis possible that this variation is linked
to orbital modulation (P~ 1.5 days, Oroset al. 2002) or variation in accretion rate
during quiescence. The magnitudes are consistent with #ennaalue obtained
over 1.5 years of Faulkes Telescope monitoring (Lestial. 2008), implying the
source was in quiescence at the time of observations.

Summarised optical results are listed in Table 4.3 and ¢fé-kcurve for all three
nights can be seen in Figure 4.2. Note that due to the vargailditions on the fifth
it was only possible to obtain 3 useful magnitudes out of tit@l tL2 images.

4.3.2 Correlations

Using the values measured in the 5.5 GHz radio band and the-gumaultaneous
X-ray/optical measurements, upper limits for both XTE J1&6%4 and GRO J1655-
40 can be plotted along with other current detections of Btate BHs in the k:Lx
plane (Figure 4.3).

In the case of XTE J1550-564 | may extrapolate a predictedevir the X-ray
luminosity using the relationship published in Russell let @006). Within the
paper it is shown that a correlation exists between the alpiidrared and X-ray
band fluxes, approximated by the relatiog g = 1031+0.6 , 0.61+002 (gee their
Fig 1). Taking the mean optical flux value from the 2009 Aug &4d subtracting
the relative contribution of the secondary star in quiesedbcs~ 0.7+ 0.1(LoR);
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data and folded model
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Figure 4.1: Binned Chandradata (0.6-8 keV) for GRO J1655-40: With fitted
model (Absorption x Power law) and residuals.
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Figure 4.2: Optical light curve for XTE J1550-564: Covering the nigh@02 Aug
04-06. Included are the magnitudes of a (likely non-vagalfleld star slightly
brighter than XTE J1550-564 (listed in Sanchez-Fernamdal. 1999). The XRB
appears- 0.3 mag fainter on 2009 Aug 06 compared with 04 and 05.
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Table 4.2: Best fitChandraspectra parameters for GRO J1655-40. Included are
the 90% confidence uncertainties and goodness of fit expréysthe reduceg?
parameter. Errors cannot be calculated for models whoseceeijy? exceed a

value of 2.
Model NH r KT | x2(d.o.f.) | Null hypothesis
(10%%cm2) (keV) probability

Power Law 2039 3138 - 0.71(7) 0.67

Power Law 0.3(fixed) | 09 | - | 457 | <10% |
Power Law 0.9(fixed) | 1.8 | - | 2.1(7) | 0.4 |
Bremsstrahlung 163 | - [1.9°57| 0.63(7) | 0.73 |
Black-body 1.3 | - 09703 ] 0597) | 0.76 |

Table 4.3: Optical Results for XTE J1550-564.Though XTE J1550-564aieed
relatively stable during each observation period, thensldyop on the night of the
6th is evident.

Date meani’'| 1o | meanerroron| de-redflux | 1o | mean flux
(y-m-d) (mag) each mag (mag) density (mJy) error (mJy)
09-09-04| 19.31 | 0.05 0.06 1.28 0.06 0.07
09-09-05| 19.34 | 0.03 0.10 1.24 0.03 0.12
09-09-06| 19.59 | 0.11 0.10 0.99 0.12 0.12

extrapolated from Oroset al. 2002, figure 4] | can then apply the relationship to
crudely estimate the 2-10 keV X-ray luminosity ok&0°3 erg s1 at the time of
observation.

Alternatively, | can combine this radio limit with recentigacent X-ray obser-
vations; Corbekt al. (2006), under the assumption that the luminosity vari¢ie lit
during the quiescence. Corbet al. (2006) supply a luminosity of 21032 erg st
(0.5-10 keV) which | convert for 2-10 keV using the missiomsiator WebPIMMS
(http://heasarc.gsfc.nasa.gov/Tools/w3pimms.html) to get a Luminosity
of 9x10%! erg s71: significantly lower than my estimate of@.0>3 erg s'1.

The process for GRO J1655-40 is straightforward in that teasuared radio flux
and X-ray luminosity can be converted and plotted directiyto the correlation
graphs.

The points for both GRO J1655-40 (purple circles) and XTESIt564 (filled
green triangles) lie at noticeably lower normalisationstenBHB plot than systems
with similar X-ray luminosities (i < 10°*° erg s 1) from the previous ensemble of
measurements: up to a full order of magnitude lower radioihasity (in the case
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Figure 4.3: Radio/X-ray correlation plot for BHXRBs in the hard stateddi-
tional data are taken from Fender, Gallo & Russell (2010di®minosities are
estimated by multiplying the 5 GHz monochromatic luminp&y the frequency
(appropriate for a flat spectrum in the GHz band). Lines maadignts of 0.6 to
illustrate the possible link between my measurements aogktmade previously
for GRO J1655-40 and XTE J1550-564. Dotted lines represetignt extrap-
olations from the two previous measurements for GRO J1&55adth the long
dash line passing through an unmarked average of these tnts p&inally, the
medium dash line extends from the single measurement of X5Q}564.

of XTE J1550-564). It is interesting to note that the only sweaments of XTE
J1550-564 and GRO J1655-40 at higher luminosities are aisartls the ‘lower
track’, which, when taking into account these new valueg|dbe consistent with
alg O L%ﬁ relation at a lower normalisation. The dashed lines markedhe
plot illustrate this by extending the correlation gradi¢r0.6) from the previous
measurements for the two sources. The fainter green teangjling off to the left
of the XTE J1550-564 estimate would be its position if | wereise the quiescent
X-ray luminosity measured in Corbet al. (2006). The result is a less dramatic
scattering of points at lower luminosities.

4.3.3 Caveats

The best fitting power law model for my GRO J1655-40 data mlesia photon
index of 3.1°5 g which, given the large statistical errors, is broadly cetesit with
typical BH values[ =~ 1.7+ 0.9; Konget al. 2002). Examining the results outlined
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in Table 4.2 I might consider alternatives. The redugédtatistic suggests that both
Bremsstrahlung and black-body disc models are better fitsgalata, though the
blackbody model is made unlikely by an estimated inner dastius of< 0.2 km.
Furthermore, in all models the column density value is highan the majority of
past references (only Sobczekal. 2000 have such a high valueyi 2.0 x 1072
cm2). However, the fit becomes progressively worse gsd\fixed lower, with the
Ny = 0.3x10%2 cm~2 being ruled out statistically.

I note that the small number of past observations of GRO JU&66 quiescence
have yielded X-ray luminosities (all using & 3.2+0.2 kpc) lower than those my
power law model supplies;dL0°2 erg s and 5.9<10%! erg s 1 for 0.5-10 keV in
Asai et al. (1998) and Hameury et al (2003) respectively (my model gése$0%2
erg s 1) and 2.4<10° erg s for 0.3-7 keV in Konget al. (2002) (my model gives
1.1x10%¥ erg s ).

Justification of the XTE J1550-564 result is more difficultic@ | am already
dealing with a significant margin of error due to the OIR/X-extrapolation, and
to a lesser extent the fraction of light contributed by theoselary star, which has
not been measured well ihband. In the case of the position of the XTE J1550-564
point when using the past quiescent X-ray flux, one must neraaiare that mea-
surements of quiescent flux do appear to vary over three yearthe assumption
of little change during quiescence may be an error: thougteexe for similar
luminosities from distinct quiescent periods (betweerbatgts) is seen.

4.4 Discussion and conclusions

Past observations have revealed that at relatively higlnlosities there is consid-
erable scatter in the ‘universal’ hard state radio:X-rayrelation, with a number
of sources appearing to be ‘radio quiet’ compared to GX 33%hd V404 Cyg
(e.g. XTE J1650-500: Corbelet al. 2004, XTE J17206- 318: Brocksopet al.
2005, SWIFT J1753 — 0127: Cadolle-Bekt al. 2007). The upper limits on the
quiescent radio luminosities of GRO J1655-40 and XTE J1550presented here
suggest that this range of normalisations for the corm@hegixtends even to quies-
cent luminosities: had they followed an extrapolation af BX 339-4 relation to
A0620-00 they would certainly have been detected. Befage tile data could have
been consistent with a narrow distribution of normalisagi@t low luminosities
which would gradually broaden as the luminosity increagedact an explanation
for exactly such a pattern of broadening distribution withninosity) is put forward
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by Soleri & Fender (2011) wherein an increasing bulk Lordatzor with luminos-
ity results in increasing beaming. With the inclusion of natalpoints, the scatter
appears to exist all the way down to quiescent levels. IntendiGRO J1655-40
and XTE J1550-564 are both sources which have been obsergedysly to be
rather ‘radio quiet’ in higher luminosity hard states. Itpessible that these two
sources may be slightly more ‘radio quiet’ than the majowityd as such lie along
a separate parallel track.

As mentioned before, the scatter at lower luminositiesdsiced if | use previous
quiescent X-ray flux measurements instead of the value e&from the simulta-
neous optical observations. In this case XTE J1550-56dessilose to the higher
luminosity track: yielding less evidence towards the ‘flatarack’ scenario. A
scatter still exists with GRO J1655-40, but of lower magaéun comparison to
the higher luminosity region. The use of upper limits pregeame from seeing the
full extent of the scatter, thus | cannot be sure if it trulycases towards lower
luminosities.

The low luminosity region of the BHB X-ray:radio correlatioemains sparsely
populated, as does the same region in the “fundamental pfdoteck hole activity”.

It is only with further observations of quiescent systena the can continue to test
not only the validity of GFP0O3 correlation, but also the pb#isy, as suggested
above, of the correlation power law index being universallevhormalisation can
vary. Table 4.1 summarises the current information on ragi@ctions and limits
on black holes in quiescence. As well as tabulating my lingdtel the detections
of A 0620-00 and V404 Cyg, | refresh the predictions of GFR88ising distances
where appropriate, and adding new sources. Currently,ishefl feasible targets
at these levels is limited by the capabilities of availaklescopes. However, with
the completion of several instrument upgrades such as teBC@.g. E-VLA)
and new arrays (LOFAR, ASKAP, MeerKAT etc.), the low lumiitpsegion will
become far more open to exploration.

45 Addendum

The above results were published prior to the release of Gotiatet al. (2011),

in which the BHXRB H1743-322 is found to transition betwedifedent hard state
radio/X-ray correlation tracks; and Gallo, Miller & Fendg&012), in which it is
shown that the latest, most complete collection of harestadio/X-ray correlation
points is better fit by two populations rather than one (set@e2.3.6). As such,
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it is prudent to discuss this work in light of these recentitess

From these latest projects we can only confirm two theorieat two distinct
tracks exist in the hard-state radio/X-ray correlationsg @ources can transition
between the two; however, many questions also go unanswe&edo not know
if all sources undergo such transitions, if those that dosaan a similar region
of the correlation plot as H1743-322, or even if such a souratergoes the same
transition pattern repeatedly. While | am correct in paating the existence of
multiple tracks, the assumption that this track also fodhe same gradient as its
the radio loud counterpart is apparently incorrect. Theaapliet track of Gallo,
Miller and Fender is steepek [ L%%8) which would make the non detections of
XTE J1650- 500 and GRO J1655-40 unsurprising, since if they follow thees
trend they would be far too faint to detect with ATCA-CABB. &te very least,
the non-detections do indicate that the lower track camekileuch further than the
rejoining branch marked by H1743-322, indicating that@itiome sources do not
make a transition, or that they do so at different luminesi{lower in this case).

| repeat what | stated in the discussion: if we are to decipherdifferent be-
haviours observed in the radio/X-ray correlations of blaokes, we must continue
to explore the parameter space of the plot with an emphasi®iaoh quiescent
sources. Not only are new instruments pushing the bourglanevhat we can ob-
serve, but the population of known BHXRBSs continues to grwg with them, the
number of available data points in the correlation. | widdlgbrate on such potential
with recent examples in the final chapter.



| tell you: one must still have chaos within oneself, to give
birth to a dancing star.

FRIEDRICH NIETZSCHE (1844 — 1900)

A complete orbit of Circinus X-1 at an
historically faint epoch

In this chapter | will present the results from the first radlwservations of a com-
plete orbit ¢ 17 days) of the neutron star X-ray binary Circinus X-1 (CidXusing
ATCA-CABB. These were taken while the system was in an hisadly faint state
which, were it not for ATCAs upgrades, would have made therapt to observe
any persistent faint radio emission from the system a mdfeult task. Further-
more, the enhanced sensitivity of ATCA-CABB improves thalgy of short data
segment imaging, allowing for the production of high deligiht curves that | go
on to make for Cir X-1. The observations were scheduled i suway that the
system was observed for 8 days in a quiescent ‘pre-flareg Sigfiore capturing the
rapid rise of a periastron passage flare and tracking itsesuent decline. | pro-
duce images from various data selections allowing me toyssedleral aspects of
the system’s structure. Firstly, | tackle quasi-persisgructure in the system, its
possible origins, and how it has changed since the last spaiclong term mon-
itoring (prior to 2005), including the possible implicati® for the Circinus X-1's
long term behaviour. | then use source modelling and sulidratechniques based
on measured light curves to attempt to eliminate sourcebdity artefacts (as dis-
cussed in Chapter 3) in the radio maps and thus reveal angtatic-structure that

81
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may arise following the flare event.

The study of variable structure in Circinus X-1 is uniquetlyaresting since pre-
vious observation programs have shown re-brightening aftmestructure follow-
ing a flare event at the system’s core (i.e. the location ottmpact object) which
was interpreted as re-energisation via unseen outflowsthatfastest calculated jet
velocities in our Galaxy[{ > 15). All reduction and analysis of the ATCA radio
data used in this chapter was carried out by myself. The Momit All-sky X-
ray Image (MAXI) data was reduced by Motoki Nakajima, togetith the team
at the Tokyo Institute of Technology headed by Nobuyuki Kiawdis work was
published in Calvelet al. (2012a).

5.1 Introduction

Given the importance of understanding jet physics whenimgalith environmen-
tal changes caused by XRBs and AGN alike, as well as its tie&deetion, it is
essential that astronomers explore every possible avenugestigation that may
further our knowledge. NSXRBs share a great deal of sintiéeriwith BHXRBS,
including accretion mechanics, birth scenarios and a degésm compact object at
the heart of the scene. Thus, NSXRBs represent an excellbgtaup of XRBs
against which one can compare jet production that doesvev@lBH companion,
the difference being that, it is possible to study the preessehind outflow pro-
duction in the absence of complex physical attributes umiguBHs such as an
ergosphere and event horizon. As a result, it might be plestlgain insight into
how, and to what degree the presence of these exotic physieabmena affect jet
production, or if in fact the process is dominated by acorethechanics alone.
The catch is that neutron star jets are often fainter in tligoréghan their BH
counterparts, especially at lower X-ray luminosities ¢®et2.3.6, see also Fender
& Kuulkers 2001; Migliari & Fender 2006), and thus are ofteona difficult to
study to the same level of detail. The emergence of upgraathd telescopes with
increased sensitivities, such as ATCA-CABB, not only allesvto study fainter BH
sources but can allow us to better investigate the emission NSXRB jets

5.2 Circinus X-1 background

Circinus X-1 (Cir X-1) is a peculiar X-ray binary (XRB) systeknown for its reg-
ular outbursts occurring every 16.6 days. These eventsaievbd to be caused by
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a highly eccentric orbit, wherein the periastron passageltgin an increased level
of accretion onto the compact object (Murdihal. 1980; Nicolson, Glass & Feast
1980). The outbursts are visible at multiple wavelengthdpiding X-ray (Tennant,
Fabian & Shafer 1986), IR (Glass 1978) and radio (Whelaal. 1977). Discov-
ered in 1971 (Margoret al. 1971), the system was initially classified as a black
hole candidate due to X-ray spectral and timing similasite Cygnus X-1, includ-
ing millisecond variability (Toor 1977). However, a red#gation was necessary
after the discovery of type | X-ray bursts (see Section 2.l11985 which indi-
cated a neutron star (NS) primary (Tennant, Fabian & She&#86), though none
had been seen again until May 2010, when the NS host was cexfiopn RXTE
detection of bursts (Linarest al. 2010). Though the system is often classified as
a low mass XRB, the nature of the companion star remains welsate, with the
possibility of it being a 3 -5 M sub-giant (Johnston, Fender & Wu 1999) or even
a super-giant up to 10 M(Jonker, Nelemans & Bassa 2007).

Cir X-1 also challenges normal NSXRB classification in thtathows X-ray
behaviour reminiscent of both atoll (Oosterbraakal. 1995) and Z-source classes
(Shirey, Bradt & Levine 1999), as well as behaviour that dedigher classification
in orbital phases prior to periastron (Soletial. 2009a). This divide is likely related
to variations in accretion ratem, onto the neutron star during its orbit, much like
the different behaviours observed from XTE J1701-462 wihiate been linked to
changes imover time (Homaret al. 2007).

Low-frequency radio images reveal an extensive jet-podv@ebula surround-
ing Cir X-1 (Stewartet al. 1993, Tudoset al. 2006). Early ‘runaway binary’ the-
ories, which suggested the system was associated withyneapgernova remnant
(G321.9-0.3 (Clark, Parkinson & Caswell 1975) were suppbligthe existence of
a tail-like structure extending from the southern end of)Git’s nebula. However,
observations with thelubble Space Telescopevealed little or no proper motion,
reducing the likelihood of such an origin (Mignagtial. 2002).

Nearby (arcsec) ejecta, presumably previously expelksd fCir X-1, were found
to brighten in the radio after flare events, suggesting exgigation by highly rela-
tivistic invisible outflows withl” > 15 (assuming association with the flare immedi-
ately preceding the change: Feneé¢l. 2004) and inclination angles close to the
line of sight @ < 5°). Cir X-1 was the second (after Scorpius X-1) neutron star sy
tem to show evidence of such invisible relativistic outflovibe implied velocities
make the jets from Cir X-1 some of the fastest in our Galaxyesehcalculations
assume a distance to the source of 6.5 kpc as put forward yaBtet al. (1993),
but that also serves as a compromise between the more restenates of Jonker
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Figure 5.1: Circinus X-1 MAXI 2-20 keV X-ray light curve for the period ge

ering 2009 Aug 15 to 2012 Mar 01. Periods of intense activity dearly seen,
separated by epochs during which Cir X-1 is fainter. The tohebservations dis-
cussed in this chapter are marked by the left most arrow, dsas®bservations
which will be discussed in Chapter 6. Data acquired from th&XWwebsite at

http://maxi.riken.jp/top/index.php?cid=1\&jname=J1520-571.

& Nelemans (2004: 7.8 - 10.5 kpc) and lagial. (2005: 4.1 kpc). The jets them-
selves are resolved on arc-second scales in X-rays (Hiak 2007, Soleriet al.
2009b) and arc-second to arc-minutes in radio (Steetal. 1993, Tudoset al.
2006), with the jets appearing curved on the larger scalemy)Xshocks, believed
to be caused by jet impacts, have also been observedet3#/12010).

Significant uncertainty exists in the orientation of thetegsand its jets. Though
the ultra-relativistic velocities calculated by Fen@gral. (2004) imply jet angles
close to the line of sight, evidence exists that can indicgiterwise. Fitting of
blue-shifted and red-shifted X-ray emission features g originating in the
jets) has been used to calculate lower jet speeds (0.08c gagtdnclination near
perpendicular to the line of sight (laré al. 2008). Furthermore, there are multiple
signs of an edge-on accretion disc, including X-ray P-Cygnoifiles (Brandt &
Schulz 2000) and X-ray dips (Shirey, Levine & Bradt 1999) wdwer, these results
need not be contradictory if one assumes that the jets drereitisaligned with the
orbital plane (e.g. Maccarone 2002), follow non-linear flpaths (hinted at by the
curved jets observed in large scale maps of Tuakse. 2006), or precess.

Tudoseet al. (2008) report little variation in the projected jet axis 922+ 13°
east of north) over a decade of radio observations and igg@®06-2006). In ad-
dition, nearly all their maps show brighter resolved stauetto the south east of the
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system which is interpreted as the direction of the apprioacjet, with very little
evidence of a receding counterpart to north west (when heisibis significantly
fainter than the structure to the south east) supportingsigtent orientation along
the line of sight. Together, this would imply minimal preses occurs in the sys-
tem over long periods of time. However, recent LBA obsensadiby Miller-Jones
et al. 2012 indicate a projected jet angle closer to east west’ (@42t of north) and
a pair of structures evolving away from the core with appneaiely equal intensi-
ties, which implies the jet is aligned perpendicular to ihe bf sight. The fact that
these latter observations map the system on milli-arcsksoales (compared to the
arcsecond scales of Tudostal. 2008), means that one still cannot distinguish
between precession and a curved jet.

Between 1997 and 2002 Cir X-1 had been growing steadilydaintthe X-rays,
and though radio flare events were known to reach Jy in the 1970s (Haynes
et al. 1978) they too had been in decline, reaching at most 10s of byJye
2000s (Fender, Tzioumis & Tudose 2005). Some renewed radiaitg, similar
to that observed in the 70s and 80s, occurred in 2006 (NinoZi7) but was
followed by a return to minimal activity: a historically fai period during which
the observations discussed in this chapter were taken. Arsuynof Cir X-1's
long term X-ray activity £33 years from discovery to 2003) is given in Parkinson
et al. (2003) with a concatenated plot shown in their figure 1. Trstesy entered a
relatively active phase in mid 2010 (a few months after thiepter’'s observations),
with X-ray flares reaching hundreds of mCrab (Nakajietaal. 2010) and radio
flares> 0.1 Jy (Calvelcet al. 2010b). The system then returned to a low activity
level for several months, much like that during which thigpter's observations
were taken, before undergoing another period of intensefaMAXI (Matsuoka
et al. 2009) provides monitoring data for a great deal of X-ray searin the sky
to the public, including Cir X-1, and | include the MAXI lighturve in Figure
5.1. It appears that Cir X-1 currently spends the majorityteftime in this low
activity state, but does enter periods of higher activityichhcan last for months
and during which both peak flare and inter flare X-ray flux leyeind likely radio)
are significantly higher.

5.3 Observations & data reduction

The goal of the observations was to monitor Cir X-1 over a cleteporbital period
using ATCA-CABB, with the hope of catching the flare in sigcaiint detail, as well
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as its subsequent decline. Additionally, it would be pdssib see if the structure
of the source varied in any way around an orbit. Metral. (2011) carried out a
similar campaign on milli-arcsecond scales with eVLBI barevonly able to detect
the source shortly after periastron. Furthermore, with MAXonitoring the system
in X-rays, it would be possible to simultaneously compareagefevent in the two
regimes.

By continuing to observe after the flare it would be possibleliserve variation
in ejecta luminosities caused by unseen relativistic jetgperhaps even the jets
themselves. However, given the observation time availpbkt-flare & 6 days),
an assumed object distance of 6.5 kpc and a maximum imagkitiescof 1.5,
one would only be able to observe flows with minimy@n~ 9.5 (see Equation
2.1). Therefore, if hoping to observe the effects of flowated to the flare that was
predicted to occur during these observations, flow velesgimilar to those implied
by Fenderet al. 2004 would be required. This does not prevent the detection o
structural variations at any point during the run which ntighise as a result of
ejections from earlier events.

5.3.1 Radio

Observations of Cir X-1 were carried out on 2009 Dec 30, 31,020an, 01, 02,
04, 05, 06, 07, 08, 09, 10, 11, 12, 13, 14 and 15 using the ATGBE in 6A
configuration (minimum baseline of 337m, maximum of 5939iM)@th 5.5 GHz
and 9 GHz (see Table 5.1). A significant part of the obseraatiwere controlled
and monitored on site by myself. PKS J0825-5010 (PKS BO&®B-%as used
as the primary flux and bandpass calibrator when ever pessiith PKS J1939-
6342 (PKS B1934-638) used in a few cases. Phase calibratisncarried out
using PMN J1515-5559 (PKS B1511-55) for the first half of theeyvations until
it was noticed that on-screen levels indicated polarisafn10%) of the source, at
which point PMN J1524-5903 (PKS B1520-58) was made the pteddwator, with
some days including observations of both phase calibratonsake it possible to
eliminate the slight polarisation effect of the first phaaélrator during analysis.
Observation times varied between 8 and 12 hour runs eachpagi¢ted RMS
noise between 8 and8Jy at 5.5 GHz and between 10 angi8y at 9 GHz), for a
total of ~ 135 hours on the source. All data and image processing wasdaut
by myself usingviRIAD (Section 1.3.2).



Table 5.1: Circinus X-1 observation log. The table lists the dates afrtations, start (on source) Modified Julian Day (MJD gltoh-source
time, average daily radio flux densities at each frequendy @Hz and 9 GHz, measured via point source fits) with the rarfigkaily light
curve values included in square brackets, along with imaggerievels. Average flux densities become less useful #dier onset at the end
of observations on 2010 Jan 09, due to the level of variatlmsewed over single observation sessions (reflected inrtbertainties = daily

light curve g). Values listed for 2010 Jan 09 are measured from the datkbleaprior to the flare.

Date MJD MJD Total Fs.5 [range] Noises 5 Fg [range] Noiseg
(UT) start end time (h) (mJy beam?) (uJy beant?) (mJy beam?) (uJy beant?)
2009 Dec 30| 55195.745 55196.055, 6.50 | 0.89+ 0.08 [0.72:1.06] 9.7 0.58+ 0.11[0.39:0.77] 13.7
2009 Dec 31| 55196.707| 55197.056, 6.91 | 1.16+ 0.11[0.88:1.42] 12.9 0.75+ 0.10[0.66:1.01] 24.0
2010 Jan 01| 55197.756| 55198.057| 6.29 | 0.67+ 0.15[0.47:0.94] 14.5 0.41+ 0.14[0.32:0.72] 30.3
2010 Jan 02| 55198.704] 55199.076] 5.82 | 0.99+ 0.07[0.87:1.10] 10.8 0.60+ 0.08 [0.51:0.77] 15.5
2010 Jan 04| 55200.706| 55201.181] 9.91 | 0.89+ 0.08[0.73:1.10] 8.6 0.55+ 0.09[0.39:0.73] 11.1
2010 Jan 05| 55201.703| 55202.162] 9.43 | 0.77+ 0.17 [0.37:0.91] 9.0 0.41+ 0.18[0.18:0.72] 11.8
2010 Jan 06| 55202.703| 55203.160, 7.15 | 0.49+ 0.12[0.29:0.78] 11.1 0.25+ 0.06 [0.18:0.40] 13.3
2010 Jan 07| 55203.682 55204.148 9.51 | 0.58+ 0.11[0.41:0.79] 9.1 0.33+ 0.10[0.22:0.58] 12.1
2010 Jan 08| 55204.687| 55205.163] 9.43 | 0.59+ 0.10[0.44:0.75] 9.1 0.30+ 0.09[0.17:0.50] 12.1
2010 Jan 09| 55205.681| 55206.157] 9.41 | 0.93+ 0.42[0.42:6.67] 9.8 0.93+ 0.65[0.23:9.83] 12.2
2010 Jan 10| 55206.683| 55207.162] 10.03 | 21.3+ 8.81[11.7:43.0] 38.4 16.6+6.10[6.57:29.9] 43.0
2010 Jan 11| 55207.684( 55208.139 9.53 | 9.23+ 1.33[7.60:11.3] 20.5 6.11+ 1.26 [2.64:6.21] 25.4
2010 Jan 12| 55208.661| 55209.150, 10.19 | 5.48+ 0.80[2.05:5.61] 16.5 4.02+ 0.69 [0.96:3.65] 18.3
2010 Jan 13| 55209.685| 55210.153] 7.46 | 3.72+ 0.51[2.48:3.96] 15.6 3.19+ 0.21[0.97:2.31] 20.1
2010 Jan 14| 55210.672 55211.142] 9.71 | 2.37+0.21[1.61:2.35] 104 2.39+ 0.13[0.99:1.43] 12.8
2010 Jan 15| 55211.665| 55212.072] 8.22 | 1.54+ 0.11[1.32:1.79] 9.9 0.91+0.12[0.75:1.08] 14.7

uonaNpal elep ¥ suoeAIasqo £°S

/8
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5.4 Analysis & results

5.4.1 Flare event

Using the ephemeris detailed in Nicolson 2007 (ATEL #98%)tulated that a flare
would occur near 2010 Jan 11. Observations from 2009 Decr8Qgh to 2010 Jan
09 indicated Circinus X-1 was relatively stable at flux déesiof~ 1 mJy at 5.5
GHz, and slightly lower at 9 GHz (for a list of average dailyxfldensities see
Table 5.1). A sudden rise in flux density was detected towHresend of a day’s
observations at 2010 Jan 10 02:30 UT, continuing until saleettime ended at
03:50. Upon returning to the souree12.5 hours later, | found Cir X-1 in decline,
indicating the peak of the outburst had passed.

To better analyse the flare, | divided datasets from each maysimaller cuts
(~ 30 minutes), produced images from these cuts, and useditheD command
IMSTAT to measure the maximum flux density within ax110 arcset box around
the system’s previously established position (15:20:487910:00; based on image
fitting from Tudoseet al. 2008: tables A1 & A2); i.e. the system’s ‘core’ from
which the highest levels of radio emission are observeds alidwed me to create
a detailed light curve (Figure 5.2) while maintaining anequtable level of error on
each measurement. There is the possibility that somethirige selected region
will outshine the core (e.g. Tudost al. 2008 show some epochs where the south
eastern component appears brighter than the core); howewee of my imaging
showed any evidence for this and thus | could safely assuehitfhest measured
peak flux density would only come from the core.

The flare event (shown in more detail in Figure 5.3) appearstadt at MJD
~ 55206.05, rising from pre-flare levels of 1 mJy tgsS~ 6.5 mJy and $~ 10
mJy in just under 2 hours, before the day’s observationslfireided. Though
some variations in flux densities are visible in pre-flare tiglyt curves (a scatter
of ~ 0.5 mJy visible in most) they do not follow any obvious tremtbwever, the
light curve from the day of the flare shows a gradual rise in flexsity prior to
the event, with levels at the start of the ren0.5 mJy. There is also a brief peak
in flux density at both frequencies at MJD 55205.97 (2 houisrpo the flare -
more easily visible in Figure 5.3), about one hour in dumati@bservations the
following day began at MJD 55206.683; the initial flux deiesitof §5 = 43.0+
0.5 mJy and = 29.9+ 0.6 mJy proceeded to decay rapidly (roughly power law
decay: log SgHz ~ -3.03(log T) - 2.12 at 9 GHz, logs3gHz ~ -3.03(log T) -
1.96, where T is days since outburst start i.e. MJD - 5520&@%ore appearing
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to level off at §5 ~ 15 mJy and $~ 11 mJy near MJD 55207. Subsequent days
show continued decay (once again a rough power law: bgyS~ -1.4(log T) -
1.9, log SscHz =~ -1.6(log T) - 1.6) up to the final day of observations where flux
densities remained above pre-flare levels; & 1.5 mJy and $~ 1.0 mJy. MAXI
X-ray measurements (also shown in Figure 5.2) indicate a flacurred at, or just
before, the time of the radio event, with statistical eriamd the lack of a radio peak
preventing a better comparison of the event in the two ligintes.

There is little or no evidence of a turnover in flux densitigser side of the flare,
suggesting the peak of the event occurred towards the mafdlee gap between
observations (i.e~ MJD 55206.5) at both frequencies. This event appears terdiff
from previous flares (e.g. 2000 Oct 20/21 and 2002 Dec 04/§6tdi6 of Tudose
et al. 2008) in a variety of ways. Firstly, this flare’s ‘peak’ (estited to last from
initial rise to the levelling off observed the next day) haduaation of almost a full
day, compared to the 2000 Oct 20 flare light curve whose pepk&ap to last less
than a third of that time. Secondly, this flare’s rise is siigantly steeper than many
observed in the pasty x6 increase in 2 hours at 5.5 GHz andx 10 at 9 GHz,
compared to the rise observed in 2002 Dec 04 where levelsdmlipled over half
a day. However, the light curve following the 2002 Dec evesggireveal a similar
gradual decline post flare (the 2000 Oct 20 light curve midga ahow the start of
a similar decay trend, but is cut short). Such comparisoaddficult to justify,
as Circinus X-1 was consistently far brighter in the formpoehs than that during
which this chapter’s observations were carried out. As altescan only crudely
estimate the peak of the flare to have a flux density betwedénam@ 0.1 Jy at both
frequencies, based on extrapolations of the initial risstdagcay rates.

The lower sections of Figures 5.2 and 5.3 show the specuakifS, [0 v¥) of
Cir X-1's core, based on the 5.5 GHz and 9 GHz flux densitiedicks remain neg-
ative for most of the pre-flare period, with an average value - — 1.0 but with
significant scatterq = 0.45) and statistical errors. This is, as expected, intea
of optically thin synchrotron emission (Section 2.1.3)d @onsistent with previous
measurements of Cir X-1's spectral index (e.g. Tudeisd. 2008, figure 10). There
does appear to be a rise to positive indices near MJD 5519@hwtould corre-
spond to phase 0.5 (based on current ephemeris estimates). However, fie da
data (2010 Jan 01/02) to which the points correspond, wdgplarly difficult to
calibrate, making the flux densities unreliable. This dffaght initially suggest an
apastron radio flare (Fender 1997, Tudesal. 2008), but it is more likely that the
positive index is a result of errors and not a real physidalatf



Orbital phase ¢
0.26 0.39 0.51 0.63 0.75 0.87 0.99 1.1 1.23 1.35 1.47
0.045 T T T T T T T T 0.045
1.5-10 keV X-ray . »
0.0a e 9GHz radio | 004
5.5 GHz radio *(* o
- — 0,035
0.035 E
> oo -1 ~0.03 i
3 oo L
- & o
= 0.025 -4 — 0025 £
F :
§ ool = ooz 3
o =3 &
5 oois- £ 0015 ;.
= ===
O oot =) - _ w1 5
3 I s = e 8
0005 e - ! —~ 0.005
& = e 2% g
o - = o = - P e e e o - di &
-0.005— — -0.005
i 1 ! ! L ! ! ! | 0.01
55194 55196 55108 55200 55202 55204 55206 55208 55210 55212 55214
1.0 T T T T T T T T T 1.0
X o 3
05 a [T Radio spectral index - 05
e
U - . + J . .} - 0
T - T4 T T ¥
h iy 4 " - 13 r
0.5 = 3 'E i LS, T %‘— £ + 2 -05 X
x i i G T 13 P i £ 3
3 - L %4 ! -
& Ll dy R LA i : N | G dao =
2 -0 33 (2 "t B I - % 1 i 1.0
- { g1 5% mwy B ‘ . .o x¥ i T3 [
2 ‘ B iR LT h :
= 1 Ri y = {24
&= 5+ { T . - = 3 * s —1.58
© | . . r 1 =
§ J Do j ) "
w0 20 1] [ —-2.0
t =
|
25 -1-25
30 1 1 1 ! L 1 1 1 3.0
55194 55196 55198 55200 55202 55204 55206 55208 55210 55212 55214

MJD

Figure 5.2: MAXI X-ray, ATCA-CABB radio (top panel) and radio spectraldex (bottom panel) light curves for 2009 Dec 30 to 2010 Jan
15. Radio flux density errors @) are included but are too small to distinguish clearly. Thesflevent is easily noticeable in all light curves,
as well as the expected effects on spectral index duringarisedecay.
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The spectral index begins a clear rise on the day of the flaeghinga ~ 0.5
twice during the days observations, firstly during timesamdant with the ‘bump’
2 hours prior to the flare, and then towards the end of obsenawith the rise
of the flare itself. By the following day, during flare declingpectral index has
returned to negative values, = — 0.74+0.1, with very little scatter. Subsequent
days show increasing levels of error and scatter as valugmde

The behaviour of the light curves and radio spectrum are istarg with that
expected from either internal shocks created within ouflas a result of quasi-
continuous ejections (Section 2.2.3.5; Kaiser, Sunyae\v&muit 2000) or an adia-
batic expansion of ejected clouds of relativistic parsdlas in van der Laan 1966),
as is the case for nearly all outbursts from XRBs. If dealinthwuch expanding
knots of emission, one could expect these objects to evigntnave a sufficient
distance from the core to be resolved separately, whichti®bserved. Such ob-
jects might still exist as part of the core emission, but githvelocities are far
lower than those of the flows discussed in Fergteal. 2004, then there may not
be sufficient time after outburst to directly observe theasapion before the knots
fade below detectable levels. Crude estimations of theciteds possible for this
scenario can be calculated using Equations 1.1 and 1.2thexgeith the image
synthesised beam size (1.5” for a 12 hour 9 GHz CABB image) and the total
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time taken for core flux densities to stabilise after the flared days). Taking an
assumed jet inclination @ ~ 5°, and half the beam size as a required minimum
distance for detectable change in the core structure, | fiatlguch objects could
remain unresolved if moving with Lorentz factors that do eeteed™ ~ 5. This
does not eliminate the possibility of ultra-relativistiowis re-energising media fur-
ther downstream, since internal shocks can fade only toteigluring additional
collisions (e.g. XTE J1748-288: Hjellmirgf al. 1998).

As mentioned earlier, flux densities actually appear tolleffaowards the end
of Jan 10 before commencing the gentler decay. There havedaseral examples
of multi-peaked flares from Cir X-1 in the past (Thonetsal. 1978, Tudoset al.
2008) with varying numbers of peaks and timescales, but dps ¢n the observa-
tions prevent me from confirming such behaviour.

There is an unfortunate effect visible in the light curve,iethbecomes more
apparent in the spectral index plot, and that is a trend tdsvamore negativex
(and lower flux densities) at the beginning and end of eachparticularly when
the source is brighter (i.e. post-flare); this is most easdlgn in the observations
around MJD 55209. The effect is likely a result of Cir X-1'sM@levation (28 at
minimum) during early and late hours of individual obseiwatruns (hence why
it becomes more evident once observations switch fraf@ hour runs to full 12
hour runs after MJD 55200) leading to increased atmospbeacities, or possibly,
rising sensitivity to large scale structure as projectesebines decreased in length.
While self calibration does appear to eliminate this tureroeffect (standard cali-
bration methods fail to do s0), it also alters source flux dgns such a way that
makes measurements unreliable. Thus by using standaldatadin routines | re-
tain flux density accuracy, while the general trend and mogioirtant features of
the light curve remain clear.

5.4.2 Imaging, modelling and subtractions
5.4.2.1 Original images

| created images for each day’s individual data set, at betipuencies. These are
presented in figures 5.4 (5.5 GHz) and 5.5 (9 GHz). | appliegsplonly self-
calibration in an effort to improve image fidelity and redube effects of artefacts
caused by the large flux density variations following flaresein All flux density
measurements on the other hand (Table 5.1), are taken fragesnthat have not
undergone self-calibration, but only the standard catibremethods detailed in the
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Figure 5.4: Un-altered data radio maps of Circinus X-1 at 5.5 GHz. Theapan
use ATCA-CABB data that has undergone both normal calibnaéind phase cal-
ibration routines prior to final deconvolution. Maps wereared using multi-
frequency clean subroutines. Weighting is determined witbbust factor of 0.5
(an optimal compromise between natural and uniform wengf)ti Contour lines
are at -2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64xB80s noise of each epoch
(matching the scheme used in Tudesal. 2008, rms listed in the top left corner
of each panel). Beam sizes are approximately 4 afcgatefacts caused by flare
variability are easily visible in images A10 through A13.
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Figure 5.5: Un-altered data radio maps of Circinus X-1 at 9 GHz. Thesesmap
use ATCA-CABB data that has undergone both normal calitnadind phase cal-
ibration routines prior to final deconvolution. Maps werearied using multi-
frequency clean subroutines. Weighting is determined witbbust factor of 0.5
(an optimal compromise between natural and uniform weigfiti Contour lines
are at -2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64x88s noise of each epoch
(matching the scheme used in Tudesal. 2008, rms listed in the top left corner
of each panel). Beam sizes are approximately 1.5 afcs@defacts caused by
flare variability are easily visible in images B10 and B11.
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MIRIAD guide. All uv data withuv distances shorter than @kat 5.5 GHz and 10
kA at 9 GHz were ignored in order to eliminate the more diffuséseman from the
surrounding nebula (see Section 5.4.3). | will first addteesnormal’ images from
data sets before, and several days after the flare, in whintittons are more stable
and similar from day to day, prior to discussing the imagesnduand shortly after
the event. The stability during the pre-flare days also aldwne to combine the
data from the first nine observations to produce a deep 5.5r@#jrof the system’s
core and nearby region; this image is presented in the l@fenand panel of Figure
5.6. Figure 5.6 also presents the normal robust weightedesor the four days
after the flaring episode (corresponding to images A13-Allgure 5.4), as well
as images in which the (variable) core has been subtractmd attempt to measure
weak variability on arcsec scales.

The system’s core (centred) is well defined in all images,iamdany of the 5.5
GHz examples shows a distinct south/south-east extengastiqularly evident in
Figure 5.6’s deep map) which can be interpreted as evidem@nfapproaching jet,
I.e. the jet component aimed along our line of sight. Thetpmsiangle of this jet
is similar, but appears to be slightly more southerly thaat tibserved in previous
data sets (Tudoset al. 2008). Some of the individual images also show a slight
north/north-west protrusion, or general elongation ofd¢bee along the north-south
axis which cannot be fully explained by beam shape alonécatidg the presence
of the (likely) receding jet. The maps produced from 9 GHzadsttiow similar
elongation of the core, as well as extensions related toetise However, unlike at
5.5 GHz, the 9 GHz northern jet structure appears to be jussdde as its southern
counterpart, and often more easily so.

In figure 5.7 (upper row) | compare the deep pre-flare map tangleiday’s
observations from the pre-flare period of 2002 Dec. The diffee in the structure
near the core is significant, as one can clearly see a secmid bomponent a few
arc-seconds to the south west of the core in the 2002 map wloies not appear in
the 2009/2010 map. This component was that which variedatig flare events,
leading to the high jet velocity estimates by Fendeal. (2004), and though not
persistent, structure has appeared in or very near thisicmcenultiple times in the
past at various levels of intensity (see Tudesal. 2008).

The lower row of Figure 5.7 shows point source subtracticulits based on fits
to the location of the core. It should be noted that the twaéanponents (SE and
NW) in the maps would be less likely to appear in the older mag t the lower
signal to noise available (assuming similar flux densitigéfe differences in resid-
ual structure around the core is now more prominent. Firtligugh in both cases
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Figure 5.6: lllustration of Circinus X-1's orbital behaviour with rekd radio
maps. My intention is to show how the observed radio strectsirelated to the
orbital motion of the system. The upper left diagram is a espntation of the
system, assuming a high mass companion and an eccentric oHa lower left
image is a deep 5.5 GHz radio map (beam size =258 arcseg) of the core
and nearby region of Cir X-1, combining data from the first $@tvations, i.e.
those taken prior to the flare event (ignoringdata withuv distances shorter than
6 kA), resulting in rms noise of 3.kJy beam!. The images to the right show
the unaltered data radio maps (left) and the final model aotetd maps (right)
for the final 4 days of observations, after the flare event.eNloat the right hand
maps cover a smaller region around the core (as illustratelde top set) in order
to improve visible details. The core and nearby bright conguds referred to in
section 5.4.2.1 are labelled. Contour lines in all maps &f2.8, 2.8, 4, 5.6, 8, 11,
16, 23, 32, 45, 64, 90 r.m.s. noise of each epoch (listed in related panels from
Figures 5.4 and 5.12).
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Figure 5.7: Cirxinus X-1 point source subtraction maps. The left handiom
shows contours (-2.8, 2.8, 4, 5.6, 8,X1t.m.s. noise of 55uJy beanm!, beam
size = 2.4x 1.9 arcset) for data from pre-flare observations taken on 2002 Dec
02 (See Fendeet al. 2004). The right hand column are contour images made
using the nine pre-flare observations from this chapterta-dat (-2.8, 2.8, 4, 5.6,

8, 11, 16, 23, 32, 45, 64, 90r.m.s. noise of 3.5uJy beam!,beam size = 2.5

1.8 arcse®) The upper row shows un-altered images using a weightingrselof
robust = 0.5. The bottom row show the same images but withrat pource fitted
and subtracted from the approximate location of the syst@mre. Though there
are clear differences in structure near the core itselhaidd be stressed that the
lowest contour levels in the 2002 images are close to the funsities measured
from the peak of component SE; i.e. there is a good chanceenegiobmponent SE
nor NW would be visible in the older map assuming their flux sig@s remain
constant.

one can observe residual structure on opposite sides ofotieevoid (i.e. compo-
nents likely related to the jet pair), you can clearly seesthigth-eastern component
is significantly brighter than its north-western countetjrathe 2002 image, unlike
my image which shows more similar intensity between the tsauthern residual
peak flux density of 79t 4 uJy, northern residual with 75 4 uJy). Secondly,
the axis along which these structures lie is different in tilve images, with my
map showing an axisf(~ 170 + 15°) far closer to north-south than 2002’s near
east-west orientation.

The images created from data sets during, and shortly #iteflare (panels A10
- A13 of Figure 5.4) show the artefacts caused by rapid vanah brightness of a
source during an observation (linear elongation for an E+¥élya see Section 1.2
and Section 3.4), and as such much of what one sees is nobreakjuires very
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careful interpretation. There do appear to be resolvedttras along the SE-NW
axis (i.e. the jet axis) that do not make up part of the geredaaigation of the core,
and thus one may be tempted to believe they are jet relatedkvaw, given the time
since flare onset and angular distance of these structurgg these can quickly be
disregarded as real new components within the system. Téesity of distortions

is reduced as flux densities and decay rates decline. Theatamepoint appears to
resolve into two separate bright components as has beemnveldse the past (i.e.

as in figure 4 of Fendest al. 2004, Tudoset al. 2008).

Other than the core, the most notable structure in the imég#se separate
emission component to the south east (labelled componemt Bigure 5.6’s deep
map), located at approximately 15:20:41.75, -57:10:1D@0d2. Upon initial in-
spection one could assume this to be a possible componem afpiproaching jet,
due to its proximity to Cir X-1 and the fact its position angleuld fit well with that
of previously observed outflow structures. The source isatet but unresolved at
both frequencies, with an average spectral indest 6f -1.4. The angular distance
from the core to this component is 13", which, based on previously estimated
outflow Lorentz factorsI{ > 10, distancex~ 6.5 kpc), would mean flux density
variations linked to core outbursts and subsequent regession via the jet will be
delayed by> 30 days (assuming constant flow velocity). It may still bespole to
observe re-energisation of the component by flows from aaradre outburst, with
a large phase offset resulting from its distance. Light earfor this component at
both frequencies are visible in Figure 5.8, with errors blase noise levels of each
image. Measurements from 2010 Jan 9, 10 and 11 (A10-Al12)adraciuded as
low-level artefacts were noted to extend from the core aretlap with the compo-
nent emission, reducing the validity of those estimate®réls at best only a hint
of variation in the flux density of this component at 5.5 GHat fome evidence at
the~ 20 level at 9 GHz.

A second fainter component also regularly appears nortst-afethe core in the
5.5 GHz images (15:20:40.1, -57:09:58 [J2000] - labelledgonent NW in Figure
5.6), though remaining undetected at 9 GHz. The source appesolved in both
the deep map and individual epochs, often displaying a seettern extension.
The angular distance( 7”) would likely involve long delays between outbursts
and subsequent reactions in the componen2Q days). The 5.5 GHz light curve
is included at the bottom of Figure 5.8. As with component tBEre is no unam-
biguous evidence for variability.

In an effort to determine the origin of these emission sagjrégeviewed past
observations of Cir X-1. Going over images from Tudesal. 2008, | found sev-
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Figure 5.8: Radio light curves for Circinus X-1 components SE and NW (see
Figure 5.6, bottom left). Values are from peak flux densityasweements. The
large gap in points is a result of unreliability of measureisefrom data taken
during the flare and its decay.

eral with distinct compact emission near the location of porrent SE (a total of

5 epochs). Data sets from individual days of pre-CABB obstons tend to yield
images with noise levels close to the flux of these componema&ing detection
difficult. Therefore, | created stacked data sets which dostbobservations of
close epochs (i.e. within a maximum of 2 orbital periodsetiéhce in observation
time) to produce deeper maps in an effort to track down furthédence of the
components. These were: July 1996, October 1998, May 20 Daoember 2002
(See Tudoset al. 2008 for details on these data sets). Component NW remained
undetected in all revised images; however, based on image revels, & > 0.05
mJy in all cases, which compared to my flux measurements wuoake the com-
ponent difficult to detect. Component SE was visible in neall stacked images
with the following flux densities: Dec 2002 - 0.1 0.02 mJy; May 2001 - 0.25
4+ 0.03 mJy; and Oct 1998 - 0.20 0.04 mJy. The exception was Jul 1996, where
there was difficulty distinguishing separate components uthe abundance of
structure near that portion of the image. These fluxes araligstmilar from the
range measured in this data.

Linear polarisation was detected @ o levels) at the position of the core on 10
Jan 2010 at 9 GHz (a day when observations of the second,argsal calibrator
were available). No other images show any distinguishabler{sation in regions
of interest and the single detection is relatively weak2@6 of core flux densityx
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0.1 mJy), thus few strong conclusions can be garnered froBeised on estimates
quoted in Tudoset al. (2008) a correction ofAB| < 9° must be applied to account
for Galactic Faraday rotation. Vector orientation indeselectric fields aligned
away from the jet axis, but not entirely perpendicular; $amio what was observed
from the core in previous epochs (see section 7 of Tueébsk 2008).

5.4.2.2 Difference images

In order to compare data sets on a day to day basis in seart¢huofusal changes
associated with Cir X-1's flare, it was prudent to select glgirday’s data to act
as a reference. This observation could then be subtractiu v plane (prior to
construction of images) from each epoch, leaving only theg@ns of flux density
which had changed in intensity. The reference data set waand to fall on a day
sufficiently distant in time from a flare event, so that anysaduent variation in flux
levels have diminished, both of the core and any nearby tsire that may have
reacted to the event. Based on the flare event captured ichthger’s observations,
itis evident that even 6 days after flare onset, the coregoes to remain above pre-
flare flux density levels. It is best to select a day that fatgdnd a half-period after
a flare event as a reference, i.e. 8 days or more. In case okahfl@ing occurred
prior to that in this data, the reference would fall on 2018 04. Unfortunately
data quality must also be taken into account, as some dalyslangaps (or shorter
observation durations) and increased levels of RFI. As ioeetl in section 5.3.1,
Jan 01/02 data suffered from problems making it an inadegedérence choice.
Data from 2010 Jan 04 suffered from neither gaps, unexpeateas, nor high
levels of RFI, and additionally covered a near full 12 homnganing it could not
only be cropped to match hour angles of the earlier half okoleions (eachk

9 hours long) but would also cover most of subsequent obsengfor effective
comparisons.

Figures 5.9 and 5.10 show difference maps for all days at 513 &1d 9 GHz
respectively. The days prior to Jan 04 show excess flux agarthe core; whereas
the days following, but prior to the flare event, show regiofsver-subtraction in
the same location. This is a logical result from the trendumdk listed in Table 5.1
and would suggest a gradual decay in flux density over thelfirsbservations, per-
haps following a flare event preceding that of Jan 09. Thexeaarair of structures
visible in the December 5.5 GHz images (panels C1 and C2)tsthe north-west
which should be noted, as they appear along the known jeaaxlis the same loca-
tions in each of the images, then go undetected in most peerflaps. Images from
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Figure 5.9: Difference radio maps of Circinus X-1 at 5.5 GHz. Each epahtiad
data from 04 January 2010 subtracted prior to imaging (tlwisnage is available
for 04 Jan itself). Weighting is determined with a robustdaof 0.5 (an optimal
compromise between natural and uniform weighting). Thespstse ATCA-
CABB data that has undergone both normal calibration andehbalibration rou-
tines prior to final deconvolution. Maps were cleaned usindtiAfrequency clean
subroutines. Contour lines are at-2.8, 2.8, 4, 5.6, 8, 1123632, 45, 64, 99rms
noise of each epoch (matching the scheme used in Tuetade 2008, rms listed
in the top left corner of each panel). The larger cross mauksposition of the
core and the smaller crosses those of components NW and S 8ieges are ap-
proximately 4 arcsec Artefacts caused by flare variability remain in images C10
through C13. It should be noted that C10 only includes daitar po the initial

flare rise in order to reduce severity of artefacts.



Figure 5.10: Difference radio maps of Circinus X-1 at 9 GHz. Each epochhaak
data from 04 January 2010 subtracted prior to imaging (tlwisnage is available
for 04 Jan itself). Weighting is determined with a robustdaof 0.5 (an optimal
compromise between natural and uniform weighting). Theapstuse ATCA-
CABB data that has undergone both normal calibration andehbalibration rou-
tines prior to final deconvolution. Maps were cleaned usindfiffrequency clean
subroutines. Contour lines are at-2.8, 2.8, 4, 5.6, 8, 1123632, 45, 64, 99rms

noise of each epoch (matching the scheme used in Tuetade 2008, rms listed
in the top left corner of each panel). The larger cross mdr&sbsition of the core
and the smaller crosses those of components NW and SE. Beasnase approx-

imately 1.5 arcséc Artefacts caused by flare variability remain in images D10

through D12. It should be noted that D10 only includes daiar fo the initial
flare rise in order to reduce severity of artefacts.
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Stacked C1,C2,C15 & C16 difference map Stacked Jan 13 - 15 model subtracted map (5.5 GHz)
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Figure 5.11: Circinus X-1 stacked difference and model subtracted intagps.
The left hand image combines the difference data from 20@93¢Dec 31, 2010
Jan 14 and Jan 15 (panels C1, C2, C15 and C16 from Figure Sd&dforbital
phaseg = 0.28 - 0.46, beam size = 2.75 1.66 arcsed), the right hand image
combines model subtracted data from 2010 Jan 13, 14 and ha{qrhasep =
0.22 - 0.36, beam size = 2.481.76 arcsed). Both images use contour levels of
-2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 times r.m.s.3qftdy. The larger
cross marks the core, the smaller the position of componé&tit Ah additional
(i.e. unrelated to component NW) north-western structuae lbe seen in both
images.

the days following the flare event remain heavily affectectigfacts; however, the
asymmetrical nature of some of the structures (e.g. C13jestghat there may
be some real emission towards the south-east which mayspexar several days.
A similar argument can be made for the structures in panel @ad the emission
component that is visible to the north-west persists in [sa@&5 and C16. Further-
more, its position is concordant with the structure nedtestore in panels C1 and
C2. The left hand panel of Figure 5.11 shows the results akstg data used for

panels C1, C2, C15 and C16, in which one can clearly see thhararstructure

nearer the core. Though not shown in the image, the farthéneestern structure
from panels C1 and C2 was also visible, though only atal8vel. The extension

visible to the north-east of the core appears to be causedstrgak artefact of un-

known origin running through the core perpendicular to #tegxis (further effects

of this artefact can be seen to the core’s south-west).

5.4.2.3 Model subtracted images

It is clear that the flare artefacts severely hinder the tghiti interpret the images
after Jan 09, with core variation continuing and causinggétion along an axis
with an unfortunate similarity to that of the jet. Thus a setdevel of subtraction
would be required to reveal structural variation in suchges This involves mod-
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elling the flaring core, based on the variation observed froeasured light curves
of each observation.

The process is as follows: each day’s difference data et With the Jan 04
reference data already removed) is divided into smalletiaes, approximately 5
minutes in length$100 data segments per observation). These individualbsecti
are then converted into images and a measurement of the miaxflax density is
taken from a 30 arcséeegion centred on the core. It should be noted that no effort
to clean the image is made prior to the measurement, as lts@sno improvement
to image fidelity for such small data chunks. Though thespsimat images are of
very poor quality, the light curves that result from this pess are very similar
to that of Figure 5.2 suggesting relatively accurate regwetion of behaviour at
the core. The flux density measurement of each 5 minute sdgsémen used
to construct a 5 minute data model, representing a singleesaf the same flux
density at the position (based on measurements made fronmtdered data) of
Cir X-1's core. Using theviRIAD taskuvsuB, one can then create new 5 minute
data segments with the models subtracted, and recombine itite a complete
observationvcAT). This final data set can then be inverted and cleaned as horma
eliminating as effectively as possible the recorded cotebiur. A large amount
of this process was scripted in python using modified comptsnef code from
VaSpecSim (see Chapter 3 and the appendices).

The results of my application of this process on the post flasges are shown
in Figure 5.12. Unsurprisingly, the subtractions were teagcessful on the Jan
10 images owing to the rapid rates of variation soon afterfidre. Many of the
structures around the location of the core are likely to Imenants of flare artefacts
or the result of phase errors, inferred from the symmetraraainti-symmetrical
layout of strong positive and negative counterparts (gagdible in the 5.5 GHz
Jan 10 image). Though the Jan 11 images are cleaner by campasome care is
still necessary as the day’s observations still involvgghltilux densities and decay
rates. Most visible structures can be disregarded, owirigdis numbers, negative
counterparts, and almost random arrangement.

The final four model subtracted images are also shown in Ei§us (far right
column) together with their unaltered counterparts (dbscrin section 5.4.2.1), in
an effort to summarise the behaviour that occurs within Git.XJan 12 images
(row A of Fig 5.6) show some emission to the south-east (ilengathe jet axis)
of similar size and position at both frequencies, leadingetovelocity estimates
with ' > 10 (assuming a relation with the flare of Jan 9th). Howevexnglis also
a negative component at 5.5 GHz whose position would sudigesé may be an
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Figure 5.12: Model subtracted radio maps of Circinus X-1. These images ha
had both the Jan 04 data subtracted, and a model point saubtacted that is
centred at the location of Cir X-1's core and whose behavisumodelled on
the core light curves. They cover the flare event and subseqlecay. These
maps use ATCA-CABB data that has undergone both normalratitim and phase
calibration routines prior to final deconvolution. Maps weteaned using multi-
frequency clean subroutines. Contour lines are at -2.8,4£.8.6, 8, 11, 16, 23,
32, 45, 64, 9&rms noise of each epoch (listed on the bottom left of eachlpane
however the rms is difficult to measure accurately as imaggertends to increase
towards Cir X-1's position, and thus values used are highan those measured

in the surrounding regions of maps. Beam sizes are approsiyn arcset.
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artefact pair. One can also observe strong emission to tite a09 GHz, but the
lack of a 5.5 GHz counterpart means | cannot confirm if it i3.r&éae images from
Jan 13 onwards show the strongest evidence of real strligfanation beyond the
core. These were the images that showed the lowest levelefhetrs caused by the
flare, prior to core subtraction, and thus are the most likelgisplay real emission
structures rather than residual artefacts.

This leaves three components of interest in the 5.5 GHz isyag® of which
have possible counterparts at 9 GHz that do not appear tddtededo side-lobes.
The component nearest the core at 5.5 GHz on Jan 13 may bedredethe negative
component on the opposite side of the core, and without arcosdi counterpart at
9 GHz is best ignored. The remaining two components residepposite sides
of the core and have possible 9 GHz counterparts appeariignéicant distance
further from the core (1-2"), yet they remain along a veryisamaxis. The northern
component at 15:20:40.56 -57:09:56.7 (J2000) does appéart a negative coun-
terpart at a similar distance to the south-east of the coré,tlaough it is slightly
smaller and fainter, may still indicate effects of flare tatés. However, support
for the reality of this northern structure is that it persiat 5.5 GHz through Jan 14
and 15 images, and the position also coincides with thatehtar-core northern
component observed in the Dec 30 and 31 difference maps éstiers5.4.2.2).
Both positive structures are not seen again at 9 GHz, nor aegsignificant new
structure arise over the final 2 days. The result of stackirege final three days
of model subtracted data is shown in the right panel of Figutd, where one can
see strong evidence of the northern componenb¢) and weaker signs of south-
eastern residual structure 30).

Flux density variation of the northern component over the@sds well within
the noise levels of the individual images. The emissiondiggroximately 3 - 5”
away from the core, and appeared3 days after the peak of the flare event. As-
suming it is real, then it is unlikely to be related to the alved flare event, as that
would require Lorentz factors df > 35. However, by considering the possibility
of an earlier flare (16.6n+4 days delay) being the source of re-energisation, then
the calculated velocities may be significantly reduced. (e.@0 day delay give§
to be 6 - 10).

As a test of my methods | investigated whether the procesgmbving the
generated model from the data could inadvertently credte@agostructures such
as those in the images. | created model data with a single poimce at Cir X-1's
location (much like the subtraction model) but includedseawithin the flux density
values with a combination of sinusoidal variation and randmmber components.
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The resulting models strongly resembled a single day’s hegblution light curve

of Cir X-1's core (with flux density levels set to be similar tilose seen during
flare decay). | proceeded to image this model data and rurrgugih the same
light curve extraction and model subtraction routines usedhe real data (with
varying interval sizes). The result was a near complete waaf the source each
time (a weak ‘core’ would remain with flux density 1% of original levels), with

flux densities of residual surrounding structure in the imagaching only a few
udy (i.e. < rm.s. noise levels in standard images) and distributedspake like

manner rather than in clusters.

5.4.3 Large scale structure

By combining the observations from the first 9 days | was ablereate a deep
5.5 GHz radio map of Circinus X-1 and its surrounding regibig(re 5.13, left),
with rms levels in the majority of the map not rising above 83 beam!. These
low noise levels make it possible to see detailed filamdat-gitructures outlining
the known layout of the Cir X-1's jet powered nebula, and wéygppear to be faint
(compared to the core) less diffuse regions within the larggbula structure. |
compare this map with contours created from the data useddioSeet al. 2006
(Figure 5.13, right). The red contours are those from 1.4 @Hgervations with
the ATCA in a short baseline configuration (EW214: minimunsddae of 31m,
maximum of 4500m) taken in September 2004, showing the aatgons of the
nebula surrounding Cir X-1. The black ATCA contours (confagion 1.5A: min-
imum baseline of 153m, maximum of 4469m) are from August 280d are also
at 1.4 GHz, but the observations did not include baselineshaeg of those from
Sep 2004, and thus one observes slightly more detailedisteucloser to the core.
The asymmetry of the structure can be observed on both tlcasess an extension
of the nebula towards the south. This has been mostly atdbio projection ef-
fects as a result of the approaching south-eastern jet, esetling north-western
jet. However, there are also bends in the jets (evident irbkhek contours) which
may be attributed to precession of the jet (much like SS4&3 Section 2.2.3.6) or
interactions with higher-density material along the jgi#&h which cause the flow
to deviate.

My deep map shows numerous filament structures outliningéhella’s edges,
as well as multiple components along the jet axis, includiregradio counterparts
to the X-ray synchrotron ‘caps’ reported in Selial. (2010). Though they form
circular outlines, the filaments are unlikely to be the raald of side lobe structure,
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Figure 5.13: Large scale radio images of Circinus X-1's jet powered nabilihe
left hand 5.5 GHz radio map (beam size = 3.6 arcset) was produced using
combined data from the first 9 days of observations (i.e. #raesdata as the
bottom left panel of Figure 5.6, but using complete distance coverage) and
shows the detailed filament like structures outlining thgesdof the nebula, with
Cir X-1's core marked by the white arrow. The increase in adiswards the
bottom of the image is a result of primary beam correctior - approaching the
beam perimeter. To the right | show a contour map of the sagienausing 1.4
GHz data from Aug 2001 (black, contour levels of 1, 1.4, 2, 2,%.6 and 8 times
the rms noise of 2 mJy bearh) and Sep 2004 (red, contour levels of 1, 4, 8, 16,
32, 48 and 64 times the rms noise of 0.7 mJy beYnthe difference between the
two being due to array configuration (i.e. shorter baselimese available during
the Sep 2004 observations). This is the same data use togeréigures 2 (middle)
and 3 in Tudoset al. 2006, and illustrates how much of the large scale structure
appears beyond the region outlined by the filaments in my maps
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based on comparison to the corresponding beam patterysatdéoo large, intense
and sharply defined (even prior to the application of clegmilgorithms). Much of
the more diffuse structure within the confines of the filarsastaffected by beam
distortions, causing large scale ‘lumpiness’ or corrugatithough several sharper
intense regions stand out (such as the caps). The majoriheajutlying flaments
have peak flux densities of 2x10~° Jy bean?, but since the 6A ATCA array
configuration uses particularly long baselines (espgciallcomparison to those
used in Tudoset al. 2006), it is likely much of the emission from these regions
has been resolved out (the largest angular scale to which apyimsensitive is
~ 40 arcsec). This is also indicated via comparison of the fawels with those
measured at the same locations at lower frequencies, gk extremely steep
spectrum ¢ < —4). It should also be noted that though | have corrected fer th
response of the primary beam, the distance of the filamemts tihe pointing centre
of the observation~ 2.5 arcmin for the ‘ring’ filaments, 4 - 5 arcmin for those to
the south) may still add to the uncertainty in flux density sugaments as a result
of uncertainties in the primary beam model itself.

None of the filaments are detected at 9 GHz or in polarisatiapsnand esti-
mates for individual structures show no region has minimughness temperature
Tb_min > 0.5x10* K, meaning either synchrotron or bremsstrahlung processes
be the cause. Nonetheless, these filaments clearly defingtiameasimilar in form
to that of the nebula, including the southern extensionjdghosmaller in compar-
ison to the full low frequency emission (red contours). Aaguy the validity of a
bremsstrahlung scenario, a comparison may be made witlethdanof Cygnus X-1
where one can observe the thermal bremsstrahlung emigsioniénised gas pro-
duced behind the bow shock of a jet impacting on the ISM, foictvtemperature
estimates give T 10* K (see Section 2.2.3.5 and Ga#bal. 2005).

It is also possible that these filaments are boundariescklatthe synchrotron
emission bubble formed by the outflows and being reheate@biyraiing jet emis-
sion pointed towards us (see Sections 2.2.3.5 and 2.2.3@Joseet al. 2006
reported flattening of the nebula’s spectrum towards iteeedm particular in the
north east and south west extremes: regions in my maps whadsserve longer,
unbroken emission filaments. The interpretation that fodld was that the sites
were regions of increased interaction between the ISM acdlaated particles.
The filament like morphology may simply be a result of denflilgtuations in the
ISM, or perhaps, if the jet does precess or the large scaletate of the outflows
has changed over time, they may be regions of jet-ISM intienas much like those
observed in nebula W50 (Dubnet al. 1998). It could easily be imagined that, if
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this nebula resembles a layout much like that of SS433 and {&&® Figure 2.8,
left panel) but orientated towards us (inferred from thanetination: Fendeet al.
2004), then, as suggested by the contour maps, the diffussiem seen at lower
frequencies would appear to extend beyond brighter zoresated by the jets due
to the ‘middle’ of the nebula being wider than the taperedsgiorough which one
views the system).

5.5 Discussion

Previous observations of Cir X-1 taken during its brightasiphave shown most
of the system’s activity and structural variation occurtbeeast of the core, which
is likely to be the direction of the approaching jet. Indekdre have been several
epochs during which the emission of a distinct south-eastemponent only 2 -
3 arc-seconds from the core has outshone the core itself (2@9 29 - Fendeet al.
2004, Tudoset al. 2008). There has also been some evidence of the receding jet
(1996 July 02, 2000 October 25); however, the receding jetin@ppeared without
activity from its counterpart, with the latter remainingrdmant in comparison.

Initial inspection of images such as the bottom left pandFiglure 5.6 would
suggest the current trend is similar, but with the core bsiggificantly diminished.
There is a bright component (component $E]3 arc-seconds to the south east of
the core and a fainter counterpart to the north/ north weshfmnent NW), slightly
nearer but still over 10 arc-seconds away. However the aatucomponent SE can
be easily scrutinised. Firstly, as well as being unresoivetthe radio, it was also
found by Sellet al. (2010) to be unresolved in X-rays and coincident with a krigh
IR point source. Subsequently, Setlal. (2010) were unable to statistically rule out
the possibility that the component is in fact a backgrounare®. If the emission
was indeed related to the jet output from Cir X-1, one mightest some level
of long term variation in flux density (to match Cir X-1's cadecline over the past
decades) or position (as a previous ejection event). Aathiata not only revealed it
to exist in the same position during several epochs overdkegecade or more, but
that its flux density has not varied significantly beyond tirege of values measured
from this chapter’'s observations, and has not followed amyiqular trend. With
this additional information in mind it becomes easier ta@igmrd component SE as
jet related emission, but it will require further obseraatibefore a firm conclusion
can be made.

The northern counterpart (component NW) remains a stromglidate for jet
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emission. The source is resolved in both radio and X-raypeasellet al. 2010,
and was not found to have an IR counterpart. It remains untigten any past
observation stacks (bearing in mind if at the same low fluxsdgnt would fall
below the noise), though there has been evidence of intembistructure near its
location in individual epochs detailed in Tudoseal. (2008); specifically 2000
October 20/21 and 2001 May 27.

The strongest indication of structural variation in my mapginates in regions
to the north west of the core. The structure visible in modétsacted images from
Jan 13 through 15 (and possibly Dec 30, 31) lies at an angligasita that of the
jet and thus may be related to the receding outflow, thoughotiserves compar-
atively little change in the south. This behaviour goes gfaivhat is expected of
the system based on past observations, with the greatedtdbactivity coming
from a brighter approaching jet located to the south. THifedince could simply
be due to intrinsic asymmetry of interacting material abtime binary, but jet pre-
cession could be an alternative explanation. For a smalédaoghe line of sight, as
proposed, even a small degree of precession could accaumtéversal of orienta-
tion with the approaching jet appearing in the north westgradrant. It should be
noted that no significant change in jet axis has been obsamvedlio images that
have been made of the core over the last decade and a haltgdar observations
(Tudoseet al. 2008), suggesting that if any change in orientation has roeduit
was sudden and recent. Nonetheless, a near 180 degreat®f¢he projection of
the jet axis, though plausible, remains suspicious, andestg that the asymmetric
flow theory is more likely.

A scenario with a kinked or deviated outflow is also possibée(section 2.2.3.7).
Though one already sees evidence of the south eastern obtlag curved on arc-
minute scales (Tudos&t al. 2006), there may be bends earlier in the outflow that
result in increased beaming effects along portions of théujgher inclined along
our line of sight. Such could be the case for component SEjgliragy explanations
for its stable position and compact structure if it were tedeto a persistent jet kink.
Again, if dealing with a generally low jet inclination, sidicant deviations of the
outflow direction could cause emission activity within thgpeoaching jet to appear
either side of core via projection along our line of sight.

The point source subtraction images shown in Figure 5.7@gaide evidence
for precession, showing a possible axis that is almost ahrsmtith orientation.
Additionally, based on the greater degree of symmetry irdtes structure around
the core, my images suggest a higher inclination for thethets that observed in the
past. This latter conclusion might be seen to weaken théigagton for using low
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jet inclination as a possible explanation for the observellalviour in my images.
However, just as observed in the outflows of SS433, the iatbn of a flow can
vary as one moves further from the core, in this case as at i&fseither precession,
flow deviation, or a combination of both.

5.6 Summary

| have presented the results from ATCA-CABB radio obseoraiof a complete
17 day orbit of Circinus X-1 at 5.5 and 9 GHz. Successfullytadpg the rise and
decay of a periastron flare event from the system’s core ampmg the structure
of the system on each day during this period, during whichaimgpires Cir X-1
was in an historically faint radio state. Prior to the flaremtvthe system was very
stable at~ mJy flux densities. After the flare there is some evidence ifpmit-
cant spatially resolved changes in the images on arcseesscatarefully modelled
and core-subtracted images. The strongest sign of stalctamation appears north
west of the core, in the region previously associated wighdinection of the reced-
ing jet. linterpret this unexpected behaviour as eithenaication of asymmetry in
the surrounding, or alternatively, of a change in outflovediion via precession or
curvature of the jets. A change in jet orientation is alsopgufed by comparisons
of residual structure around the core in my maps to that ofsymagde from obser-
vations taken in 2002, showing an apparent ‘rotation’ ofdhesec-scale resolved
core structure.

Deep radio maps of the area around the core show severaktegaitssources
likely associated with the jets, and others that are copatés to previously re-
ported X-ray shocks. Large scale mapping of Circinus X-lig@unding region
reveals filaments outlining the known structure of the sy&dget powered neb-
ula, which, assuming a low inclination for the system'’s jeis has been previously
claimed), suggest the system’s configuration may reserbtef SS 433 and W50,
but viewed longitudinally.

Note that the results in this chapter are strongly linkechework that will be
discussed in Chapter 6, in which Circinus X-1's structur@naged at mm wave-
lengths. | make a large amount of comparisons to the figurésisnchapter and
build upon the jet precession and deviation scenarios thavé proposed here.
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DR. PERRY COX, SCRUBS

Millimetre observations of NSXRBs
Circinus X-1 & Scorpius X-1

In this chapter | present the results of the first successillinmetre (33 GHz and 35
GHz) observations of the neutron star X-ray binary CirciXu$ (introduced in the
previous chapter), as well as centimetre (5.5 GHz and 9 Ghit}lze first success-
ful millimetre (33 GHz and 35 GHz) observations of the neatstar X-ray binary
Scorpius X-1 (Sco X-1) using the Australia Telescope Compa@y. The goal of
these observations was to detect a neutron star XRB for stdifite at mm wave-
lengths, and subsequently allow probing of the radio stinecat higher resolutions
than had yet been reached using ATCA. Since we know nothingSXRBs at mm
wavelengths these observations would help us to bettersiaahel the extent of the
jet spectrum (see Section 2.2.3.3), and the associatedies&lso correspond to
jet components closer to the compact object and can thusaiédiphering the
structure of outflows when compared to imaging in other rdidinds.

In the case of Circinus X-1 | see strong evidence for a pedasiare during
the first observation which proceeds to decline over thevatg four days. My
analysis of spectral variability suggests that opticalintsynchrotron emission
dominates the unresolved core, for which | discuss possitémarios. | proceed
to present radio imaging of Cir X-1, which includes evidemfesub-arcsecond
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jet structure, and variability at distances that suggestmeshock re-energisation
(though | am unable to associate this with the observed fldrgd on to suggest
that, if the emission is powered by an unseen outflow, thenaselielay exists
between flare onset and subsequent brightening of nearbpamments, with flows
reaching mildly relativistic velocities. Given resolvetigture positions in my im-
ages, by comparing to past observations of Cir X-1 (inclgdimose of Chapter
5) | find evidence that jet direction may vary with distancenfrthe core, or the
source’s precession parameters have changed. | detegti®ot-1 in all epochs
and frequencies, with indications of rapid variability fiour timescales) in the mm
lightcurves, as well as steady rise observed at 5.5 and 9 GHzimages show
Scorpius X-1 to be an unresolved point source at both cm andwawelengths.
Spectral index estimates for Sco X-1 show similar behavasuthat described for
Cir X-1, implying similar scenarios. All data reduction wearried out by myself,
with the results of the Circinus X-1 imaging published in b et al. (2012b),
and the spectral analysis, together with the full analysiSam X-1 to be included
in a future publication.

6.1 Introduction

As has been discussed earlier in the thesis, neutron stay ¥inaries (NSXRBS)
present a key opportunity to study radio jet behaviour indbsence of a black
hole engine, and the effects this can have on jet formatiariottlnately, jets from
low luminosity NSXRBS are more difficult to study as the saugroup tends to
be more radio quiet than their black hole counterparts, naiieir radio emission
more challenging to detect. It should come as no surprise thet the majority of
information about relativistic jets comes from studies &1 Bystems and that the
understanding of NS jets is more incomplete by comparison.

One area in which there is a distinct lack of information is thm emission of
NSXRBs. The radio faintness of NSXRBs coupled with the insezl complication
of mm observations compared to longer wavelength obsemnsfi.e. more signifi-
cant phase errors due to increased refraction by atmogphater vapour) makes it
unfavourable to attempt such investigations; howevelh watent advancement in
radio telescope arrays and correct target selection timggantually be overcome.
In the case of BHXRB jet sources, the mm regime appears taneenthe flat spec-
trum observed at longer wavelengths (Feneteal. 2000), implying the dominant
contribution comes from optically thick synchrotron ratitba from the compact jet
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(See section 2.2.3.3). A follow up investigation showed thes mm emission be-
came quenched during the soft state (Tigektal. 2004): behaviour which is also
seen in the radio band for many BHXRBs and is expected if thissam origi-
nates in the jets (believed to turn off or become suppressttkisoft state: Fender,
Belloni & Gallo 2004). Though we cannot describe the behavad NSXRB mm
emission as we lack actual mm detections, Migletrial. (2010) show evidence
that the spectrum of NSXRB 4U 0614+091 remains flat and thasistent with
emission from an optically thick compact jet between theaashd and mid-IR, at
which point the spectrum breaks into a steeper power lavs Wliie of 1.25< 103
Hz < Vpreak < 3.71x 108 Hz is interpreted as the frequency above which the syn-
chrotron emission becomes optically thin L0 times lower than break frequencies
found for BHXRB GX 339-4: Corbel & Fender 2002).

Spectral index estimates for Cir X-1 (see Section 5.2 foaitkebn the source
and its history) based on 5.5 and 9 GHz observations with tngrAlia Telescope
Compact Array Broadband Backend (ATCA-CABB) in Calvelial. (2012a: see
Chapter 5) indicated the system would likely be detectataera wavelengths. Sco
X-1 was also a viable target for mm observations (plus skyasimilarities with Cir
X-1) and was the second target for observations alongsidX-@i As both Cir
X-1 and Sco X-1 are known for rapidly evolving structure ttedheir jet outflows,
multiple mm observations over several days were plannedavge the chance of
capturing changes in structure following core variabitych as moving ejecta, or
downstream re-energisation events.

6.1.1 Scorpius X-1 background

Scorpius X-1 (Sco X-1) was the first X-ray source to be discedebeyond our
solar system (Giaconrt al. 1962). An optical counterpart was discovered soon
after, identifying the system as a binary star with a perib@.@87 days (derived
from spectroscopic analysis by Cowley & Crampton 1975).a}-studies showed
it to be highly variable (with timing independent of the kipg@eriod) and indicated
the companion was likely to be a neutron star (Davidson,Pa&iSalpeter 1971).
Radio emission was also detected from the system (Andrew @oRUW.968) and
later resolved into three distinct sources in the regior ainthe position of the X-
ray source (thus associated with Sco X-1), and the other twaughly symmetrical
positions of about 1 arc-min from Sco X-1 (Hjellming & Wade719. The central
radio source was found to be highly variable on timescalefag as hours, as well
as displaying sparser, more intense flare events where flosities varied more
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strongly but over longer periods around the scale of day (Beygreatest variability
reported in Hjellming & Wade 1971 was a factor of 60 over 25nspuThe variation

in Sco X-1's X-ray spectrum provided some of the first eviden€ differences in

NSXRB behaviours that would eventually lead to the distorg between atoll and
Z source systems, with Sco X-1 falling into the latter catgg@lasinger 1988;

Hasinger & van der Klis 1989).

Though the position and non-thermal spectra of the two neeabio objects
suggested Sco X-1 could be a microquasar (i.e. the two abieihg radio lobes),
Very Large Array (VLA) studies showed that while Sco X-1 hadiedectable proper
motion, the ‘lobes’ were in fact stationary and thus unesdabackground sources
(Fomalont & Geldzahler 1991). Very Long Baseline Array (VABstudies later
revealed sub-hour variability in the structure of and a@to X-1, with ejecta
moving away from the central source at relativistic velest{0.3c: Geldzahler, Fo-
malont & Bradshaw 1999) establishing Sco X-1 as a radio jatce Very Long
Baseline Interferometry (VLBI) was used to study theseijetgeat detail, indicat-
ing variable ejecta velocities (0.32c¢ - 0.57¢) as well aglence for re-energisation
of lobe pairs by unseen jet flows travelling &0.95c (Fomalont, Geldzahler &
Bradshaw 2001).

6.2 Observations & data reduction

Observations were carried out on 2010 Nov 18, 19, 20, 21, 22238nusing the
ATCA-CABB in 6A configuration (minimum baseline of 337m, masum of 5939m),
alternating between Sco X-1 and Cir X-1 each day with the dibstervation target-
ing Sco X-1 (further details listed in Table 6.1). For Cir X33 and 35 GHz ob-
servations, PKS B1253-055, PKS B1934-638, and PKS B15Me5& used as the
bandpass, flux and phase calibrators respectively. In thea@bSco X-1, 5.5 and 9
GHz observations, PKS B1934-638 was used for bandpass ancadiaration, and
PKS B1555-140 for phase calibration. For Sco X-1, 33 and 3% Glbkervations,
PKS B1253-055, PKS B1934-638, and PKS B1622-253 were uded aandpass,
flux and phase calibrators respectively. Between 6 and 9shoiutime was spent
on-source each day (predicted rms noise for average weadhelitions of 26 - 34
uJy at 33 GHz, 28 - 3@Jy at 35 GHz, 12 - 15 at 5.5 Ghz and 17 - 21 at 9 GHz).
All data and image processing was carried ouliRIAD .



Table 6.1: Cir X-1 and Sco X-1 radio cm and mm observation details andsonmegnents. For each observation the table lists the soarnen
date, observing frequency, start Modified Julian Day (MJDsource), total on-source time before and after flaggingDMnd time after
flagging, measured peak flux density, and noise levels ofrttagé from which the measurement was taken. To ease compéétaeen

observations of the same source, | first list observationsooyce and then chronologically.

Source Date Frequency, MJD On-source time (h)| Post-flag Peak $ [range] rms
name uT) (GHz) start [post-flag value (h)]] MJD end (mJy beam?) (mJy beam?)
Sco X-1| 2010 Nov 18 33 55518.913 1.66 [1.66] 55519.005( 1.02+ 0.31 [N/A] 0.23
Sco X-1| 2010 Nov 18 35 55518.913 1.66 [1.66] 55519.005( 1.24+ 0.38 [N/A] 0.30
Sco X-1| 2010 Nov 19 55 55519.019 5.42[5.42] 55519.316| 7.27+ 0.79 [4.25:14.57] 0.22
Sco X-1| 2010 Nov 19 9 55519.019 5.42 [5.42] 55519.316| 3.11+ 0.44[1.26:7.52] 0.19
Sco X-1| 2010 Nov 20 33 55520.896 7.45 [7.45] 55521.332| 2.13+ 0.36[1.41:4.03] 0.19
Sco X-1| 2010 Nov 20 35 55520.896 7.45 [7.45] 55521.332| 1.88+ 0.30[1.27:3.44] 0.17
Sco X-1| 2010 Nov 22 33 55522.899 6.58 [3.85] 55523.125(  0.29+ 0.06 [N/A] 0.05
Sco X-1| 2010 Nov 22 35 55522.899 6.58 [3.85] 55523.125(  0.34+ 0.07 [N/A] 0.05
Cir X-1 | 2010 Nov 19 33 55519.841 8.86 [6.08] 55520.375| 7.88+ 0.93 [1.55:15.54] 1.58
Cir X-1 | 2010 Nov 19 35 55519.841 8.86 [6.08] 55520.375| 7.51+ 0.83 [1.55:14.94] 1.37
Cir X-1 | 2010 Nov 21 33 55521.836 8.42 [3.31] 55522.021| 2.28+ 0.21 [2.25:2.39] 0.13
Cir X-1 | 2010 Nov 21 35 55521.836 8.42 [3.31] 55522.021| 1.38+ 0.20[1.12:1.78] 0.19
Cir X-1 | 2010 Nov 23 33 55523.804 8.14 [5.47] 55524.240/ 0.30+ 0.05[0.31:0.54] 0.07
Cir X-1 | 2010 Nov 23 35 55523.804 8.14 [5.47] 55524.240/ 0.28+ 0.04 [0.42:0.48] 0.07

uonaNpal elep ® suoeAlasqo z'9
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Since millimetre observations are more susceptible to apheric effects than
longer wavelengths phase stability had to be closely mogdtoia the ATCA “see-
ing” monitor (output gives rms path length fluctuations ircrons; see Middelberg
et al. 2006). These effects increased as the runs progressedp digengy temper-
ature and humidity. The intensity of the rms fluctuations wasevere during the
first Sco X-1 observation that a switch to cm wavelengths (e/tige detrimental ef-
fects of phase instability are reduced) was recommendedaity 1.7 hours of mm
observing, though the following mm observing epochs weentd stable enough
to continue uninterrupted. A switch to cm wavelengths wasene/arranted during
the Cir X-1 observations (path length rms tended to remair00 microns), how-
ever, once analysis began it was found that large segmeptscbfmm observation
did not have sufficient phase stability to be reliable for ging.

Due to the gradual decay in phase stability, it was neces$salsfine an adequate
level of flagging that would improve final image fidelity. Byvaiing the observa-
tions into segments, and comparing the resulting maps to lpagth rms values
VARPLT, | found that segments with low path length rms showed theebgal point
source at expected source locations. Higher rms segmentsponded with in-
creasing noise towards source positions, with no singléendigishable point source
visible. For Cir X-1, segments whose majority of time wasrdpeith rms higher
than 400 microns failed to produce the defined structurecivhproceeded to take
as the Cir X-1 flagging limit. In the case of Sco X-1, a flaggiragéd on a limit
of 600 microns for the rms fluctuations allowed me to keep ghalata to produce
definable point sources in images. This limit covered thé&efirst and second
observation runs, and almost two thirds of the final nighterehrms fluctuations
exceed the limit for the final 2.2 hours of observing. Thisitimsulted in a smaller
flagged data fraction in comparison to the methods emplogeir X-1. Post-
flagging on-source time for both systems is shown in columhTable 6.1.

6.3 Analysis & results

When using the cm bands, images at each frequency (5.5 GH® &idz) can
show significant differences in structure, and are thushvdescribing individually.
However, for mm observations the relative difference intiie bands is smaller
(33 GHz and 35 GHz), as are the differences in images, andstaitmore useful
to combine the two mm bands during the inverse Fourier tansfof calibrated
uv data (i.e. include the visibility files of both frequencieglwmulti-frequency
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Figure 6.1: Circinus X-1 mm light curves and rms path length fluctuations
ATCA-CABB rms path length fluctuations (topdy amplitude (grey points), and
image plane fit plots at 33 and 35 GHz (red and blue points otispéy; three ob-
servations over 5 days). Measurement errots)@re included in the image plane
values but are too small to appear clearly.

synthesis ilMIRIAD’S INVERT step) to produce maps with higher signal to noise
ratios. | do however, discuss the differences in flux denséyveen images made
in each band in order to gain insight into the spectra of tregystems.

6.3.1 Circinus X-1
6.3.1.1 Light curves

Declining phase stability prevented me from producing a glete set of image
plane measurements for each day’s full observation. Hokydasing produced
radio maps for each day (see Section 6.3.1.3), it is appanentCir X-1 is the
only visible source, and thus | may estimate flux densityakility from uv data
amplitude plots. However, | am still unable to distinguishether variation arises
from the ‘core’ of Cir X-1 (designated as a point source ditdaat Cir X-1's well
established co-ordinates: Tudosieal. 2008) or surrounding structure, since the
variability in amplitudes can also arise from structurali@aons around the source
(i.e. the result radio imaging’s inability to distinguisktiveen the two possibilities,
as was described in Section 3.4).

Figure 6.1 shows each observation’s visibility amplitu(@smbination of both
frequencies), with available image plane fits at each frequever-plotted. Note
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that the visibility amplitudes are from all available dat&opto flagging, and do not
represent the quantity of data that was used to make imagetharsource mea-
surements listed in Table 6.1. The most noticeable featutleel multi-peaked rise
in the first run’s amplitudes, which in comparison to the twbsequent runs, sug-
gests flaring activity. A rise is also noticeable in the imatgne fits, though it only
includes a few points. The multiple peaks may be attribuve@al variations from
Cir X-1 (multi-peaked flares have been seen before: Thoshas. 1978, Tudose
et al. 2008), or resolved structure. In this case the radio dataeadwe insufficient
to eliminate either possibility. My inability to producedti fidelity maps for the
time periods of highest amplitude means | cannot accuratelgsure the peak flux
density reached by this flare; however, if | assume the xaatifference between
mean average amplitude and core image plane values remaiitar shroughout
the first observation, | can crudely estimate that flux desitould have reached
up to 50 mJy.

The second run’s amplitudes indicate a post-flare decliltleoagh the image
plane measurements show a slight rise. With this observataba set having been
the most affected by phase disturbances, it is difficult fgpsut either claim. The
final observation set shows the lowest amplitudes and flugities, with the source
having likely returned to quiescent levels. The flux demssitmneasured from the
core on each individual day are shown in Table 6.1 and alse gi@decline in flux
across the three observations, supporting much of whatssrabed in the plots.

6.3.1.2 Spectrum

Before | discuss the variation in Cir X-1's spectrum, it slibbe stressed that |
am dealing with high levels of uncertainty in the calculatedalues (¢ 0.5 to 1:
equal or greater than the magnitude of each individual nreasent), which make

it difficult to draw strong conclusions from the analysis. Mgtlboth 33 and 35 GHz
data sets show the observed flare rise and subsequent lotivétyathe available
measurements suggest the spectrum remains negative fonajoeity of all ob-
servations, as is reflected in the “complete” epoch valustediin Table 6.1, and
would indicate dominance of optically thin synchrotron ssmn. Available light
curve measurements for early in the flare rise indicate atgpaowhich starts off
flatter, witha=0.0+ 1.2 and -0.7 0.9 for the first and second hours, and quickly
steepens tor= -1.4+ 0.8 for the following 2 hours. One might infer the presence
of optically thick structure causing flattening of the spert during the flare rise,
as would be expected from internal jet shocks or compactaamprised of rela-
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Figure 6.2: Circinus X-1 mm and cm radio spectral fits. The plotted 33 abd 3
GHz points are taken from this chapter's ATCA-CABB third epmbservations
and the 5.5 and 9 GHz points are averages calculated from 8 afagre-flare
ATCA-CABB observations taken in Dec 09/Jan 10 (see Chapteal@eloet al.
2012a for details). The fitted power law was calculated udiiregfit command in
GNUPLOT. Since there was some variability in 5.5 and 9 GHz flux desssifiom
day to day the sample standard deviation of the daily fluxitiesss used for error
bar sizes. For the 33 and 35 GHz points, errors are takentlgifieem MIRIAD’S
point source fitting.

tivistic particles (see section 2.2.3.3, as well as KaiSanyaev & Spruit 2000 and
van der Laan 1966). However, | must stress again the unogrtiavolved in these
estimates, as even with the Table 6.1 measurements | anmgeeth Aa ~ +3.
Furthermore, the values from the second epoch of Cir X-1 miasiens yield an
unrealistically steep spectrum, indicating that pointrsedits have likely underes-
timated the 35 GHz flux density for this day (which had to be nheswily flagged
as a result of high path length rms).

As mentioned in Section 6.2, at no time during our Circinug X¥bservations
was it was necessary to switch to lower frequencies. Whikedid allow a larger
amount of time observing at mm wavelengths towards betterctany structural
variation in the source, it also meant the simultaneousceapibn of the system’s
radio spectrum would be restricted. | am thus limited to uspast observations
of the system at other frequencies to estimate the systerd&sband spectral be-
haviour. As mentioned in the chapter’s introduction, basedMAXI monitoring
Cir X-1 currently resides in an historically faint epoch whiis punctuated by brief
(days to months) periods of higher activity. This chaptenis observations took
place in one of the “quiescent” intervals between these@agigriods, and as such it
would be logical to make multi-wavelength comparisons witbasurements from
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observations taken during periods of similar activity.

The 5.5 and 9 GHz observations of Calvelo et al (2012a: coveréhapter
5) include 8 days of observations prior to a flare and all tadkering another faint
period. Cir X-1 is detected on all 8 days, yielding mean d#uy densities of 0.78
+ 0.22 mJy at 5.5 GHz and 0.46 0.16 mJy and 9 GHz, where the uncertainty
arises from day to day variability. | plot these values tbgetwith my measure-
ments from the third epoch of 33 and 35 GHz observations inr€i¢.2. | choose
to use the values from the third epoch 4 days following flare onset) as they are
most likely to be closest to inter-flare flux density levelgugh it is difficult to tell
from available light curves whether the post flare decay tiasts course. Based on
the four available points | can make a fit with=-0.50+ 0.07 (fitted using the fit
command inGNUPLOT). This value is shallower than the indices indicated by the
separate frequency pairs of measurements which are batbrdloa = -1, albeit,
with higher associated uncertainties. Nonetheless, thgifites with the concept of
optically thin synchrotron emission.

6.3.1.3 Imaging

Individual image contour plots of Cir X-1 for each day are whan Figure 6.3.
Cir X-1 is resolved in all three runs, at a position that showsshift greater than
the positional errors associated with each set of imagédikéestructure is visible
along a single axis (north-west to south-east) which islamto that seen in previ-
ous mapping of the source at cm wavelengths (images of Qtaee also Tudose
et al. 2006, 2008). Polarisation imaging was carried out for &tfrency bands but
no emission was detected at Cir X-1's location.

When interpreting the images, one must remain aware of ttietffiat | have
imaged the source in both a state of rise and of decay, vigjatne of the major
assumptions in aperture synthesis (see Chapters 1 and a)tessilt, artefacts may
have been introduced into the image which can imitate theajgmce of symmet-
rical jets (the same effects seen in the images of Cir X-1 iapdér 5). | created
simulations on the visibilities from the first observatiohave | assumed all emis-
sion was from a single point source at Cir X-1's location witx density § ~
average visibility amplitude (i.e. variable over the ruhhages produced from the
simulated data are shown in Figure 6.4 and do show signs alff‘apiokes’ from the
central source during peaks in amplitude; however, thensitg of these spokes be-
yond 0.5 arc-seconds remain below 10 per cent of the core #usity (i.e. lower
than the & noise levels measured in my images) and the more intensguedsi
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Figure 6.3: Mm contour maps of Circinus X-1. Images were created usimg-co
bined 33 and 35 GHz data. Weighting uses a robust factor ofahSoptimal
compromise between natural and uniform weighting). Corst@re set at -6, -
4.5, -3, 3, 4.5, 6, 9, 12, 15, 21, 27, 36rms noise of each epoch. Beam sizes
are 0.44<0.24, 0.76<0.21, and 0.320.26 arcsec for the 19th, 21st and 23rd re-
spectively. The right panels have had a fitted point sourb&racted at the core’s
position (the cross). The dashed circle marks component N.

left within 0.5 arc-seconds can be identified by their symrioat layout and pair-

ing with nearby negative regions of similar intensity. Alsbnote is the fact that
the position angles of the visible spoke structures do noespond to the resolved
structure visible in the real maps from the first observaépoch.

While | acknowledge that the first epoch image must be aftebiethe above
artefacts to some degree, | remain convinced that much ofetb@ved structure
cannot be a result of this for a number reasons. Firstly, ashgesimulations, the
artefacts should appear symmetrical about the point otian, and while there is
a degree of symmetry in the visible components, two distaisgimmetric features
arise repeatedly in all images. These ‘extensions’ to thihseast and north-west
of the core appear to differ in both structure and intensityy a separate emission
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Figure 6.4: Cir X-1 core variability modelling maps. These maps havenbeade
using model data derived from the visibility amplitudeswhan Figure 6.1 for
the first observation, where it is assumed that all emiss@nes from a single
point source at Cir X-1's location. The data uses the sane skdection parame-
ters as those used for real images (i.e. those defined byrigeemis fluctuations
below 400 microns). The left panel shows the cleaned modayj@nwhereas the
right panel shows the result of subtraction of a modellechipsdurce. Weighting
uses a robust factor of 0.5 (an optimal compromise betwegrmraland uniform
weighting). Contours are set at -6, -4.5, -3, 3, 4.5, 6, 9,182,211, 27, 36x rms
noise of 0.65 mJy. Beam size is 0:4@.24 arcsec.

component appears 0.450.25 arc-seconds to the north-west of the core (slightly
below the ‘jet’ axis). Secondly, the flagged data sets alleslaasimilar starting
hour angle, and though the second flagged data set is signi§ichorter than the
others, the position angle of the resulting beams (<3040.9", -41.2° for Nov 19,
21 and 23 respectively) remains similar across all data $¥ith this in mind, one
would expect the axis of visible artefacts to differ betw#anfirst and second runs,
as each data set involves opposite types of light curve betnavrise and decay -
and yet they remain similar. Thirdly, the final data set shbttle or no evidence
for continuing flux density decay, and as such should be ffebebabove effects.
Yet, elongation of the core and the north-component coettnlbe seen in the final
day’s images.

There is a further concern in that data whose level of phasessgradually vary
could produce similar artefacts to those from source vdiigblf the phases vary
significantly, then the position of the source can shift d@pbver an observation,
which in turn causes the source to broaden in images (seerJT&adrilli & Perley
1999, chapter 28). Though | have taken steps to eliminatetaffldata via flagging,
this does not mean my images are not entirely unaffected. ederythe random
nature of these shifts means that over a large enough ititeg ae. data set length
>> phase shift time scales: true for all these data sets)aatteshould still appear
symmetrical, making the first argument of the previous paaly, coupled with
multiple detections, the strongest test for validity; iieis unlikely that persistent
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asymmetrical structure will be an artefact.

To further examine resolved structure, | performed poiniree subtraction cen-
tred at the core, with the results shown in Figure 6.3 (rigiidhpanels). The map
of the 19th (first epoch) shows significant residual strugtbut since it is the day
of the flare, artefacts caused by source variability are nikedy to occur. Signs
of such effects appear in proximity to the subtraction pasmtoughly symmetrical
negative zones along an axis perpendicular to that of pesitiructure. Even as-
suming the presence of artefacts, they cannot accountddsrtghter south-eastern
core residual (approximately 50 per cent brighter; a déffee of 0.8 mJy) nor the
three other separate emission components in the north westeqg Out of these
remaining bright components, only the closest to the corarked by the dashed
circle in Figure 6.3, henceforth referred to as componentdains in all sub-
sequent images. The two structures farther from the core meagal and simply
fade between the first and second observations (perhapsdétean earlier ejection
event) but without multiple detections this is difficult tordirm.

The second map set also shows both south-eastern residaat®aponent N.
A streak can be seen running the length of the image, patallidle apparent jet
axis, which I am unable to eliminate. This appears to be thecgoof several weak
structures across the length of the axis, and also affeetsahthern extension.

The final observation continues to show component N and éitension resid-
uals; however, the northern extension now appears sligifgt from the ‘jet’ axis
(further south than earlier examples) and is the more domiogthe pair of core
residuals, though the difference in flux density is suffitdieiow for noise to ac-
count for it. With variability likely to have reached minimulevels (as indicated by
the image plane measurements), if any artefacts now extseimap they should
be a result of phase errors. This cannot be completely rulé@® a cause of the
faint extensions near the core.

Figure 6.5 shows naturally weighted images from combinest afhd 23rd ob-
servations (post flare), resulting in a greater thandetection of component N.
Accepting component N as a real structure, it may be moviegtajfrom Cir X-
1 or a shock caused by re-energisation of slow material byreeen flow (as in
Fenderet al. 2004). Point source fit flux densities are shown for the corspbn
in Table 6.2, and indicates a decline over the three obsengtthough | cannot
determine the onset of a rise as the object is difficult to aeta shorter data in-
tervals. The difference in flux density between the two fiagies is well within
the measurement uncertainties so little of value can bea@dt the components
spectra. LBA observations in Miller-Jonesal. (2012: work that was submitted in
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Figure 6.5: Stacked mm contour maps of Circinus X-1. Images were crasieg)
combined data from 2010 Nov 21 and 23 (33 and 35 GHz). Natueajhwing is
used for higher sensitivity at the cost of slight reductiofbéam resolution (beam
size = 0.5x0.29 arcsec). Contours are set at -6, -4.5, -3, 3, 4.5, 6,,913,21,
27, 36 x rms noise of 53uJy. Layout matches that used in Figure 6.3.

Table 6.2: Component N flux measurements. Measurements made usingta poi
source fit, with errors taken directly from output (for ca@pending image noise
levels, see Table 6.1).

Date 33 GHz flux density] 35 GHz flux density

(UT) (mJy bearm?) (mJy beam?)
2010 Nov 19 2.154+0.48 2.194+0.57
2010 Nov 21 0.53+0.14 0.46+ 0.15
2010 Nov 23 0.14+ 0.03 0.11+ 0.03

partnership with the publication of this work in Calvedbal. 2012b), suggest the
presence of objects with proper motions of 35 mas dayEjecta moving at such
speeds in my observations would result in detectable shiiff®sition between the
initial and final images. Analysis of component N’s positionmy three images
shows a 0.29+ 0.13 arc-second shift, corresponding to a proper motiorbofuia
150 + 70 mas d? to the south between the first and second epochs. This is the
only significant change as all other shifts fall below respecfitting error limits.
The shift actually brings the component closer to the coeehaps implying a bent
outflow or a sequence of different fading and brighteningghponents. However,
being a marginal difference and including the possibilitgttimage errors have af-
fected the component’s position (i.e. more significant mfilst day image) makes
it difficult to justify further analysis.

Based on revised ephemeris estimates for the system (Gébegéson, pri-
vate communication) this observation’s epoch’s flare sthtvalve occurred at MJD
55519.94; about an hour after the rise in the amplitude pdgirs. Thus, compo-
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nent N’s distance from the core prohibits association with ebserved flare, as it
would imply a proper motion over 2000 mas’d This argument would also be
true for re-energisation via internal shocks. Such comggahowever, do not ap-
ply if the event is connected to an earlier flare. Comparisoobiservations of mm
flares from BHXRB GRS 1915+105 (Fender & Pooley 2000) suggibstt ejecta
emission declines rapidly at mm wavelengths (GRS 1915+%66ts have duration
shorter than 1 hour), making an ejected component’s paskfbltime of over 15
days questionable. Even if | assume a slower decay, exaapolof component
N’s decay rate back towards the earlier flare would imply mimmn flux densities
greater than 50 mJy at launch; comparable to the peak coeeléeels estimated
from the amplitude plots. Shocks do not suffer such limitagi, as the energising
flows may travel undetected before finally brightening oriattion with slower
media downstream (as is observed in other BHXRBS, e.g. XB5@b64: Corbel
et al. 2002 and NSXRBs, e.g. Scorpius X-1: Fomalont, GeldzahldBr&shaw
2001). Thus, if | assume a single orbit’s delay (16.6 daysamponent N’s vari-
ability, | may estimate proper motion for a flow of approximigt60 mas d?.

One may also be tempted to carry out similar calculationedhas the slight
shifts in position observed in the southern and northererestons, but the possi-
bility that they are affected by any of the artefacts | hawedssed would severely
limit confidence in results from such an exercise.

6.3.2 Scorpius X-1
6.3.2.1 Light curves

Figure 6.6 shows the visibility amplitudes, successfulgmalane measurements
and path length rms for the available Sco X-1 observatiorssm&ntioned in Sec-
tion 6.2, mm observations were paused during the first epbohservations due to
decline in phase stability prompting a switch to cm wavetbadthe break resulting
from the transition is clearly visible in the first epoch sthpafter MJD 55519.0).
While it was possible to make a measurement of the initig héurs of mm data,
the short length of the observation and poor phase stabi#gle imaging at high
angular resolutions difficult. To work around this, th&HM parameter iNNVERT
was used to define a Gaussian taper to apply to visibility, ddtactively reducing
the adverse effects of low phase stability at the cost of fowgehe final resolution
of the image. A concern with this method is that one may ingdwtly reduce the
resolution enough to cause separate nearby sources toibgrigdishable from a
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Figure 6.6: Scorpius X-1 mm light curves and rms path length fluctuations
ATCA-CABB rms path length fluctuations (top)y amplitude (grey points), and
image plane fit plots at 33 and 35 GHz (red and blue points otispéy; three ob-
servations over 5 days). Measurement errors)@re included in the image plane
values but are too small to appear clearly.

single source and so tainting flux density measurements. eMervbased on mm
images from subsequent full observations, Sco X-1 is thg wslble source in the
maps and so any visible flux should be attributed to it alonst ds was the case
for Cir X-1, this also means that plots of the visibility antptles can act as a rough
estimate of Sco X-1's flux density allowing me to see varighihowever, unlike
Cir X-1, Sco X-1 shows no additional structure at mm wavethago the visible
amplitudes should correspond more closely to the pointdike alone. This does
not apply to cm observations, with the nearest additionsibleé sources being the
background “lobe” like sources to the north east and soutt which also con-
tribute to the visibilities. Furthermore, one must conérto take care in assuming
variability in the amplitudes is a result of variability irogrce flux densities, as it
can also be caused by resolved structure around a source.

The most notable feature in the light curve is the variapiit 5.5 and 9 GHz,
visible in both the visibilities and image plane measuretsemmuring the first 2
- 3 hours visibilities and source fitting show a decline in S&d’s flux density,
with initial measurements of 5.7¢ 0.33 mJy and 3.94- 0.35 mJy at 5.5 and 9
GHz respectively (MJD 55519.039), declining to minima &%+ 0.58 mJy and
3.94 + 0.20 mJy (55519.123). This behaviour then reverses, with densities
climbing steadily over the remaining 4 - 5 hours to reach pesles of 14.5#A
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1.44 mJy and 7.52 1.14 mJy (MJD 55519.330). Measurements show a drop at
MJD 55519.205 at 9 GHz but this is likely an error resultingnfr sub par image
quality: source elongation along the north-south axis arngsequent decrease in
phase accuracy made source fitting difficult (hence the tangeertainty). There is
no corresponding drop in the 5.5 GHz data (there was lessuliffiwith imaging).
The cm light curve does not show any new behaviour in comparis variability
profiles of the past. A factor of 3.5 increase over approximately 5 hours can be
seen, a similar rate seen in several past flare events (Selstna, Geldzahler &
Fomalont 1997), some of which have also shown multi-peaklpsowhich could
easily result in the observed decline prior to the rise bighhsuggest further activ-
ity before observations began.

The second epoch of observations showed the lowest levelatbflength fluc-
tuations & 600 microns for the entire run) and thus could be used in itsen
during imaging. Both visibilities and image measurementidate the continued
presence of variability, but on shorter timescales than ¢dhserved at 5.5 and 9
GHz. Average image measurement values at both frequenedsgher than those
measured during the first mm epoch but individual measurésnany by a factor of
~ 3 over the observation, with the shortest time between twasmements being
2 hours (the central gap is 4.5 hours long). Source elongatithe N-S direction
makes imaging of short data segments near MJD 55521.1 (dswhe middle of
the observation) difficult and subsequent source fittingnagits proved to be unsuc-
cessful. Again, | see no activity here that is particulatypsising for Sco X-1 as
several of the 6cm VLA observations of Bradshaw, GeldzaklEpmalont (1997)
show profiles with peak to peak spans as short as half an Heaurgh this is the
first evidence of such rapid fluctuations at mm wavelengths.

The final mm epoch shows some regions of high path length wnse seaching
levels as high as those seen during the first epoch but mavasistent. Path length
rms was so high (above the levels seen in the second epodiptieat | was unable
to create images of sufficient quality from shorter segmehtiata to construct an
image measurement lightcurve. | am left with a single mearsent from an image
created with the majority (59%) of data, essentially excigdegions towards the
latter half of the observation where severely high pathtilemgms becomes an issue
(MJD 55523.125 onwards). The flux densities themselvearltvest mm values
measured from the source over the entire 3 epochs, with-0.2®6 mJy and 0.34
+ 0.07 mJy at 33 and 35 GHz respectively. The visibilities sipossible signs of
gradual decline early in the observation but | am unable tdion whether this is
real without greater detail from image measurements.
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6.3.2.2 Spectrum

Spectral index measurements calculated using the 33 andH¥5n@&@asurements
plotted in Figure 6.6 suffer from large uncertainties (onirailar scale to those
discussed for Cir X-1) and therefore any conclusions ddrivem the individual
measurements would be difficult to justify. The average spemdex of the mm
observations isr =-0.114- 0.42 (where $ [0 v9). The values calculated from 5.5
and 9 GHz are better with lower fractional errors, but some s still warranted.
Ignoring the values at MJD 55519.205 due to the likely eromsed GHz measure-
ment, five of the remaining six points give indices that vaegveeena = -0.78 and
-1.36 with an average af = -1.11+ 0.24 and though there is no obvious pattern,
indices tend to be steeper later in the observation. Thetednsixth value is ot

= -2.47 derived from the measurements of the minimum in thleticurve and as
an outlier may suggest that one or more of the flux densitiésisifpoint has not
been measured accurately: possibly caused by the very hipHgngth rms values
at this time.

The trend towards negative indices, ignoring their undetyasuggests that we
may be observing structure dominated by optically thin syatron emission in
and around Sco X-1's core. This appears to be true even dtivenfiare rise, when
one might expect an inversion of the spectrum due to tramsitito optically thick
regimes in shocks or ejecta (the same scenario discussé&irfir1). There is a
slight flattening of the spectra early in the rise, which cdug attributed to the pres-
ence of such phenomena before adiabatic expansion lowarsoftical thickness
and leads to a return to steeper indices; however, the ataromed uncertainties
prevent us from drawing stronger conclusions. It should dieah that an example
of such spectral behaviour exists in the profile of 1982 Scb agtivity (see figure
2 of Bradshaw, Geldzahler & Fomalont 1997).

Figure 6.7 displays the plots of five frequency pairs of the Rel flux density
measurements as well as four fitted power law for differeatigs of values. For 5.5
and 9 GHz | have included two pairs of measurements: one édfiulhdata set, and
a second which uses the values for the first 5.5 and 9 GHz polimited in Figure
6.1’s light curve (approximately 1 hour of observation tymEor 33 and 35 GHz |
have included the measurements from images of each epatioutd be noted that
though measurements are taken from image point source fitss@vuncertainties
can be found in Table 6.1), due to the variability observeatith the cm and second
epoch mm data sets | have opted to display conservative tantggs calculated
from the range of light curve values for each epoch.
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Figure 6.7: Scorpius X-1 mm and cm radio spectral fits. The plotted paiepse-
sent the measurements from this chapter's ATCA-CABB olad@ms divided by
epoch, with the exception of the 5.5 and 9 GHz first hour valdésmond sym-
bols) which are a subdivision of the full 5.5 and 9 GHz data.sEitted power laws
were calculated using the fit commandanupPLOT. In the case of epochs with
clear variability visible in lightcurves (5.5 and 9 averag8 & 35 second epoch)
the plotted errors are the calculated sample standard taevitor viable image
plane measurements. For epochs with minimal variabilitywy@more than one
image plane measurement, the uncertainty is taken dirécity MIRIAD 'S point
source fitting (5.5 & 9 first hour, 33 & 35 first epoch and 33 & 3&drepoch).

If 1 apply the fitting to the “full” data available (i.e. the kses measured from
the entirety of the cm epoch and the three sets of mm measuatghibe result is
a spectral index ofr = -1.40+ 0.70. Given the range of flux densities in the light
curve, the uncertainty is understandably large, and whievalue is not physically
unrealistic for an optically thin synchrotron source, | rggestion its validity based
on the inherent variability that exists between individepbchs. However, a steep
negative spectrum is also supported when | apply a fit to thg 8&b and 9 GHz
data measurements grouped with the values from the third poohe witha =
-1.53+ 0.23. The danger here lies with the corresponding obsemnateing taken
four days apart, with the significant changes in flux densitguoring between. One
can argue that the initial cm data may represent pre-flared&nsities, and that
the third mm epoch takes place sufficiently long after théolasrise that together
these values can represent “low” Sco X-1 activity levelswideer, given the lack
of information on variability prior to the observed rise It safely make such an
assumption, especially if the gentle decline early in theligmt curve is actually
the decay following earlier activity as was suggested intiSe®.3.2.1. It should be
noted that both these values are only slightly steeper tieimtices calculated from
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the later 5.5 and 9 GHz lightcurve measurements in Sect®& @., with significant
overlap in uncertainties.

If focused on minimising the amount of time between multgfrency mea-
surements, | would be inclined to apply fitting to the first mppeh measurement
together with the early component of the 5.5 and 9 GHz obsensataken immedi-
ately after, yieldingxr =-0.87+ 0.06. Much shallower than the previous estimates,
this value is close to indices calculated for the early 5.8 @rGHz rise before it
steepens for the remainder of the time. This is not surgyigione again considers
the possibility of optically thick emission from new ejectashocks influencing the
spectrum for a short period of time during the early flare. Ehallowest spectral
index results from a fit using the full 5.5 and 9 GHz measurdsand the second
mm epoch values, witlr = -0.64 + 0.16. While these two epochs are closer in
time than the early cm and third mm epoch, they are also thedata sets that
display the most significant variability during observasaand thus it is difficult to
distinguish whether the cause of the flatter spectrum igaelto optical thickness
changes or simply that the system is brighter overall dutieggsecond epoch than
the first epoch.

6.3.2.3 Imaging

Figure 6.8 displays the results of 5.5 GHz and 9 GHz imagiegjon scaled so that
the background radio “lobes” are visible. Sco X-1 itself isible in at both fre-
guencies as a single point source, with traces of faint vesostructure around it.
After removal of a fitted point source at Sco X-1's locatiomidiresidual structure
predominantly to the south west (50), but also a second component on the oppo-
site side of the subtraction point of similar intensity. WMtaeciding whether these
structures are real, one must first take into consideratierfdct that the 36:10°
axis of these components differs from the known jet/ejectais for the system
(54°: Fomalont, Geldzahler & Bradshaw 2001) which has shown Vitttg vari-
ation over long time periods, thus it is unlikely these stinoes are related to the
system’s jets. Secondly, the images may include flux densitiability artefacts
(see Section 3.4). The axis formed by the residuals in SctsXaaps corresponds
to hour angles towards the end of observations, and thusrttes twhen its flux
densities are highest. As a result of these arguments | alnedcto believe that
these residuals are, in fact, artefacts caused by the sgstamability.

Figure 6.9 displays the results of combined 33 and 35 GHz imgafyisibility
sets from both frequencies are included in the Fourier BiearduringMIRIAD’'S
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Figure 6.8: Scorpius X-1 ATCA-CABB 5.5 GHz and 9 GHz radio maps. Sco
X-1is centred but also shown are the two background radiocesutop left and
bottom right) that were previously believed to be its lobd$e red line marks
the known 54 jet/ejecta axis (Fomalont, Geldzahler & Bradshaw 2001)tuhé
weighting was used and beam size is 6.39 arcsdc04 arcsec. Contours are set
at-3, 3, 6, 12, 21 and 30 times the image rms of 0.22 mJy for 5 &tdz0.19 mJy
for 9 GHz.
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Figure 6.9: Scorpius X-1 ATCA-CABB combined 33 and 35 GHz second epoch
radio maps. The left map is the original cleaned map whichl wseobust =
0.5 weighting scheme (robust being a compromise betweamatatnd uniform
weighting). The right map has had a fitted point source saotedafrom the loca-
tion marked by the cross and shows residual nearby strisctiitee red line marks
the known 54 jet/ejecta axis (Fomalont, Geldzahler & Bradshaw 2001 ntGars

are set at -3, 3, 4, 5, 6 and 9 times the image rms of 0.16 mJythanoeam size

is 1.85 arcsecx 0.87 arcsec though it should be noted thatvedM setting of 1
arcsec was enforced during theRIAD’S INVERT Step.
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INVERT step) from the second epoch of mm observations. | have chosiaplay
the images from this epoch’s observations due to their stersily low path length
rms (resulting in it being the largest data set post-flaggamgl thus should provide
the highest image fidelity.

Once again, one can observe a point source with possibleegksstructure sur-
rounding it, revealed in the residuals left after subti@ctof a fitted point source
(right panel of Figure 6.9). As was found for the cm images, dlixis in the mm
images differs from that described in Fomalont, GeldzaBlddradshaw (2001),
making it unlikely that the structure is related to the sygstgjet ejections. Though
| do not see the same type of flaring behaviour as the 5.5 and 2 \@&ibilities,
there remains some level of variability in the epoch’s datarhich may contribute
to the minor structures nearest the core. Furthermore, aslisaussed for Cir X-1,
one must remain aware of the possibility of artefacts agisrom phase errors in
mm observations, even though steps were taken to reducéfiébts¢o some degree
(flagging and the enforcement of therHM parameter described at the beginning of
Section 6.3.2.1). Though not shown, the images from ther ttfepochs of data
show no residual structures concordant with what can belseen Thus, having no
physical reason to believe they are real, | must concludeaththe weak structures
visible beyond the core can be explained as artefacts cdnsptiase instability,
source variability or both.

Polarisation imaging was carried out for all frequency mbdt no emission
was detected at Sco X-1's location.

6.4 Discussion

6.4.1 Circinus X-1's varying jet structure

Having established that image artefacts predominantgcathe structures nearest
to Cir X-1's core, my best jet axis estimate uses componestgdsition, giving
an angle of 124 5° E of N. Though this estimate falls within the range quoted
in Tudoseet al. 2008 (129+ 13° E of N) and is only marginally steeper than the
estimate from milli-arcsecond structure in the Miller-@get al. (2012) LBA ob-
servations (113E of N), it is approximately 50shallower than the axis estimated
from 5.5 GHz residual emission near the core in the imageshaiptr 5. Fur-
thermore, whereas Miller-Jones al. (2012) observe symmetrical jets, my maps
indicate a scenario much like that observed in Chapter 5 amahgeet al. (2008)
where asymmetry of near-core residuals indicates a brigiutethern jet. Like in
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Chapter 5, | also observe distinct activity from a regiont thas previously been
associated with the receding jet (Tudatel. 2008) in the form of component N.

The fact that the various structural orientations appeatifierent scales across
observations taken within months of each other supporteasso where the jet
angle varies as one moves further from the system’s coretirgjaff at relatively
high angles to the line of sight and near E-W as indicated ihekdJoneset al.
(2012), but steadily turning N-S and closer to the line ohsigs one moves down
the flow to arcsecond scales as in Chapter 5. The origin of deglation may
be precession, or quasi-static jet kinks. The unexpectpdapnce of structures
to the north west (component N in this case) may be a resukyhenetry in the
density of interacting media, or deviations in a jet closéline of sight (as also
suggested in Chapter 5).

The jet velocities reported in Miller-Jonesal. (2012) are of similar order to my
estimates for energising flows in section 6.3.1.3 (when liaesa full orbit’s phase
delay), both of which fall far below the ultra-relativisspeeds calculated by Fender
et al. (2004). However, like Miller-Jonest al. (2012), | too cannot completely rule
out the existence of such ultra-relativistic flows. Themaéns the possibility that
this Chapter’'s observations did not capture the full flaren¢\associated with this
orbital epoch (ephemeris estimates are not perfect, noy éage event the same),
altering the reference time on which my component N calcats based.

Reconciling these combined results with historic obsémnatsuch as the ultra-
relativistic velocities of Fendeet al. (2004) and lack of precession observed in
Tudoseet al. (2008) is difficult. Lacking details on sub-arcsecond diunue at the
time of the Tudoset al. (2008) observations, | cannot establish whether Cir X-1's
jets have always exhibited variable inclination with dista from the core (though
jet curvature in large scale images from Tudeseal. 2006 indicate some level
of this). By grouping radio observations made after 2008 emparing them to
older results, one can observe an almost bimodal divideriXdi's behaviour, with
lower jet velocities, precession (indicated by the diffexe in jet angle observed at
5.5 GHz: Chapter 5) and multiple incidences of activity te tiorth-west of the
core rather than the south-east being recent changes. HByisnalicate that, along
with the decline in intensity over the last decade, the syst¢get structure can also
vary significantly with time.

Such a scenario draws further similarities between Cir Xatl £S433/W50.
Hydrodynamical simulations by Goodall, Fathallah & Bluh@2011) show that the
structures visible in nebula W50 cannot be reproduced byapatation of SS433's
current jet activity back through time. Instead they shoat tht least three distinct
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epochs of jet activity, each with a different level of presies, were required to
produce the nebula’s layout. If the filaments visible in Gieap’s Cir X-1 nebula
maps (Figure 5.13) are indeed caused by jet-ISM interastithren the precession
angle of the jets would have had to be significantly largen that indicated by pre-
2008 radio observations. Thus, variability of Cir X-1's gtaracteristics should not
be entirely unexpected.

6.4.2 NSXRB radio and mm spectra behaviour

As mentioned in the Chapter’s introduction, the results oflMri et al. (2010)
have shown that the available spectrum of at least one NSXRB0614+091)
can be fitted by a flat power-law from the radio to the mid IR, lyim emission
originates in an optically thick jet. However, my resultglicate that the radio to
mm spectra of both Cir X-1 and Sco X-1 may be optically thirggesting that the
jet break frequencyJpreay); i-€. the frequency at which the jet becomes transparent
to its own synchrotron emission, can occur at far lower val(ieough, as will be
discussed, care must be taken in making a direct comparistebn the sources).
Even taking the shallowest available power law fits for eatirae together with the
uncertainty in the estimates, one is left with indices steépana < -0.4 for both
cases: a value concordant with optically thin synchrotnamssion. Nevertheless,
there are several arguments that may reduce the validityeskt results, or explain
the existence of a steep spectrum without assuming the geinbes optically thin
early.

A major concern for both Cir X-1 and Sco X-1 is the inherentiaiility that
occurs within the systems and the implications it may havefpestimates. Given
the different disadvantages of the several possible fithpigons available for the
Sco X-1 measurements (See Section 6.3.2.2) | must conchadethte strongest
evidence for an optically thin spectrum comes from the fith the first 1.66 hours
of mm observations together with the first hour of 5.5 and 9 Gélz -0.87 +
0.06). | choose so because Sco X-1 shows enough varialititis,~ hourly and
from day to day, that observation simultaneity is esseftiaccurately estimate the
spectral index. Even using these sets of consecutive nmezasuts, there remains
the possibility that the source has varied during the imefiie. near the time of
the observation frequency change over). In order to ovemest the steepness
of the power law index, the cm measurements would have to bemerred while
the system was more luminous, and though the cm light curire decline when
observations begin, the possibility that a brief rise pdeckthis activity cannot be
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eliminated. Even if that is the case, one might also alreagheet the spectrum
to be flatter as a result of increased optically thick emis$rom regions that can
appear during jet flares.

The case of variability adversely affecting my spectralexestimates is a far
bigger concern in the case of Cir X-1 since in its case the plaitats used are sep-
arated in time by almost 10 months. Furthermore, as is evilem Chapter 5’s
eight 5.5 and 9 GHz daily measurements preceding the dayedfdte, Cir X-1's
flux density continues to vary from day to day though it is irkatively low activity
state. While this is accounted for in the uncertaintiesudeldd within my calcula-
tions to some degree, it should be remembered that the 33:@¢H3 counterparts
are only the result of a single day’s observations, and | cabe sure how much
variability exists at mm wavelengths during the same permfdnactivity.

If | assume that the evidence for an optically thin spectrith@se wavelengths
is real, | must address why my results differ so significarfithm the work of
Migliari et al. (2010). Given the uncertainties in my measurements andatiger
of possible indices for optically thick and thin synchratm@adiation, | am unable to
estimatevyeak accurately, but by assuming high optical steepness- (-2) of the
optically thin radiation | can say th&tgvyeak(Hz) must be< 10.2 for Sco X-1 and
< 10.4 for Cir X-1. This is 500 - 2500 times lower than thg.,k estimated for 4U
0614+091.

One possible explanation is that this Chapter’'s obsematimt only observe
the main jet, but a significant amount of nearby material @ssed with previous
ejection events. If the compact jet is sufficiently faintasge enough quantity of
unassociated optically thin matter could dominate thetspetat these frequencies.
The frequency of Sco X-1's ejections and the limited resotubf this chapter’s
images (1 arcsecond and up) means that it is very possitig¢h@aentral point
source is not formed by a single object. In fact, the imagingedby Fomalont,
Geldzahler & Bradshaw (2001) shows several examples ofiejepairs within 50
milli-arcseconds of Sco X-1's central core, the fluxes of ethfat least in the case
of the north eastern component) can be comparable to thatsele with negative
spectral indices. This possibility was also used to expldiy the measured spectral
index appeared to flatten during the flare but remained dptiten, in that the main
jet’'s spectrum may have inverted briefly, but the overall ftamained dominated
by optically thin material further down stream and mutedabhserved effect. One
might argue that these components should eventually faddeave the main jet
as the dominant emission source, but re-energisation \8aamultra-fast streams
can extend the lifetime of visible ejecta. This argumentdalso be applied to Cir
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X-1; however, as shown in Chapter 5 (and to a lesser degremthénage plane
measurements detailed in Section 6.3.2.1), Cir X-1's ingdexactually invert at the
start of flares, the speed at which it does so suggestingftsath optically thin
material is present it is to a lower extent than in Sco X-1¢sihdo not observe the
same effect with similar relative variability.

If dealing with emission from the compact jet alone, the adipancy might also
be explained by inherent differences in the systems them@selOne obvious dis-
tinction between Sco X-1 and Cir X-1, and 4U 0614+091, isrthNSXRB type,
with 4U 0614+091 being an atoll source, Sco X-1 a Z-sourcd, @in X-1 strad-
dling the two. As mentioned in Chapter 2, it is believed tha of the main influ-
ences behind the different behaviours of the NSXRB typesdsetion rate, with
Z-sources having higher accretion rates than atolls. Thiggeaccretion rates likely
result in a scenario parallel to that of BHXRB GRS 1915+10bexein the source
very often transitions between hard and soft states, regatrossing the jet line
and producing very fast ejections in a variable jet (seei@e@t 3.4, also Klein-Wolt
et al. 2002). Indeed, both Sco X-1 and Cir X-1 have shown evidencdigzrete
jet ejecta moving away from the core following flare eventshdwviour which 4U
0614+091 lacks. Cir X-1 is of course a special case, sincavgsall accretion rate
varies with orbital phase and so it may not reach Z-souraeditcretion rates at all
times (likely resulting in the odd behavioural changesased in Section 5.2).

Itis not known exactly how the jet’s properties vary during transient events,
but some change in flow velocity, particle density or everggdmetry should be
expected given the accretion disc structure varies wittestnd its close ties to
jet formation. Given the frequency of flare and ejection ésem Sco X-1 and Cir
X-1, it can be inferred that the properties of the jets in éhggstems do not remain
stable for long (although this can depend on the exact rétioatter that is drained
from the disc during each flare). Therefore, we cannot ptediether we observe
the jet during a particularly ‘weak’ epoch, during which floate, collimation (i.e.
large opening angle), and particle density are all lowenthgerage. SinC&preak
should be intimately tied to the jet’s properties (see $ec2i.2.3.3), it will likely be
lower during such ‘weak jet’ states. In support of this, ascdssed in the previous
subsection, evidence suggests that Cir X-1 may now oftew shweaker’ jet state
compared to periods of monitoring prior to 2005, based ors#wilar changes that
have been observed in X-ray and flare intensities, as welh@asabsence in my
results, of radio structures and strong evidence of uktativistic flows that were
originally reported in past observations (Fendeal. 2004, Tudoset al. 2008). In
contrast, 4U 0614+091 may accrete at lower rates that stippoore steady jet.



6.5 Summary 139

It should be noted that variation inyeax has been seen to occur between differ-
ent observations of the same BHXRB source: GX 339-4. CorbEe&der (2002)
detected apreak fOr two observations of GX 339-4, but each in a slightly diffiet
position which would suggest the value can change over tm&gHXRBS, possi-
bly in relation to differences in bolometric luminosity atftus accretion rate (see
section 4.1 of Migliariet al. 2010 for a full discussion). Given the similarities in
accretion mechanics for all low-mass XRBs, regardlessehtture of the compact
object, then ifvyea Can vary in one system one would also expect the same to be
possible in others.

The more extreme differences in jet behaviour between tbeypes of NSXRB
may be unique to neutron star systems, but given the smallianhod available in-
formation on these wavelength regimes for all XRBs it is toorsto draw such con-
clusions. Without further observations at mm wavelengtit guasi-simultaneous
multi-wavelength radio campaigns (preferably during dysahat do not suffer from
flaring), including attempts at improving resolution toteeresolve non-core struc-
ture, it is not possible to distinguish from the above passés in the case of Cir
X-1 and Sco X-1.

6.5 Summary

| have presented the results of centimetre (5.5 GHz and 9 Gbzgrvations of
NSXRB Scorpius X-1 and the first successful millimetre (332&d 35 GHz) ob-
servations of both Scorpius X-1 and Circinus X-1 using ATCBABB. | detected
both systems at mm wavelengths at greater thafegels, with Cir X-1 also show-
ing sub-arcsecond jet structure. Cir X-1's light curvesitaded the rise phase of a
periastron flare event occurred on Nov 19, decaying overdhewing four days.
Scorpius X-1's light curves also showed rapid mm variafilés well as a single
flare event visible at 5.5 and 9 GHz.

Spectral index estimates for both systems indicatedhratains negative through-
out observations, though some flattening is seen at theddtéigres which is ex-
pected due to increased optical thickness of jet mater@ieP law fits for groups
of mm and cm data points indicate that the spectra of bothcesuemains neg-
ative across radio and mm regimes, in contrast to the spaadft4U 0614+091
described by Migliariet al. (2010). | interpret this result as optically thin syn-
chrotron emission dominating within the extent of the psimtirce regions, though
| cannot tell whether this originates in the main jet or higiaaints of nearby opti-
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cally thin material from previous ejections and shock eseiht the former case, |
discuss the possibility that contrasting source behav@aiail vs Z-source) may be
the cause of significant differences in my results to thetsperof 4U 0614+091. |
also; however, put forward alternative explanations ferriegative spectral indices,
including the effects of variability between the quasi-sitaneous observations at
different frequencies.

Initial analysis of Sco X-1 radio maps indicate possibl@hesd structure around
a point source at Scorpius X-1's location, but | am able teaffely eliminate these
as artefacts, leaving the only real structure being an whred point source at both
cm and mm wavelengths.

Circinus X-1 radio maps showed resolved structure near tine and a north-
western component whose position angle, though in agrelemitinthe jet axes of
Tudoseet al. 2008 and Miller-Jonest al. (2012), indicates activity in a direction
previously associated with the receding jet. Variabilitytee north-western compo-
nent (likely the result of re-energisation by unseen outflpeannot be physically
reconciled with the observed flare, but if caused by an imatet)i previous peri-
astron event, implies proper motions far lower than thosseoked in Fendeet al.
(2004). Given the observed differences in jet behaviourganed to results prior to
2008, | believe that this work, in conjunction with resulfsChapter 5 and Miller-
Joneset al. (2012), suggest Cir X-1's jet behaviour; including flow vety and
precession parameters, can vary on secular timescales.



For my part | know nothing with any certainty, but the sight
of the stars makes me dream.

VINCENT VAN GOGH (1853-1890)

Conclusions & Future work

In this chapter | give a brief overview of the main resultstustthesis. In addition,
I will discuss the implications in a broader context, andsereg my thoughts on the
prospects for future research that could build on what has ldéscovered herein.

7.1 Summary

In Chapter 3 of this thesis | presented a study of the effeati®us types of spectral
variation in sources can have on attempts to image them iratfie with ATCA-
CABB. | discovered that spectral variation in a single seuwloes indeed produce
artefacts in subsequent images, and that the severity oéfteets increase pro-
portionally with the difference in spectral shape and bimgiss of the progenitor
source, but inversely with duration of the shift. My resuftgplied that these ef-
fects only become important for particularly bright andighfe sources, and are
of secondary concern to those that arise as a result of monenom variations in
source flux densities; however, | suggested that the fraakiseverity of the effect
is likely to increase as the range of baseline lengths dsesearlhe results of the
chapter are important for observations of XRBs as they arngically variable
sources, and so, | apply the knowledge | gained from the tigegson several times
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in subsequent work covered in chapters 5 and 6.

In Chapter 4 of this thesis | presented the results of attertgpiobserve the
BHXRBs GRO J1655-40 and XTE J1550-564 during quiescenaeguli CA-
CABB. The aim was to compare radio measurements with X-rayifosity and
thus add additional points to the existing radio/X-ray etation at low luminosi-
ties. Though I was unable to successfully detect eithercsgtine radio upper limits
defined by the final images still provided valuable inforraatwhen included with
existing data sets. The levels at which the sources wentecteel were sufficiently
faint in the radio that their positions on the correlatiodigated significant scatter
exists at low luminosities. | went on to propose the posi$yhihat the scatter in-
dicates the presence of more than one correlation trackerdtagram, perhaps
indicative of further differentiation in the hard and quiest states of BHXRBS, as
has now been established as a fact at higher luminosities.

In Chapter 5 of this thesis | presented the results of 16 day$GA-CABB ob-
servations covering a complete orbit of the NSXRB jet so@ueinus X-1. These
observations were carried out during an epoch in which tiseesy was particularly
faint compared to its past, making the (then recent) upgréml@&TCA essential if
new images of the source were to be made and reviewed fotstalichanges. |
produced a detailed light curve for the system which cleaHgwed a periastron
flare event rise and gentle 6 day decline, though the pealeatbnt went unseen.
My day to day radio maps showed two quasi-persistent strestuear to the source,
but | could not confirm their association with Cir X-1's jetdany of the post-flare
images showed strong evidence of variability artefactslanto those discussed in
Chapter 3, which | attempted to remove before discussingaimaining structure.
| also applied the knowledge gained from my work in Chapten 8istinguishing
which components were most likely to be real physical stmas. From these re-
vised images, | found signs of additional variable struesuo the north-west which
| interpreted as activity resulting from jet interactionlspugh | once again found
it more likely that they were associated with outflows fromraypous flare event
rather than the one present in my light curve. Their positias surprising in
comparison to past images of the system (namely those ofefendl. 2004 and
Tudoseet al. 2006, 2008), and | surmised that either the local envirorntrassund
the system had varied since observations (yielding asynueteractions near the
source) or the jets themselves may have shifted or now metestially favoured
the former scenario; however, my production of deep radipsrat Cir X-1's sur-
rounding nebula revealed distinct filament like structwwbsch | likened to images
of SS 433/W50 and lent support to the theory of precessinmjiows, though this
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went against previous analysis of long term imaging of theteay.

In Chapter 6 of this thesis | presented the results of cettedd CA-CABB ob-
servations of the NSXRB Scorpius X-1, as well as millimetbservations of both
Scorpius X-1 and Cir X-1. The aim was to observe NSXRB emis$io the first
time at mm wavelengths and produce the highest resolutidd’PATCABB images
of these systems to date. | successfully detected bothrsgstaaking them the
first NSXRBs ever to be detected in the mm bands, includin@kdity in the mm
lightcurves. The spectral indices indicated by compassafithe cm and mm flux
densities for the two sources (using the measurements gft€ha in the case of
Cir X-1) suggested dominance by optically thin synchroteomssion, contrasting
with predictions for compact jet emission from atoll NSXRB £614+091 being
flat all the way to infra-red wavelengths in Migliaet al. (2010). | proceeded to
provide several explanations for this effect, including iresence of nearby opti-
cally thin material unassociated with the compact jet, mesment errors, or most
interestingly, that the difference arises as a result otresting jet behaviours in
atoll and Z-source NSXRBs. The cm images of Sco X-1 showdd biff interest
when compared to older studies, and its mm image showed anlg@solved point
source. However, the mm images of Cir X-1 showed evidencelofascsecond jet
structure which | proceeded to interpret using the sameraiaipplied in Chapter 5.
| once again observed the greatest signs of activity to tnéhwest of the source,
supporting the results of Chapter 5, and in addition the campn of the mm im-
ages with those of the Chapter 5 revealed differences irrightation that could be
attributed to either a twisted jet (i.e. one whose obserxelcanges with distance
from the source) or that the jet shifted between the two psrmf observation and
thus may also support the theory of precession in the system.

7.2 Broader concepts & future prospects

7.2.1 Accounting for the effects of variable radio sources

Though the work in Chapter 3 led me to conclude that the effetspectrally vari-
able sources will only be a concern in a small number of cuimatio observations,
this does not mean that the effect should be ignored. Givarrdldio telescopes will
continue to evolve in the future, the artefacts that canltésum spectral variance
could become a more significant concern as bandwidth andtisdies increase.
Furthermore, since the conclusions of Chapter 3 were dfioen tests on ATCA-
CABB, the same cannot be said for instruments with betteidiwensional antenna
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placement like the VLA. For such arrays (including all rettgbuilt or planned in-
struments; LOFAR, SKA etc.) flux density variability will heesult in artefacts as
severe as those seen in Chapters 5 and 6 with Circinus X-dg pimase sensitivity
does not drop significantly along any one particular axis\ftih they are not com-
pletely unaffected). They do, however, continue to obsémeeeffects of spectral
variability, as all interferometers depend on accurate eflod) of the dirty beam
and its sidelobes in order to effectively clean images.

Consideration of current reduction methods for complexsesileads to a logi-
cal solution to this problem, via improvements to existioffware. One can imag-
ine an evolution of existingdFCLEAN algorithms which attempt to fit a model
source spectrum that not only varies over frequency, but e as well. The
increase in calculated variables would evidently impaaotpoting time required to
find solutions, and will only be viable when either time is @ot issue, or more
advanced computer hardware becomes available. This meisoddoes not cir-
cumvent the issue of degeneracy between solutions and aetlatructure in the
model, wherein a time variableFCLEAN may also fit a model to a single extended,
or group of sources and substitute a false point source. Wawéd have to be taken
by the user as to when to use such algorithms, or perhapslibaihecessary to
analyse smaller divisions of an observation (both in freqyeand time) in order to
provide a input model for the beam (much like my modelling of>G1 in Chapter
5), though this will be time consuming and depend heavilyhensnapshot capabil-
ity of the instrument.

7.2.2 Continued exploration of radio/X-ray correlations

Thanks to the work of Gallo, Miller and Fender (2012) we nowehaufficient
evidence for the existence of two tracks in the hard state RBXadio correlation
(see section 2.3.6). However, we still do not understand thase tracks behave
at lower luminosities. They may completely merge at sometpas a result of
all sources eventually undergoing transitions like thatl@af743-322, perhaps with
significant scatter in the turning point of each source osaillirces, or some sources
may never leave a single track. As stated at the end of Chdpteur ability to
decipher the radio/X-ray correlation(s) in hard state BHB§Rs limited mainly by
the number of simultaneous observation points availablg@dty which in turn, is
limited by the number of BHXRBs available, and the sengiggito which we can
observed them. Our lack of information at lower luminogti® unsurprising given
that sources evidently become harder to detect, but alse systems, like GRS



7.2 Broader concepts & future prospects 145

1915+105, currently appear to spend little or no time at sgeat luminosities,
which further limits our available targets in these regions

Our ability to detect the current list of known BHXRBSs is ditly related to the
sensitivity of our instruments and can only improve with ¢inthough given the
surge in new upgrades and new instruments, as well as that@bteower of the
SKA, the sensitivity to faint sources will improve signifit#y over the next decade.
However, the possibility of finding new BHXRB sources alwayssts, each with
the potential to add several new points to the correlatiaar awiltiple observations.
The most useful sources will obviously be those which araere@a us, since it
will be easier to observe them while they reside in theirtizsh states (for example,
A0620-00 at 1.2 kpc). Early in 2011 a new XRB, J1357.2-093%5 detected and
evidence has been found that indicates the system not asiljeenearby~ 1.5
kpc; Rau, Greiner & Filgas 2011), but likely harbours a blacke (Casarest al.
2011; Corral-Santantet al. in prep.) making it an excellent target for correlation
measurements. Furthermore, J1357.2-0933 appears to Bemsutous in the radio
band which may suggest it can reside on the ‘radio quiet’ ddranf the relation, and
when last observed was decaying in luminosity, perhapsrds\guiescence. Given
these facts, | happily contributed to an accepted ATCA-CAB&posal to observe
the system in June, together with simultane@sndraobservations, in the hope
that we can detect the system in quiescence and continuétteflow luminosity
void of the correlation plot. Of course, if the radio quieabch is as steep as implied
by Gallo, Miller and Fender (2012), it will be very difficulbtdetect the system at
low luminosities (if it remains on said branch); althoughjetection of the source
on the normal branch, during a transition between the tweyven as an additional
upper limit (as in the cases of J1655-40 and J1550-564 in €hdpwill still be a
significant contribution to the existing plot.

7.2.3 The twisted jets of Circinus X-1

I have found significant evidence that Cir X-1's jets have oy changed trajec-
tory in the last few years, but show different axes dependimghe distance from
the source at which components are observed; however, tise cd these effects
remains a mystery. As I've discussed, precession could bmtiehe effect, thus
having significant implications for the notion that XRB jeirpmeters can remain
persistent over secular timescales, which has already tpeestioned in terms of
the formation of SS 433’s nebula’s distinct shape (Goodrdthallah & Blundell

2011). Of course, it is also possible for the shift to be exygd by deviations of
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the jet in a particularly dense medium or unstable flows (sE=i@ 2.2.3.7). The
inability to distinguish between the two scenarios is ndpeeé by the fact that my
cm and mm observations are separated by almost a year: safftane in which
for any precession to shift the direction of the jet.

Therefore, in order to resolve this issue, | led a proposedtobserve Cir X-1 us-
ing ATCA-CABB at a range of wavelengths; 16cm, 6cm, 3cm andn/ver only
several days in order to minimise the effects of any exigpiregession. This way, if
the jets are indeed twisted, the difference in jet axis woatdain visible between
images at different frequencies. | would also be able to amphe images made
from the new data to those of the existing cm and mm obsenapoesented in this
thesis to determine if any change has occurred in the iméngetime that would
imply precession in the long term. The proposal was acceptetlobservations
were carried out in December of 2011; however, at the timerdfrwg | have yet to
have sufficient time to reduce and analyse the data thorguigtdn only present an
image made from the 16cm data in Figure 7.1, making it the meistiled map of
Cir X-1's jet powered nebula currently available. Once aggiis possible to see the
core, south-western component, X-ray shock caps and tmeefialike structures
discussed in Chapter 5, but better defined against backdnooise. Furthermore,
there are tantalising hints of a curved structure withinrtebula, extending towards
the south from the central core, which is reminiscent of thaved jet’ structure
observed in Tudoset al. (2006; see my Figure 5.13). A lot of work can still be
done on this image as well as the remaining data from the dtbguencies, but it
is my hope that they can help in understanding the new betagidibited by Cir
X-1in recent years.

7.2.4 The mm emission of X-ray binaries

While the inherent errors involved in mm observations makkfiicult to calculate
accurate spectral indices between 33 and 35 GHz, it is stdible to re-observe
both Sco X-1 and Cir X-1 at cm and mm frequencies near simetiasly to confirm
the presence of optically thin emission from the cores o$éh&ystems. In particu-
lar, I cannot be confident in my estimates for the spectrumioK€lL in Chapter 6,
given the lack of simultaneous observations at the two veagths. However, the
new multi-frequency observations of Cir X-1 mentioned ia firevious subsection
can not only be used in solving the jet behaviour mystery @graily intended, but
also in providing a new estimate for the source’s radio to npectum. Further-
more, since | have shown that some NSXRBs can be detectee immi regime,
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Figure 7.1: Latest 3.1 GHz (16cm) radio map of Circinus X-1's jet poweneth-
ula. Beam size = 4.96 3.96 arcset. Note that the reduction of the data used
to make this map was relatively rushed (for example it mighpbssible to elim-
inate the streak effect radiating from Cir X-1's core withd&gbnal work), and no
primary beam correction has been applied.
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it is now sensible to explore the possibility of observinfpest NSXRBs at mm
wavelengths using ATCA-CABB and other arrays wherever fbss Any such
campaigns should also attempt to target both atoll and Zes@ystems in order to
further explore the divide in jet behaviours discussed iaiar 6.

Based on the predicted noise of ATCA-CABB 33 and 35 GHz oladms, a
12 hour run should theoretically allow the production of gea with noise levels
of approximately 0.03 mJy bearh (though phase errors raise this value closer to a
source, as was observed in Chapter 6), meaning @ebection of an NSXRB would
require their mm emission be at least0.15 mJy. By comparing this estimate to
the measured 8.5 GHz flux densities of NSXRBs in table 1 of iig& Fender
(2006), one can find a list of possible targets for ATCA-CABBdes. If | assume
atoll sources do indeed have flat radio spectra all the wayeartid-IR (as implied
by the spectrum of 4U 0614+091) then there are 4 known atahces which should
be detectable by ATCA-CABB during some X-ray states; 4U 1328Aql X-1, 4U
1608-52 and MXB 1730-335. However, if any of these sourcedisialay optically
thin spectra, they will likely fall below the detection tisteold. For Z-source spectra,
I should assume that the sources may have an optically tkictrgpn of at leastr =
-1, in which case there are 5 Z-source NSXRBS which may silliétectable with
ATCA-CABB: GX 17+2, GX 349+2, GX 5-1, GX 340+0 and GX 13+1, twad
which have been sufficiently bright in the radio that theyiddaemain detectable
even with indices approachirg=-1.5 (GX 5-1 and GX 13+1).

Of course, if using E-VLA, then the limit for northern souscis slightly better
and additional targets can be considered. Furthermorg,th& introduction of the
SKA in coming decades none of the currently known NSXRBs gallundetected
for long.

7.3 Closing comments

Radio observation of X-ray binaries continues to revolise our understanding of
relativistic jets and their connection to accretion medct&nWith the plethora of
recent upgrades to existing arrays and new instrumentsaaipgesvery few years,
the range of possible jet studies is constantly expandimgjtleough we learn more
about the physical processes behind these phenomena withiavestigation, we
are also faced with new mysteries as our group of targetsrbesdarger and their
full range of behaviours easier to observe. ATCA has renthoree of the primary
tools in our efforts to explore XRB radio emission over thetfaw decades, with
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the CABB upgrade giving the array a fresh lease of life anchgkating a surge
in scientific output via the instrument. Though the SKA paitiéirs, ASKAP and
MeerKAT, and the final SKA itself will eventually overshadaty ATCA-CABB
will remain at the forefront of interferometric observat®in the Southern Hemi-
sphere for years to come, and will likely continue providexgellent astrophysical
data as part of a much larger network of radio instrumentebdyhat.

However, one must be ever aware of the potential errors tratadse in imag-
ing of variable sources such as XRBs with ATCA, and indeedradio telescope to
some degree. Though many tools may exist which can aid ircneguhe adverse
effects of such source behaviour, an element of human ievodnt will likely al-
ways be necessary to determine when, where and to what dégse should be
used, and whether what is left is indeed real. Radio imagiigcentinue to help
us plumb the depths of the most powerful astrophysical adjedhe Universe, just
as long as observers remember ‘quick and dirty’ gets therotigxéat.
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Bazinga

DR. SHELDON COOPER THE BIG BANG THEORY

VaSpecSim

Import necessary external subroutines and define inputicigloroutine.

import math
def inputtest(prompt,inputtype=str,inputlength=1 tsyple=str):

yyyyyyyyyy

running=True
while running:
try:
global Value
value=input(prompt)
if type(value)==int and inputtype==float:
value=float(value)
if type(value)==tuple:
temp=range(len(value))
foriin range(len(value)):
if subtype==float and type(value[i])==int:
templi]=float(valueli])
if subtype==float and type(value[i])==float:
templi]=float(valueli])
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value=tuple(temp)
if type(value)==inputtype:
if len(value)==inputlength:
foriin range(len(value)):
if type(valueli])!=subtype:
if subtype==str:
expect="text’
if subtype==float:
expect=‘a number’
if subtype==int:
expect=‘an integer’
print ‘Value %s was not entered correctly, expected %s,
try again...” % (str(int(i)+1),expect)
running=True
break
else:
if type(value[i])==subtype:
running=False
Value=value
if len(value)!=inputlength:
print ‘That is not the correct number of parameters (expkeéts),
try again...” % inputlength
else:
if type(value)!=inputtype:
if inputtype==str:
expected='text in quotes’
if inputtype==int:
expected="an integer’
if inputtype==float:
expected==‘a number’
print ‘Invalid entry, expected %s, try again...” % expected
else:
Value=value
running=False
except NamekError:
print “Something wasn’t in quotes, try again...”
except SyntaxError:
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print ©

Define VaSpecSim and request information about the model.

def VaSpecSim():
““Compile a script for use in miriad to build spectrally vable (over time)
source models™”

e=2.71828182845904523536

print ©

print “Time to give me some initial variables...

print

print “Please note, text must be entered in quotes e.g. l[dibhlumbers may be
entered without quotes”

print

inputtest(‘Enter a name for this model : )

name = Value

print

print ‘If you are unsure what value to enter for a particulargmeter enter xx to
have program set default values.

print

inputtest(“Enter telescope position or name (e.g. ‘atcd))
telescop = Value

inputtest(‘Enter an antennae configuration (look in
/disks/jets/blue/rpf/DATA/ATCA-antenna-locations)): ’
ant = Value

inputtest(‘Enter a base unit value : ’,float)

baseunit = Value

inputtest(‘Enter central pointing position in sky : ’,tep2,float)
radec = Value

inputtest(‘Enter telescope lattitude : ’,float)

lat = Value
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Define frequency bandwidth and resolution, as well as thelui®n of spectral
variance (i.e. time segments).

inputtest(‘Enter minimum for frequency band (Ghz) : ' flpat
vlow = Value
inputtest(‘Enter maximum for frequency band (Ghz) : ’,float
vhigh = Value
running = True
while running:
inputtest(‘Enter step between frequency windows (GhzxeNitis number
must be such that it divides the bandwidth into an integarevaf windows
. " float)
test=(float(vhigh)-float(vliow))/float(Value)
if int(test)==test:
vstep=Value
running=False
else:
print ‘Error: not a valid step, Bandwidth/step is not an g€ please try
again’
inputtest(‘Enter total time that the simulation data skiozdver(hours) : ’,float)
time = Value
running=True
while running:
inputtest(‘Enter time step (hours) i.e. this will be the nmaMm possible
resolution for your spectral variance. Note, this numbestie such that
time/timestep equals an integer : ',float)
test=float(time)/float(Value)
if int(test)==test:
timestep=Value
running=False
else:
print ‘Error: not a valid timestep, time/timestep is not ateger, please
try again’
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Define source parameters.

print
print ‘Now to define your sources...
print ©

inputtest(‘Enter number of point sources to include : ),int
npoint = Value
inputtest(‘Enter number of diffuse sources (large scalesgen peaks) to
include : ’int)
ndiffuse = Value
pointcount = range(int(npoint))
diffusecount = range(int(ndiffuse))
pointralist = range(int(npoint))
pointdeclist = range(int(npoint))
diffuseralist = range(int(ndiffuse))
diffusedeclist = range(int(ndiffuse))
for i in pointcount:
print ‘Enter RA (relative to image centre) for point sours#(i+1),"’
inputtest(”,float)
pointralist[i]=Value
print ‘Enter DEC (relative to image centre) for point sourse(i+1),"’
inputtest(”,float)
pointdeclist[i]=Value
for i in diffusecount:
print ‘Enter RA (relative to image centre) for diffuse soerstr(i+1),"’
inputtest(”,float)
diffuseralist[i]=Value
print ‘Enter DEC (relative to image centre) for diffuse sceitstr(i+1),"’
inputtest(”,float)
diffusedeclist[i]=Value

print
print “You must now define size and orientation of the diffeseirces.’

print ©

diffusebmajlist = range(int(ndiffuse))
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diffusebminlist = range(int(ndiffuse))
diffusebpalist = range(int(ndiffuse))
for i in diffusecount:
print ‘Enter FWHM for major axis of diffuse source’,str(ix1’
inputtest(”,float)
diffusebmajlist[i]=Value
print ‘Enter FWHM for minor axis of diffuse source’,str(i},L’
inputtest(”,float)
diffusebminlist[i]=Value
print ‘Enter position angle of major axis (measured from thdp East) for
diffuse source’,str(i+1),"’
inputtest(”,float)
diffusebpalist[i]=Value

Calculation of time and frequency segment parameters.

nslice = float(time)/float(timestep)
print *
print “Your entered values for time and timestep have reslil '+str(int(nslice)),‘time
slices. You will be asked to enter the spectral form for each
source in each time slice.
print *
timesteps = range(int(nslice))
foriin timesteps:
timesteps|i]=-6+i*float(timestep)
nvslice = (float(vhigh)-float(viow))/float(vstep)
vsteps = range(int(nvslice))
foriin vsteps:
vsteps|i]=float(viow)+i*float(vstep)
if vsteps[0]==0:
vsteps[0]=0.00000001
nsource = int(npoint)+int(ndiffuse)
modlist = range(len(timesteps))
for j in modlist:
modlist[j] = range(len(vsteps))
for k in modlist[j]:
modlist[j][k] = range(nsource)
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This part of the program can become rather complex and lomgled if the model
has significant variability resolution. What is requestezhi the user is the defini-
tion of the spectrum (number of power laws, gaussians andmaters), for each
source, in each time segment.

for i in range(len(timesteps)):
print ”
print ‘For time slice between ha range '+str(timestepsf) +str(float(timesteps]i])
+float(timestep)),"...

print
if (float(timesteps]i])+float(timestep) 0.001 and (float(timesteps|i])+float(timestep))
> -0.001:
filenameext = ‘%s.%s’ % (str(timestepsi]),’0.0")
else:

filenameext = '%s.%s’ % (str(timesteps|i]),str(float(tisteps|i]) +float(timestep)))

for j in range(nsource):
if j+1) <= npoint:
sourcetype = ‘point’
sourcenum = j+1
else:
sourcetype = ‘diffuse’
sourcenum = (j+1)-int(npoint)
print* For %s source %s..." % (sourcetype,sourcenum)
print ©

print ‘Enter number of power laws (of form y=Ax"B+C) to inde
in model’

inputtest(",int)

npower = Value

print ‘Enter number of gaussian forms (y=Ae"((-(x-b)"q@2))) to
include in model’

inputtest(",int)

ngauss = Value

powerpar = range(int(npower))

gausspar = range(int(ngauss))
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for k in range(npower):
inputtest(‘Enter Amplitude A, power B and verticle axis ssovalue C
for power law ‘+str(k+1)+" :",tuple,3,float)
powerpar[k] = Value
for k in range(ngauss):
inputtest(‘Enter amplitude A, position B and width C for gaian '+str(k+1)+
“ " tuple,3,float)
gausspar[k] = Value

fluxlist = range(len(vsteps))
for k in range(len(vsteps)):
powercomp =0
gausscomp =0
for | in range(npower):
X = vstepslK]
y = float(powerpar[l][0])*(float(x)**float(powerpar[l][1)) +float(powerpar[l][2])
powercomp = powercomp-+float(y)
for | in range(ngauss):
x = float(vsteps[k])
a = float(gausspar(l][0])
b = float(gausspar[l][1])
c = float(gausspar|l][2])
y = a*(e**(-((x-b)**2.0)/(2.0*(c**2.0))))
gausscomp = gausscomp-+float(y)
fluxlist[K] = float(powercomp)+float(gausscomp)

if sourcetype == ‘point’:
modlist[i][K][]] = ‘%s,%s,%s’ % (fluxlist[k],pointralisfint(sourcenum)
-1],pointdeclist[int(sourcenum)-1])

else:
modlist[i][K][]] = ‘%s,%s,%s,%s,%s,%s’ % (fluxlist[k],diuseralist[int(sourcenum)
-1],diffusedeclist[int(sourcenum)-1],diffusebmajfiat(sourcenum)
-1],diffusebminlist[int(sourcenum)-1],diffusebpalist(sourcenum)

-1])
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All input is complete, the program now compiles the scriped, first defining the
source model text files used WvGEN, the actualuvGEN commands, and finally
theuvAvER commands (dividing a large number of files into manageabiebars
to prevent errors), cleaning up files as they become redundan

f=open(‘Model.%s.Script’ % name,'w’)
for i in range(len(timesteps)):
for j in range(nsource):
if j+1) <= npoint:
sourcetype = ‘point’
sourcenum = j+1
else:
sourcetype = ‘diffuse’
sourcenum = (j+1)-int(npoint)
f=open(‘Model.%s.source.%s%s.dat’ % (name,sourcetppecenum),‘a’)
f.write(‘Model %s %s source %8’ % (name,sourcetype,sourcenum))
for k in range (len(vsteps)):
f.write(‘%s,%s,%38n’ % (str(i),str(vsteps[k]),str(modlist[i][K][]])))
f.close()
for i in range(len(timesteps)):
if (float(timesteps]i])+float(timestep) 0.001 and (float(timestepsJi])+float(timestep))
> -0.001:
filenameext = ‘%s.%s’ % (str(timesteps]i]),'0.0")
else:
filenameext = '%s.%s’ % (str(timesteps|i]),str(float(tisteps|i]) +float(timestep)))
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(*\n’)
f.close()
for j in range(len(vsteps)):
for k in range(nsource):
if k==0:
print ‘echo %s> %s.%s.mod’ % (str(modlist[i][j][K]),str(filenameext),
str(vstepslj]))
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(‘echo %s> %s.%s.modn’ % (str(modlist[i][j][k]),str(filenameext),

str(vstepslj])))
f.close()
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else:
f=open(‘Model.%s.Script’ % name,'a’)
print ‘echo %s>> %s.%s.mod’ % (str(modlist[i][j][k]),str(filenameext),
str(vstepslj]))
f.write(‘echo %s>> %s.%s.motn’ % (str(modlist[i][j][k]),str(filenameext),
str(vstepslj])))
f.close()
print *
f=open(‘Model.%s.Script’ % name,'a’)
f.write(*\n’)
f.close()

numuvaver = float(len(vsteps))/20
if int(numuvaver)!=float(numuvaver):
numuvaver=int(hnumuvaver+1)
else:
numuvaver=int(numuvaver)
finaloutlist=range(len(timesteps)*numuvaver)
for i in range(len(timesteps)):
if (float(timesteps[i])+float(timestep) 0.001 and (float(timesteps[i])+float(timestep))
> -0.001:
filenameext = ‘%s.%s’ % (str(timesteps]i]),’0.0")
else:
filenameext = ‘%s.%s’ % (str(timesteps]i]),str(float(tisteps[i]) +float(timestep)))
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(*\n’)
f.close()
for j in range(len(vsteps)):
print ‘uvgen ant=%s baseunit=%s telescop=%s corr=0,20raddec=%s
,%s lat=%s harange=%s,%s freq=%s,0.0 source=%s.%s.ntrethev%s.uv’
% (ant,baseunit,telescop,radec[0],radec[1],latistgsteps]i]),str(float(timesteps|i])+
float(timestep)),vsteps|j],str(filenameext),str(vsfglp, str(filenameext),str(j))
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(‘uvgen ant=%s baseunit=%s telescop=%s corrf0] P8 radec=%s
,%s lat=%s harange=%s,%s freq=%s,0.0 source=%s.%s.ntethev%s.uyn’
% (ant,baseunit,telescop,radec[0],radec[1],latiste$teps|i]),str(float(timesteps]i])+
float(timestep)),vsteps|j],str(filenameext),str(vsgp, str(filenameext),str(j)))
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f.close()
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(*\nrm -rf ./%s*mod\n’ % str(timestepsli]))
f.close()
for i in range(len(timesteps)):
if (float(timesteps]i])+float(timestep) 0.001 and (float(timesteps|i])+float(timestep))
> -0.001:
filenameext = ‘%s.%s’ % (str(timesteps]i]),’0.0")
else:
filenameext = ‘%s.%s’ % (str(timesteps]i]),str(float(tisteps[i]) +float(timestep)))
outlist=range(len(vsteps))
for j in range(len(vsteps)):
outlist[j]='%s.v%s.uv’ % (str(filenameext),str(j))
for j in range(numuvaver):
if j==(nhumuvaver-1):
k=len(vsteps)-(numuvaver-1)*20
else:
k=20
print ‘uvaver vis=%s out=%s.a%s.uv’ % (‘,".join(outli®j*20:20+(j-1)*20+
K]),str(filenameext),str(j+1))
f=open(‘Model.%s.Script’ % name,'a’)
f.write(*\nuvaver vis=%s out=%s.a%s.\uv % (*,".join(outlist[0+j*20:20+(j
-1)*20+K]),str(filenameext),str(j+1)))
f.close()
print ”
finaloutlist[i*int(humuvaver)+j]="%s.a%s.uv’ % (str(Bhameext),str(j+1))
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(*\nrm -rf ./%s*v*.uv\n’ % str(timestepsli]))
f.close()
print
numfinaluvaver = float(len(timesteps)*numuvaver)/20
if int(numfinaluvaver)!=float(numfinaluvaver):
numfinaluvaver=int(numfinaluvaver+1)
else:
numfinaluvaver=int(numfinaluvaver)
for k in range(numfinaluvaver):
if k==(numfinaluvaver-1):
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[=len(timesteps)*numuvaver-(numfinaluvaver-1)*20
else:
(=20
print ‘uvaver vis=%s out=%s%s.uvfinal’ % (‘,’.join(finaltlist[0+k*20:20+(k
-1)*20+l]),name,k+1)
f=open(‘Model.%s.Script’ % name,‘a’)
f.write(*\n\nuvaver vis=%s out=%s%s.uvfinal % (‘,".join(finaloutlist[0+k*
20:20+(k-1)*20+l]),name k+1))
f.close()
print *
print ‘rm -rf ./*uv’
f=open(‘Model.%s.Script’ % name,'a’)
fwrite(*\n\nrm -rf ./*uv\n\n’)
f.close()



Example VaSpecSim response template

‘P.5gradx2’ -Model name
‘atca’ -Telescope for use in model
‘Idisks/jets/blue/rpf/DATA/ATCA-antenna-locations(®.ant’ -Location of
telescope array layout file

51.0204  -’baseunit’ value for uvgen, i.e. Conversion factor fortdisce values
used in the layout file.

0,-90 -pointing RA and DEC
-30 -telescope Latitude
4.5 -Lower frequency limit
6.5 -Upper frequency limit
0.004 -Increment between frequencies
12 -Observation time
0.6 -Increment between spectral ‘steps’
1 -Number of point sources
0 -Number of diffuse (Gaussian) sources
0 -Source RA.

0 -Source DEC. Note: if there was more than one source tham theuld be

several more lines like this and the above, prior to the naxitble.
X, X -If diffuse sources were included then their parametersldiba entered now.

165
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Now, for EACH time segment (a loop until all time segmentseonlation time di-
vided by increment, i.e. 36 loops in this case, have beeneaddd) one enters the
parameters defining the spectral shape of the source:

1 -Number of power laws for the spectral model
1 -Number of Gaussian profiles for the spectral model
1,11 Power law parameters.

11,1 Gaussian parameters.
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VaSpecSim model parameters
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Table C.1: VaSpecSim model parameters. From left to riglgt] ILabel associated with each model, the name of the

model (based on variation type and index values), start addvalues for spectral indelX, pattern of variation over the
20 x 36 minute time segments, flux density of the final image meabsuia a point source fit, the dynamic range used in
corresponding images shown in Figures 3.3 through 3.5, ihemam measured flux density of image residuals after point

source subtraction, and finally the maximum measured flusitdeaf image residuals after point source subtraction.

Label Name Start/end Spectral index Fitted Image Residuals Residuals
[ values variation S (Jdy) range (mJy) mity, (mJy) maxS, (mJy)

A StableO +0 none 10.00 +0.05 -0.02 0.04

B Stablel 1:1 none 10.00 +1 -0.98 0.87

B* Stable-1 -1:-1 none 10.00 +1 -0.78 1.01

C Stable2 2:2 none 10.00 +1 -1.94 1.77

C* Stable-2 -2:-2 none 10.00 +1 -1.63 2.04

D Stable3.5 3.5:3.5 none 999 43 -3.48 291

D* Stable-3.5 -3.5:-35 none 10.01 43 -2.83 3.43

E GradualOtol 0.05:1 +0.05/0.6hrs 10.00 +5 -6.06 5.04

E* GradualOto-1 -0.05:-1 -0.05/0.6hrs 10.00 +5 -4.47 4.85

F GradualOto2 0.1:2 +0.1/0.6hrs 999 +10 -10.23 9.71

F* GradualOto-2 -0.1:-2 -0.1/0.6hrs 10.00 +10 -9.19 9.96

G Gradual0to3.5 0.175:3.5 +0.175/0.6hrs 9.99 +15 -16.37 16.26

G* GradualOto-3.5 -0.175:-3.5 -0.175/0.6hrs 10.00 +15 -15.90 16.87
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Table C.1: (continued from last page)

Label Name Start/end Spectral index Fitted Image Residuals Residuals
[ values variation S, (Jy) range (mJy) mis, (mJy) maxS, (mJy)

H Gradual-1tol -1:1 +0.1/0.6hrs 10.00 =10 -9.25 9.42
skip [0=0

H* Graduallto-1 1:-1 -0.1/0.6hrs 10.00 410 -9.18 9.43
skip 0=0

I Gradual-2to2 -2:2 +0.2/0.6hrs 10.00 +20 -21.60 19.95
skip [0=0

[* Gradual2to-2 2:-2 -0.2/0.6hrs 9.99 +20 -20.16 19.60
skip 0=0

J Gradual-3.5t03.5 -3.5:3.5 +0.35/0.6hrs 9.99 430 -32.30 32.31
skip 0=0

J* Gradual3.5t0-3.5 3.5:-3.5 -0.35/0.6hrs 10.00 +30 -37.61 33.62
skip [0=0

K BurstOtol 0:0 none for 4.2hrs 10.00 +8 -10.10 12.45

+0.5/0.6hrs for 1.2hrs
none for 1.8hrs
-0.5/0.6hrs for 1.2hrs
none for 4.2hrs

69T



Table C.1: (continued from last page)

Label Name Start/end Spectral index Fitted Image Residuals Residuals
O values variation S (Jy) range (mJy) mity, (mJy) maxS, (mJy)
K* BurstOto-1 0:0 none for 4.2hrs 10.00 +8 -11.97 10.10

-0.5/0.6hrs for 1.2hrs
none for 1.8hrs
+0.5/0.6hrs for 1.2hrs
none for 4.2hrs

L BurstOto2 0:0 none for 4.2hrs 9.99 +15 -18.62 20.99
+1/0.6hrs for 1.2hrs
none for 1.8hrs
-1/0.6hrs for 1.2hrs
none for 4.2hrs

L* BurstOto-2 0:0 none for 4.2hrs 10.00 +15 -23.04 19.72
-1/0.6hrs for 1.2hrs
none for 1.8hrs
+1/0.6hrs for 1.2hrs
none for 4.2hrs
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Table C.1: (continued from last page)

Label

Name

Start/end
O values

Spectral index Fitted Image
variation S, (Jy) range (mJy)

Residuals Residuals

mird, (mJy)

maxS, (mJy)

M

M*

N

Burst0to3.5

BurstOto-3.5

Burst-1tol

0:0

0:0

-1:-1

none for 4.2hrs 9.99 +30
+1.75/0.6hrs for 1.2hrs
none for 1.8hrs
-1.75/0.6hrs for 1.2hrs
none for 4.2hrs

none for 4.2hrs 10.00 +30
-1.75/0.6hrs for 1.2hrs

none for 1.8hrs

+1.75/0.6hrs for 1.2hrs

none for 4.2hrs

none for 4.2hrs 10.00 +15
+1/0.6hrs for 1.2hrs
none for 1.8hrs
-1/0.6hrs for 1.2hrs
none for 4.2hrs

-33.84

-41.16

-17.94

40.64

36.34

21.15

LT



Table C.1: (continued from last page)

Label Name Start/end Spectral index Fitted Image Residuals Residuals
O values variation S (Jy) range (mJy) mity, (mJy) maxS, (mJy)
N* Burstlto-1 1:1 none for 4.2hrs 10.00 +15 -23.35 20.38

-1/0.6hrs for 1.2hrs
none for 1.8hrs
+1/0.6hrs for 1.2hrs
none for 4.2hrs

O Burst-2to2 -2:-2 none for 4.2hrs 10.00 430 -39.97 45.15
+2/0.6hrs for 1.2hrs
none for 1.8hrs
-2/0.6hrs for 1.2hrs
none for 4.2hrs

o* Burst2to-2 2:2 none for 4.2hrs 10.00 +30 -46.03 40.16
-2/0.6hrs for 1.2hrs
none for 1.8hrs
+2/0.6hrs for 1.2hrs
none for 4.2hrs
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Table C.1: (continued from last page)

Label Name Start/end Spectral index Fitted Image Residuals Residuals
[ values variation S, (Jy) range (mJy) mis, (mJy) maxS, (mJy)

P Burst-3.5t03.5 -3.5:-3.5 none for 4.2hrs 10.00 +50 -67.26 76.66

+3.5/0.6hrs for 1.2hrs

none for 1.8hrs

-3.5/0.6hrs for 1.2hrs

none for 4.2hrs
p* Burst3.5t0-3.5 3.5:3.5 none for 4.2hrs 10.00 +50 -76.44 66.05

-3.5/0.6hrs for 1.2hrs
none for 1.8hrs
+3.5/0.6hrs for 1.2hrs
none for 4.2hrs
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