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Abstract

Astrophysical jets are ubiquitous phenomena in our universe, linked to a
wide range of objects, from young stars to black holes. These powerful, highly
collimated outflows deposit significant amounts of energy and matter into the
surrounding medium, affecting star formation, galaxy evolution, and even the
distribution of matter in the universe. However, despite decades of research, our
current knowledge of the physics that gives rise to and governs the behaviour
of these jets is still extremely limited. Of all the systems that launch jets, X-
ray binaries are particularly excellent testbeds, as they evolve through bright
outburst phases on rapid timescales of days to months, providing a real-time
view of how these jets evolve and interact with their environment.

In this thesis, I develop a new suite of data reduction, analysis, and mod-
elling techniques to extract unknown jet properties from observational data of
X-ray binary jets. In particular, I explore how the jet emission changes with
frequency (through the broad-band spectrum), time (through the temporal
variability properties and high resolution imaging), and in response to changes
in the X-ray emission from the accretion flow (through disc-jet coupling corre-
lations). I also analyze the conditions in regions where these jets are interacting

with their local environment. Further, through this work I demonstrate that
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the relatively untested mm/sub-mm frequency bands provide a unique view-
point on these jets, and allow us to open up new ways to study jet phenomena

across the X-ray binary population.
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Chapter 1

Introduction to Studying Jets in
Astrophysics

Astrophysical jets are powerful outflows of energy and matter that have been
identified in a wide range of objects (e.g., young stars, supernovae, gamma-ray
bursts, and black holes; Mirabel & Rodriguez 1999; Fender 2010). These jets
are thought to play key roles in many different astrophysical processes, from
star formation to galaxy evolution (Silk & Rees, 1998; Fabian, 2012; Mirabel
et al.,, 2011). Of all the systems that launch jets, X-ray binaries (XBs) are
ideal laboratories for studying jet phenomena, due to their close proximity
(located at kiloparsec distances) and the rapid timescales of XB jet activity
(days—months), which provide a real-time view of how these jets evolve and

interact with their environment.

1.1 X-ray Binaries (XBs)

XBs are binary systems containing a stellar mass black hole or neutron star
(BH or NS; i.e., the compact remnant of a massive star), that is accreting
matter from a companion star (see Figure 1.1). In these binary systems, the

matter transferred away from the companion star possesses a significant amount
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Figure 1.1: Schematic of an XB system and its surrounding environment, where, in
this case, the compact object is a black hole. The components of the system (and
the frequencies at which their emission dominates), as well as the zones where the
jets collide with the surrounding medium (jet working surfaces), are labelled. A map
of the frequency bands from the electromagnetic spectrum that can be sampled by
different telescopes and are considered in this thesis, is shown at the top of the panel
(background image credit: R. Hynes).

of angular momentum, preventing the accreted material from directly falling
toward the compact object. Alternatively, a differentially rotating accretion
disc is formed (Frank et al., 2002). As the matter in this accretion disc orbits
around the compact object, angular momentum is transferred outwards (due to
processes that convert kinetic energy into internal energy that can be radiated
away; Balbus & Hawley 1991), resulting in the matter falling farther toward
the compact object. At some point, a portion of the accreted material can also

be transported back outwards in the form of a bi-polar relativistic jet.

From an observational perspective, these binary systems produce emission



across the electromagnetic spectrum, where jet emission dominates in the lower
frequency bands (radio, sub-mm, infrared) and emission from the accretion flow
dominates in the higher frequency bands (optical, X-ray). The jet emission orig-
inates from synchrotron radiation (characterized by a non-thermal spectrum,

! and at times a high degree of linear polariza-

high brightness temperature
tion), due to the presence of highly relativistic electrons and magnetic fields in

these systems (Mirabel & Rodriguez, 1999; Fender, 2006).

1.1.1 Types of Jets

Two types of jets have been observed in XBs, depending on the rate at which
mass is accreted onto the compact object; a compact jet at lower accretion
rates, and ballistically moving jet ejecta, with apparent proper motions that
can exceed the speed of light, at higher accretion rates.

Compact jets are collimated outflows of relativistic plasma. Observationally,
these compact jets are characterized by a flat to slightly inverted optically thick
broad-band spectrum (o > 0, where f, o« v*; Fender 2001), extending from
radio through sub-mm frequencies and above (Corbel & Fender, 2002; Casella
et al., 2010; Tetarenko et al., 2015d). This spectrum becomes optically thin
(aw ~ —0.7; Russell et al. 2013b) often around infrared frequencies, resulting in a
spectral break (Vprearc ~ 101711 Hz; e.g. Russell et al. 2013b,c; Diaz Trigo et al.
2018). While compact jets are traditionally thought of as steady, persistently
emitting phenomena, compact jet emission in XBs has been observed to vary
over a range of timescales (< 1 day to months; e.g., Pooley & Fender 1997;
Corbel et al. 2000; Fender et al. 2004a; Miller-Jones et al. 2009; Fender et al.
2009; Curran et al. 2014; Tetarenko et al. 2015d). Further, compact jets have

only been directly imaged (resolved) with Very Long Baseline Interferometry

I The brightness temperature is defined as the temperature of a black-body having the
same brightness as the target source at that particular frequency. This term is often used in
radio astronomy, where the Rayleigh-Jeans regime is applicable (Taylor et al., 1998).



05.70"3

Declination (J2000)

+35°12'05.67"

=1

S

0|

91.6720° 216715 21.6710°  21.6705°  21.6700° 19"58"21.6605°
Right Ascension (J2000)

Figure 1.2: An example of radio emission observed from a XB compact jet. This high
resolution image of the compact jet in Cygnus X-1 is created from a data set taken
with the Very Long Baseline Array (VLBA) in the 15.4 GHz band (image credit: J.
Miller-Jones, private communication). The color scale (units of mJy) and contours
(2™ times the base level of 0.016 mJybm~!, where n = 2.3,3,3.5,4,4.5,5,6,7,7.5)
represent the intensity of the radio emission. The purple ellipse indicates the synthe-
sized beam size. The compact jet in Cygnus X-1 is resolved along the jet axis out to
~ 15 mas (at a distance of 1.86 kpc this corresponds to ~ 18 AU). An asymmetric,

one-sided jet is observed in this system due to the Doppler boosting effect (see §1.1.3
for details).

(VLBI) in a limited number of cases (e.g., GRS 19154105 and Cygnus X-1;
Stirling et al. 2001; Dhawan et al. 2000). These VLBI studies suggest that
compact jet size scales along the axial direction are on the order of a few
astronomical units (AU; 1AU = 1.5 x 10 cm or ~ 500 light seconds), and

place upper limits on compact jet widths on the order of sub-AU scales (see

Figure 1.2).

The spectral, temporal, and morphological characteristics of compact jets

are all consistent with their being produced as a result of partially self-absorbed



synchrotron emission, where each frequency below the spectral break probes
emission from the optical depth 7 = 1 surface, coming from a narrow range
of distances downstream in the jet (Blandford & Konigl, 1979; Falcke & Bier-
mann, 1995). In this model, emission from the higher frequencies (i.e., sub-
mm /infrared) originates from regions along the jet axis that are closer to where
the jet is launched, while lower frequency (i.e., radio) emission originates from
regions farther down the jet axis. The location of the spectral break marks
the most compact region of the jet, where particles are first accelerated to high
energies (Markoff et al., 2001, 2005). The exact spectral shape (i.e., optically
thick and thin spectral indices) is believed to depend on jet properties such as
geometry, magnetic field structure, and particle density profiles (Heinz & Sun-
yaev, 2003; Markoff et al., 2005; Casella & Pe’er, 2009; Russell et al., 2013c;
van der Horst et al., 2013; Russell et al., 2014), as well as the plasma conditions
in the region where the jet is first accelerated (Polko et al., 2010, 2013, 2014;
Koljonen et al., 2015).

Jet ejecta are discrete clouds of plasma travelling at bulk relativistic speeds
(see Figure 1.3). Observationally, these ejecta are characterized by an optically
thin spectrum at frequencies above the self-absorption turnover in the spec-
trum (a < 0), can be routinely resolved with VLBI (e.g., Hjellming & Rupen
1995; Tingay et al. 1995; Miller-Jones et al. 2004), and are often accompanied
by bright, multi-frequency flaring activity. Based on the above observational
characteristics, jet ejection events are believed to be the result of the injec-
tion of energy and particles to create an adiabatically expanding synchrotron
emitting plasma, threaded by a magnetic field (e.g., van der Laan synchrotron
bubble model; van der Laan 1966; Hjellming & Johnson 1988; Hjellming & Han
1995). These ejection events have been linked to both X-ray spectral and tim-
ing signatures (e.g., Fender et al. 2009; Miller-Jones et al. 2012; Russell et al.
2014; Kalemci et al. 2016), although a definitive sequence of events leading to

jet ejection has not yet been identified.
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Physical Size Scales: 1 pc = 3x10"8cm, 1 kpc = 1000 pc

(a) Centarus A

U

(c) SS 433 '_ : : e . (d) Cygnus X~

Figure 1.4: Examples of jet interaction sites identified near known black hole jet
sources. Panels (a) and (b) display radio frequency images of active galactic nuclei
(AGN; the more massive analoges to XBs, where a super-massive black hole can
accrete at the center of a galaxy, image credits: NRAQ), where large scale radio
lobe structures are observed. Panels (¢) and (d) display jet interaction sites near XB
sources in our Galaxy (Dubner et al., 1998; Gallo et al., 2005b). The location of the
black hole (black star), and the direction in which the jets propagate (purple cones)
are indicated, where the background color map represents the intensity of the radio
emission (blue is faint, red is bright).

Given that XBs can release a large portion of liberated accretion power into
their relativistic jets (Heinz & Grimm, 2005; Russell et al., 2010), both types
of jets are predicted to significantly influence their surrounding environment.
For example, Fender et al. 2005 estimate that XB jets can inject ~ 1% of the
time-averaged luminosity of supernovae into the surrounding ISM. XB energy
injection can work to heat the ISM, generates interstellar turbulence, produces
high-energy cosmic rays, seed the ISM with magnetic fields, and possibly stim-
ulate star formation (Heinz et al., 2008; Mirabel et al., 2015). However, the way

in which these jet-ISM interactions manifest themselves (e.g., flux, morphology,



chemistry) near XBs has not been well characterized. To date, there are only
two XBs (SS 433; Dubner et al. 1998, and Cygnus X-1; Gallo et al. 2005b; see
Figure 1.4) where confirmed jet-ISM interaction sites have been detected (i.e.,
a jet-blown bubble/cavity and shock excited gas are observed). Although, a
number of other potential candidate interaction sites have been suggested in
the vicinity of different XBs (e.g., 1E1740-2942; Mirabel et al. 1992, GRS 1758-
258; Marti et al. 2002, GRS 1915+4+105; Kaiser et al. 2004; Rodriguez & Mirabel
1998; Chaty et al. 2001; also see Chapter 8 of this thesis).

Despite being studied for decades and across multiple XB systems, there
are still many fundamental unknowns when it comes to both types of XB jets.
The most notable unknowns include jet composition, jet speeds, the occurrence
of jet precession, and jet launching mechanisms. For example, while it is clear
the jet plasma contains electrons, it is unclear whether they are paired with
positrons or protons (where evidence for baryonic jet content, in the form of
relativistically Doppler shifted emission lines, has been observed in only two
XB sources, SS 433 and 4U 1630-472; Margon et al. 1979; Kotani et al. 1994;
Diaz Trigo et al. 2013). While jet ejecta speeds have been directly measured
in multiple XBs (I" ~ 1 — 2; Hjellming & Johnson 1981; Hjellming et al. 2000b;
Hjellming & Rupen 1995), compact jet speed has never been directly measured.

Further, the mechanisms by which these jets are launched and accelerated
remains as another open question in the field today. While several mechanisms
of jet production and collimation have been suggested, the magnetically driven
theories are currently favoured, as magnetic acceleration mechanisms can simul-

taneously produce the required relativistic velocities and collimation properties

2We note that while Diaz Trigo et al. (2013) interpret the discovery of Doppler shifted
X-ray emission lines in 4U 1630-47 as evidence for baryonic matter in the jets of this system,
alternate explanations have also been presented. For example, Wang & Méndez (2016)
reanalyze the data presented in Diaz Trigo et al. (2013), finding that a different X-ray spectral
model (utilizing different S and Fe abundances in the ISM material along the line of sight)
can also fit the data. Additionally, Neilsen et al. (2014) find no evidence of Doppler shifted
emission lines in an earlier observation of this source.



of these jets (Mirabel & Rodriguez, 1999; Meier et al., 2001). This magneto-
hydrodynamical (MHD) mechanism has been applied to accretion discs and
rotating black holes in the form of two main models, the Blandford-Payne
mechanism (Blandford & Payne 1982) and the Blandford-Znajek mechanism
(Blandford & Znajek 1977). The Blandford-Payne mechanism operates by
extracting rotational energy and angular momentum from the accretion disc
through magnetic fields anchored to the disc, while the Blandford-Znajek mech-
anism operates by extracting the spin energy of the black hole through magnetic
field lines threading the event horizon®. Although, it is important to note that
it is entirely possible for more than one launching mechanism to be operating

in accreting XB systems, under different conditions or at different scales.

1.1.2 Phenomenology and Evolution

Many XB systems are transient in nature, evolving from periods of inactivity
into a bright out-bursting state on timescales of days to months. In these
transients, outburst periods are characterized by rapid increases in the X-ray
luminosity (an observational proxy for mass accretion rate), which can approach
levels as high as the Eddington limit*, as well as the increase in intensity of
the jet emission. As XBs evolve from quiescence into outburst and back again,
they pass through different accretion states (defined through various X-ray
spectral and temporal properties; see Done et al. 2007 and references within
for details). Multi-wavelength observational studies of many XBs throughout

their outbursts have revealed that changes in the accretion flow (probed by

3Punsly & Coroniti 1990 imagined another jet production mechanism similar to the
Blandford-Znajek mechanism. In this mechanism, the magnetic field lines do not thread
the event horizon, but instead are anchored in the accreting plasma, and in turn are subject
to frame dragging effects near the black hole.

4The Eddington limit is the luminosity, assuming pure hydrogen accretion and spheri-
cal symmetry, where the outwards radiation force (on the electrons) balances the inwards
gravitational force (on the protons). The Eddington luminosity scales linearly with mass,

Lpaq = MM 2 1.3 % 1095 2 exgs~! (Frank et al., 2002).



the X-ray emission) are closely linked to morphological, spectral, and temporal
changes in the jet (probed by radio emission, e.g., Migliari & Fender 2006;
Tudose et al. 2009; Miller-Jones et al. 2012; Corbel et al. 2013).

In black hole X-ray binary (BHXB) systems, a phenomenological model has
been put forward to explain this disc-jet connection, where changes in mass
accretion rate are the catalyst driving changes in jet behaviour (Tananbaum
et al., 1972; Blandford & Konigl, 1979; Vadawale et al., 2003; Fender et al.,
2004a, 2009). In quiescence and the hard X-ray accretion state a compact
jet is present. As the system evolves through the rising hard state, where
the X-ray luminosity (and, in turn the mass accretion rate) increases, the jet
velocity and power are also thought to increase. At the same time, the compact
jet spectrum has been observed to evolve, where the location of the spectral
break appears to shift to lower frequencies (toward the radio regime), as the
source begins to transition into a softer accretion state (van der Horst et al.,
2013; Russell et al., 2014). This spectral evolution cannot be driven solely
by optical depth effects, which predict an opposite scaling for the spectral
break frequency (Vpeak o< M?/3). Alternatively, recent work (Koljonen et al.,
2015), which shows a correlation between the location of the spectral break
and the photon index of the X-ray spectrum, suggests that the flux density
and location of the spectral break (tracing the particle acceleration properties
within jets) may instead be connected to the properties of the plasma close
to the black hole. When the source makes the transition from hard to soft
accretion states at higher luminosities, the system launches discrete jet ejecta
(Mirabel & Rodriguez, 1994; Hjellming & Rupen, 1995; Kuulkers et al., 1999;
Corbel et al., 2002; Miller-Jones et al., 2012; Brocksopp et al., 2013), possibly
as a result of internal shocks in the jet flow produced by the changes in jet
velocity. Once the source reaches the soft state, jet emission is believed to
be quenched altogether (or faint enough to be below the detection thresholds
of current instruments; Fender et al. 1999b; Corbel et al. 2001; Russell et al.

10



2011; Coriat et al. 2011b; Rushton et al. 2016), with any residual radio emission
usually attributed to an interaction between the jet ejecta and the surrounding
medium (e.g., Corbel et al. 2004). The compact jet is then re-established as
the source moves back into the hard state (where the jet is re-established well

before quiescence; Kalemci et al. 2013).

Similar to BHXBs, neutron star X-ray binary (NSXB) jet behaviour is also
thought to be governed by mass accretion rate (e.g., Homan et al. 2010). In
terms of the disc-jet connection, NSXB and BHXB systems display both sim-
ilarities and differences (Migliari & Fender, 2006). A compact jet is observed
in NSXBs at lower X-ray luminosities (< 0.1 Leqq) in hard accretion states
(Migliari et al. 2010), and discrete jet ejections have been found at higher X-
ray luminosities (e.g., Fender et al. 2004b, Fomalont et al. 2001a; Spencer et al.
2013), as seen in BHXBs. However, BHXBs tend to be much more radio loud
than NSXBs at the same X-ray luminosity (Fender & Kuulkers 2001; Migliari
& Fender 2006), and NSXB jets do not all appear to be fully quenched in softer
accretion states (Migliari et al., 2004).

A key observational tracer of the disc-jet connection in different classes
of XBs is the radio/X-ray correlation (see Figure 1.5), relating radio and X-
ray luminosities (Lg o Li, where [ represents the disc-jet coupling index;
Gallo et al. 2003; Corbel et al. 2013). This empirical relationship couples a
compact, partially self-absorbed synchrotron jet (probed by radio emission)
to the properties of the accretion flow (probed by X-ray emission), where we
assume that the total jet power is a fixed fraction of the accretion power and
that X-ray luminosity depends on mass accretion rate (Falcke & Biermann 1995;
Heinz & Sunyaev 2003; Markoff et al. 2003). Further, through the addition
of a mass parameter, this correlation has been extended across the BH mass
scale to include AGN, the supermassive analogues of BHXBs (Merloni et al.,
2003; Falcke et al., 2004; Plotkin et al., 2012). While BHXBs have been well

studied in this plane (where different systems, sampled over several orders of
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Figure 1.5: Disc-jet coupling correlation for XBs, relating radio luminosity (at
5 GHz) to X-ray luminosity (in the 1-10 keV band). Different types of accret-
ing stellar-mass compact objects are shown; black holes (BHs; binaries harboring
black holes), neutron stars (NS; binaries harboring non-pulsating neutron stars), ac-
creting milli-second X-ray pulsars (AMXPs; accreting neutron star binaries where
X-ray pulsations at the spin period of the neutron star are observed), transitional
milli-second pulsars (tMSPs; accreting neutron star binaries that switch between
a rotation-powered pulsar state and an accretion-powered state), and out-bursting
cataclysmic variables (CVs; binaries harboring white dwarfs). The best-fit relation
for black holes (8 = 0.61, grey dashed; Gallo et al. 2014) is also shown. This plot is
produced using the repository of Bahramian et al. 2018.

magnitude in X-ray luminosity, are known to display correlations that range
from g ~ 0.6 — 1.8; Coriat et al. 2011b; Gallo et al. 2014; Russell et al. 2015;
Gallo et al. 2018), the different classes of NSXBs are not as well sampled, and
have shown more complex behaviour when compared to the BHXBs (Migliari
& Fender, 2006; Miller-Jones et al., 2010; Deller et al., 2015; Papitto et al.,
2013; Tudor et al., 2017). An active area of research today involves building a

larger sample of XB systems with measurements in this plane, to understand
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what factors drive the differences between black hole and neutron star systems.

1.1.3 Relativistic Effects

As XB jets are moving at relativistic speeds and the jet axis is often inclined
to our line of sight, both relativistic and projection effects will influence the
emission we observe. In particular, there are several important effects that take

place.

Relativistic Beaming: Relativistic beaming is an effect in which radiation
from a relativistically moving source (where 3 = ¥ represents the velocity as
a fraction of the speed of light) appears concentrated in the direction of its
motion, according to a stationary observer. This effect is a direct consequence

of light aberration, or the apparent shift in the direction of radiation emitted

by a moving source, and is described as follows (Bradt, 2008),

cos 0/ + 3

g B8 TP
o 1+ Bcosf’

(1.1)

where ' denotes variables in the rest frame of the source, and # represents the
angle between the jet axis and the line of sight. The broad-band spectrum we
observe from relativistic jets is a direct consequence of this effect. As the elec-
trons in the jet spiral around the magnetic fields lines, a beam of synchrotron
radiation emitted from these jets sweeps past the observers line of sight. The
observer sees a narrow pulse of radiation, whose Fourier transform produces

the observed spectrum from these jets.

Doppler Boosting: Doppler boosting is an effect that enhances/diminishes
(boosts/de-boosts) the intensity of the received radiation from a relativistically
moving source. This effect originates from a combination of the relativistic

Doppler effect (v = d2/; where the Doppler factor § = Lz

) and relativis-

tic beaming. Considering a source of relativistically moving electrons from a
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jet emitting synchrotron emission (which follows a power-law spectrum, with
spectral index «), the intensity of the observed jet synchrotron emission is re-
lated to the intensity seen in the rest frame (at the same frequency)® through
I,(v) = I’ (v). In the context of relativistic jets, Figure 1.2 displays a
direct consequence of Doppler boosting, where we only observe a one-sided jet

from the XB Cygnus X-1.

Superluminal Motion: Superluminal motion is apparent motion that ap-
pears to be faster than the speed of light. For a discrete blob of relativistic
plasma ejected at a speed fc¢, and at an angle 6 with respect to the line of
sight, the transverse motion travelled across the sky in some interval of time,

At, can be represented as (Mirabel & Rodriguez, 1999),

ﬁtmnsc == dZa;S = /BC sin 6 (12)

However, due to the classical Doppler effect the interval between the recep-

tion of two photons by the observer is smaller than the interval between their

v cos OAL _

emission. Therefore, we must replace At above by At.,,s = At — .

At(1 — Peos @), yielding the following apparent motion of the blob across the

sky as seen by the observer,

BesinfgAt  Besind

Bapp € = Atgrs (1 — Bcosf) (1.3)

At highly relativistic velocities (like those present in a jet), angles of § ~ 5°—10°
will produce apparent velocities across the sky that exceed the speed of light.
The detection of superluminal motion from XB jet sources (first observed in
GRS 19154105 and GRO J1655-40; Mirabel & Rodriguez 1994, 1999; Tingay

et al. 1995), represented the first evidence that these jet sources were travelling

5This doppler factor dependence is only true for discrete emission. For a continuous jet the
flux is reduced by one doppler factor, as the observed emitting length of the jet is compressed
by Lorentz contraction.
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at significantly relativistic velocities (with Lorentz factors I' > 2, where I' =

(1 52)77).

1.2 Observational Techniques

To observe XB jets in the lower frequency (radio and mm/sub-mm) bands, we
must utilize either single dish telescopes or interferometers (an array of mul-
tiple single dish telescopes operating together to synthesize a large aperature
telescope with increased sensitivity and angular resolution). In this section, I
outline how both types of telescopes measure astronomical signals, the calibra-
tion procedures needed to extract scientific measurements from the data, and
special considerations that need to be taken into account when observing at

higher mm /sub-mm frequencies.

1.2.1 Interferometric Arrays and Single Dish Telescopes

An interferometer measures the spatial coherence function of the electric field
of a astronomical signal (referred to as the complex visibility, V). This spatial
coherence function is related to the sky brightness distribution (modified by
atmospheric and instrumental effects) through the Fourier transform (Taylor
et al., 1998).

In the case of a simple two-element interferometer, the complex visibility

can be expressed as,

V,(b) = / / I,(s)e™ 2" do) (1.4)

where the baseline vector (b) defines the separation between the two antennas,
s represents the vector direction of the astronomical source, and I(s) indicates
the observed intensity, at a frequency v, from solid angle df2.

In multi-element interferometers (containing N antennas and N(N-1) /2 base-
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lines between antennas), a specific geometric coordinate system referred to as
the uv-plane is utilized. In this system, the baseline vectors have components,
u, v and w (measured in wavelengths), while positions on the sky are defined
with components I, m and n = v/1 — 2 — m2, which represent direction cosines
measured with respect to the u, v, and w axes, respectively. In this coordinate

frame (and ignoring the w terms), the complex visibility can be expressed as,

V(u,v) = / / A, (1, m)L(1,m)e 2™l didm | (1.5)

where A, (I, m) represents the primary beam, describing the sensitivity of the in-
terferometer to the direction of the arrival of the radiation. The interferometer
will make several measurements of this complex visibility (each measurement

contains an amplitude and phase) at different points in the uv-plane.

The observed visibilities sampled by the interferometer differ from the true
visibilities due to instrumental (hardware and software, electronics, and digi-
tal correlation) and environmental (atmospheric conditions, weather, and RFI)
properties. Therefore, a calibration process must be used to recover the true
visibilities. Denoting the observed visibilities as 17;,]-(75, v) and the true visibili-

ties as V; ;(¢,v), the basic calibration formula is as follows,
Viglt.v) = Gig(t, »)Vis(t,0). (1.6)

where G;j(t,v) represents factorable antenna based complex gains, dependent
on frequency and time. These complex gains can be separated into antenna-

based amplitude and phase corrections.

To utilize the calibration equation, calibrator sources (whose true visibilities
are known) are observed in the sky intermittently with the target source. This
sequence allows one to solve for the complex gains, and apply these corrections
to the target source data. However, calibration using these external calibrators

is imperfect and sometimes cannot completely correct errors in the target source
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visibilities (e.g., most calibrators can not be observed simultaneously with the
target and all calibrators are not in the exact same position in the sky as the
target). Therefore, in some cases, self-calibration, an iterative process in which
a target is essentially used to calibrate itself by producing a model (through

clean, see below) of the sky intensity distribution, can be used.

To estimate the sky brightness distribution, the Fourier transform of the

calibrated visibilities is taken,

TP(1I,m) = //V(u,v)e%i[“l“m]dldm (1.7)

where TP (I, m) represents the modified sky brightness (or dirty image). Mathe-
matically, the dirty image is represented as, TP (I, m) = A(l,m)I(l,m)*s(l, m);
containing contributions from the true sky brightness, multiplied by the pri-
mary beam, and convolved with the point spread function (s(l,m); or dirty
beam). The dirty beam represents the Fourier transform of the sampling pat-
tern in the uv-plane, and thus takes into account the fact that we are sampling
the Fourier domain at discrete points. To recover an image of the true sky
brightness distribution from the dirty image, we must use the deconvolution
process. This process utilizes non-linear iterative techniques to interpolate
our measured visibility samples into un-sampled regions of the uv-plane, and
Fourier transforms them to produce an image. The clean algorithm (Hogbom,
1974; Clark, 1980) is the predominant deconvolution algorithm used today in
radio astronomy, and on the majority of data in this thesis. Although, we note
that in cases where the uv-plane is sparsely sampled, building a source model
directly in uv space (instead of through the clean process) can be beneficial

(see Chapter 7 of this thesis).

A single dish telescope operates on the same basic principles as an interfer-
ometer. In particular, a single dish telescope can be visualized as a zero-spacing

interferometer (baseline b = 0), which measures the total power received (Sta-
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nimirovic et al., 2002),

Py / / L,(8)Po(s)dS2 . (1.8)

Here P,(s) represents the sensitivity of the antenna as a function of the direc-
tion of received radiation. A single dish can detect a target source signal by
discerning small changes in this received power, and separating the real astro-
nomical signal from the noise. The signals received by a single dish telescope

are defined in terms of the antenna temperature,

T, = QLA / / T(s)Po(s)dS2 (1.9)

where 24 = z—i represents the antenna beam solid angle (dependent on wave-
length A, and the effective collecting area of the antenna A.), and T'(s) repre-
sents the brightness temperature (or equivalent temperature of a black-body
for the given source brightness). To separate the target source signal from the
noise component, a single dish auto-correlates the signal received, in contrast

to an interferometer, which cross-correlates signals from many antennas.

Single dish telescopes operating at short mm/sub-mm wavelengths (as used
in this thesis) often use incoherent detectors, known as bolometers, to probe
continuum emission (measuring only intensity, and not preserving the phase
information of the incoming radiation). A bolometer is simply a very sen-
sitive thermometer or total power detector, which identifies changes in heat
input from its surroundings and converts this to a measurable quantity such as
voltage/current (Stanimirovic et al., 2002).

Similar to interferometry, to calibrate single dish data the contributions
from the sky, atmosphere, ground, and electronics must be removed to extract
the astronomical source signal, and the signal measured by the telescope must
be converted to physical units. As the specific calibration techniques used for

single dish telescopes are typically dependent on the instrument and atmo-
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spheric conditions of the observing site, I will focus only on the procedures of
the James Clerk Maxwell Telescope (JCMT) telescope used in this thesis. This
telescope operates in a scan observing mode, where the telescope continuously
moves in a well defined pattern about the target source position, designed to
best distinguish the fixed source signal from a slowly varying noise signal (e.g.,
from the atmosphere). In turn, an iterative calibration process is implemented,
whereby individual contributions of the total time-dependent bolometer signal
are modelled, and then subtracted in order of decreasing magnitude to ulti-
mately isolate the target source signal. An image is produced by resampling
the remaining time series bolometric data onto a predefined map grid, where
this map is deconvolved to estimate a target source brightness model. The
output data from this process is converted to flux units using a similar process
to an interferometer, whereby calibrator sources with known flux properties
are observed to solve for a conversion scale factor between instrumental and
physical units.

The fundamental difference between single dish antennas and interferomet-
ric arrays is the range of spatial frequencies to which the instrument is sensitive
(e.g., a single dish probes emission on larger scales that will be resolved out
by an interferometer). Thus, most observations of XBs (which are often point
source type objects, not extended objects), can be accomplished with both

single dish and interferometric arrays.

1.2.2 Observing in the (Sub)-millimetre Bands

The mm/sub-mm frequency bands offer an important view of XB jets, as they
uniquely allow us to isolate radiation produced by the jet from radiation pro-
duced in the accretion flow in regions near the black hole, where the jet is
launched and accelerated. However, observing at sub-mm frequencies is tech-
nically more difficult than lower radio frequencies, due to both the adverse

effects of the atmosphere on the observed signal and the availability of bright

19



calibrator sources.

In the tropospheric layer of the atmosphere, water vapor can significantly
increase the opacity at mm/sub-mm frequencies. This increased opacity will
alter both the observed amplitudes (high opacity can attenuate the source
signal and add thermal noise to the signal) and phases (variable water vapor
leads to path length variations of the signal, and in turn phase fluctuations)
of the astronomical signal observed. Phase fluctuations can be particularly
detrimental, as they can lead to de-correlation (the source flux is effectively
spread throughout the image, reducing the observed amplitudes of the target
souce from the true value), poor seeing (poor phase stability can limit spatial
resolution), and anomalous refraction (phase gradients across an antenna can

change the apparent position of the source).

To account for these atmospheric effects, two additional calibration steps
need to be taken at mm/sub-mm frequencies: a system temperature calibration
to correct for the amplitude effects, and a water vapor correction to correct for
the phase effects. The system temperature correction typically involves com-
paring measurements of the sky and an ambient load, to estimate the back-
ground sky and receiver temperatures. The water vapor correction involves the
monitoring of an atmospheric water line. These real-time water vapor measure-
ments are then combined with an atmospheric model to estimate path delays
and phase corrections. Both of these corrections can be applied on-the-fly

during observations or as apriori offline calibration steps.

Another consideration facing mm/sub-mm observations is the limited avail-
ability of absolute flux calibrators. At lower radio frequencies, non-variable
point sources, such as quasars, are used as flux calibrators. However, these
quasars are typically faint at mm/sub-mm frequencies (due to their optically
thin spectrum), and often cannot be used at mm/sub-mm frequencies. In turn,
solar system objects, which can be approximated as black-bodies of known size

and temperature, are commonly used. However, as many of these solar system
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bodies are resolved (i.e., they are not point sources) with mm/sub-mm inter-
ferometers, and can exhibit bright lines in their spectra at sub-mm frequencies
(e.g., CO lines in Titan), care must be taken when establishing an accurate

model of the calibrator source for use in calibration procedures.

1.3 Statistical and Computational Techniques

Bayesian statistics are used throughout this thesis for data analysis. Therefore,
in this section I will outline the Bayesian statistical theory, discuss how to
set up astronomical problems in the Bayesian formalism, and introduce the

computational methods I used to perform Bayesian data analysis.

1.3.1 Bayesian Statistics

Bayesian statistics is a probability theory used to interpret observed data. This

theory can be derived from two main rules (Sharma, 2017),

p(H|I)+p(H|I)=1 sumrule,

p(H,G|I) = p(H|G,p(G|I) = p(G|H, I)p(H|I) productrule,

where H represents a certain hypothesis being true, G represents an alternative
hypothesis, H represents the suggestion that the hypothesis H is false, and [
represents background information on the probabilities. The sum rule simply
states that the sum of the probabilities for a hypothesis being true and false is

equivalent to unity, while the product rule describes conditional probabilities.

The product rule also directly leads to the Bayes Theorem,

p(D|H, I)p(H|I)

PUHID D === b

(1.10)
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where D represents the observed data, I represents prior knowledge (or back-
ground information) on the problem, and H represents the hypothesis. The
term on the left hand side is referred to as the posterior probability distribution,
and represents the belief about the truth of the hypothesis given the observed
data. The right hand side terms are as follows: p(D|H,I) (likelihood), which
describes the probability of observing the data if the hypothesis is true, p(H|I)
(prior), which describes our prior knowledge of the hypothesis being true, and

p(DI|I) (evidence), which acts as a constant normalization factor.

To implement Bayesian inference to solve an astronomical problem, we need
to establish a likelihood function, define our prior distributions, and compute

the posterior distribution using Bayes theorem.

With many astronomical problems, we have a model (f(#); where 6 repre-
sents the model parameters) that can describe our data, consisting of a set of
measurements, {z;, y; }, with o; measurement errors. The probability of observ-
ing a certain data point, y, given our model (with y,, representing a data point
generated by the model) and the measurement uncertainties, can be expressed

as (Sharma, 2017; Foreman-Mackey et al., 2013),

p(ylo, o) = /f(ymIQ)p(ywm,Uy)dym- (1.11)

For example, in the simple case of a linear model (y = max +b), this conditional

probability becomes,

1Ly Uiy 7b = 1.12
ks mb) = e (4 (1.12)

The likelihood (or total probability) for a set of N measured data points (Y =

Y1, .-, YN ), is equivalent to the product of the conditional probabilities,
N
L=pY0,0) = [ pwlb. o). (1.13)

i=1
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Prior distributions are defined to express our state of knowledge about the pa-
rameters in our model. These priors can restrict allowed values of the posterior
distribution to smaller regions of the parameter space, when compared to the
region allowed from the likelihood function. Priors come in one of two forms:
informative (some prior knowledge on allowable parameter values is known,
e.g., normal distribution) or uninformative (no prior knowledge of a parameter
is known, e.g., uniform distribution).

In most cases, substituting the likelihood and priors into Bayes theorem
does not lead to an analytical solution for the posterior distribution. Therefore,
we often must use other Monte Carlo based methods, which sample from the

posterior distribution, to solve the problem.

1.3.2 Markov Chain Monte-Carlo (MCMC) Methods

Markov Chain Monte-Carlo (MCMC) is one of the most commonly imple-
mented methods used to sample the posterior distribution. This method uses
random numbers to drive a Markov Chain (a sequence of random variables,
where each point in the sequence depends only on the position at the previ-
ous step). When used in Bayesian inference, MCMC generates a random walk
in the parameter space, that over time will draw representative samples from
the posterior distribution. This process is analogous to common Monte-Carlo
integration methods, with the main difference being that in MCMC random
samples are not statistically independent (i.e., they are correlated; Sharma
2017).

While there are many different MCMC algoirthms that can be utilized, the
most general MCMC algorithm is the Metropolis-Hastings algorithm (Metropo-
lis et al., 1953; Hastings, 1970). This iterative algorithm operates by placing a
“walker” within the parameter space at initial position X,. The next proposed
position (X7) is sampled from a proposal distribution (an easy to sample distri-

bution, such as a multivariate Gaussian centered on the current position Xj),
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where the proposed step is either accepted or declined based on an acceptance
ratio comparing the probabilities, p(X;|D) and p(Xo|D) (D represents the ob-
served data). This process is then repeated until convergence is reached. There
exist several diagnostics to define convergence, e.g., using the auto-correlation
length to estimate the number of independent samples in a chain, and compar-
ing the chains of multiple walkers to check that the intra-chain variance across
samples is consistent with the inter-chain variance at a given sample.

In this thesis, I utilize the EMCEE package to implement the MCMC process
(Foreman-Mackey et al., 2013). This package is a pure-python implementation
of Goodman & Weares Affine Invariant MCMC Ensemble Sampler (Goodman
& Weare, 2010), running a modified version of the above Metropolis-Hastings
algorithm. The modified algorithm is much more efficient then the standard
Metropolis-Hastings algorithm, as it utilizes the “stretch move”, whereby it
simultaneously evolves an ensemble of walkers through the parameter space,
and the next proposed position for each walker is based on the current position

of all the other walkers in the ensemble.

1.3.3 Hierarchical Bayesian Models

The simplest case of Bayes theorem (outlined in §1.3.1) describes a situation
where observed data, Y, are generated by a model having a specific set of pa-
rameters, 0, inferred by p(0|Y) o« p(Y|6)p(f). However, real-world problems
are often more complex, where for instance, the primary model parameters
depend on another set of parameters through p(6|¢)p(¢) or the observed data
depend upon another set of hidden variables, X, which in turn depend on
the primary model parameters. In these situations, we can develop a hierar-
chy of Bayesian models. In the former case, 6 and ¢ can be inferred using
p(0,0,Y) x p(Y|0)p(0|p)p(¢), while in the latter case, # and X can be inferred
using p(0, X|Y) o< p(Y|X)p(X|0)p(6) (Sharma, 2017). A hierarchical Bayesian
model is utilized in Chapters 2 and 3 of this thesis to fit the radio/X-ray cor-
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relation.

1.4 Overview and Goals of Thesis

To study XB jets and understand their properties, we must be able to charac-
terize jet emission in different domains. Jet emission can be studied directly, by
observing how the emission changes with frequency (through the broad-band
spectrum), time (through the temporal variability properties and high resolu-
tion imaging), or in response to changes in the X-ray emission from the accre-
tion flow (through disc-jet coupling correlations), as well as indirectly, through
analyzing regions where these jets are interacting with their local environment.
Each of these jet observables will be explored in this thesis, with the main
goal of developing a new suite of data reduction, analyses, and modelling tech-
niques to extract unknown jet properties from observational data. Further,
a secondary (but equally important) goal of this thesis is to build programs
that allow us to accurately sample XB jets in the relatively untested mm/sub-
mm frequency bands for the first time, exploring how the unique mm/sub-mm
viewpoint can add to our understanding of XB jets.

Chapters 2 and 3 describe a collection of works exploring the empirical
disc-jet coupling relationship, relating radio and X-ray luminosity, in the XB
population. In particular, these works aim to analyze the mechanisms that
govern radio luminosity in neutron star systems, where this coupling relation-
ship had not previously been well studied. I use the results of these studies
to quantify the similarities and differences between this disc-jet coupling rela-
tionship in different accreting systems, to understand the key factors that may
govern jet production and evolution (e.g., mass, spin, magnetic fields).

Chapter 4 describes the development and implementation of observational
techniques and computational tools designed to overcome the challenges of

performing a radio frequency time domain analysis, ultimately allowing us to
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connect jet variability properties to internal jet physics.

Chapters 5, 6, and 7 describe a case study of the BHXB V404 Cygni, an-
alyzing the spectral, temporal, and morphological properties of jet emission
observed during its 2015 outburst. These works focus on utilizing different
observational techniques to constrain the geometry, speed, energetics and dy-
namics of the different types of jets launched in V404 Cygni, as well as exploring
how the dynamics of the accretion flow can impact jet production.

Chapter 8 describes the development and implementation of a technique
where astrochemistry is used to identify and probe the regions where BHXB
jets are colliding with the surrounding ISM.

Chapter 9 contains a summary of the main results presented in this thesis,

as well as an overview of future work.
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Chapter 2

Disc-jet coupling in the Terzan 5
neutron star X-ray binary EXO
1745-248

This chapter details the work published in Tetarenko, A.J. et al. 2016, “Disc-jet
coupling in the Terzan 5 neutron star X-ray binary EXO 1745-248", MNRAS,

460, 345-355, exploring the disc-jet coupling relationship in the neutron star
X-ray binaries EXO 1745-248, Aql X-1, and 4U 1728—34.

Abstract

We present the results of VLA, ATCA, and Swift/XRT observations of the 2015
outburst of the transient neutron star X-ray binary (NSXB), EXO 1745—248,
located in the globular cluster Terzan 5. Combining (near-) simultaneous ra-
dio and X-ray measurements we measure a correlation between the radio and
X-ray luminosities of Lp oc L with § = 1.6875:19  linking the accretion flow
(probed by X-ray luminosity) and the compact jet (probed by radio luminos-
ity). While such a relationship has been studied in multiple black hole X-ray
binaries (BHXBs), this work marks only the third NSXB with such a mea-

surement. Constraints on this relationship in NSXBs are strongly needed, as
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comparing this correlation between different classes of XB systems is key in un-
derstanding the properties that affect the jet production process in accreting
objects. Our best fit disc-jet coupling index for EXO 1745—248 is consistent
with the measured correlation in NSXB 4U 1728—34 (5 = 1.5+0.2) but incon-
sistent with the correlation we fit using the most recent measurements from the
literature of NSXB Aql X-1 (8 = 0.767012). While a similar disc-jet coupling
index appears to hold across multiple BHXBs in the hard accretion state, this
does not appear to be the case with the three NSXBs measured so far. Addi-
tionally, the normalization of the EXO 1745—248 correlation is lower than the
other two NSXBs, making it one of the most radio faint XBs ever detected in
the hard state. We also report the detection of a type-I X-ray burst during this

outburst, where the decay timescale is consistent with hydrogen burning.

2.1 Introduction

The accretion process onto compact objects and the production of relativistic
jets are fundamentally connected. Low mass X-ray binaries (XBs), which con-
tain a stellar-mass compact object, such as a black hole (BH) or neutron star
(NS), accreting from a companion star, are ideal candidates to study this re-
lationship, as the rapid (day—week) outburst timescales of these systems allow
us to track accretion and jet behaviour in real-time.

Multi-wavelength studies of XBs have linked changes in the accretion flow
(probed by spectral and variability properties of the X-ray emission) to those
in the jet (probed by radio emission, e.g., Migliari & Fender 2006; Tudose et al.
2009; Miller-Jones et al. 2012; Corbel et al. 2013). In BHXB systems, a phe-
nomenological model has been put forward to explain this connection, where
changes in mass accretion rate are the catalyst driving changes in jet behaviour
(Tananbaum et al., 1972; Blandford & Koénigl, 1979; Vadawale et al., 2003;
Fender et al., 2004a, 2009). In the hard X-ray accretion state an optically-thick,
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steady, compact jet is present. As the mass accretion rate increases during the
rise of the outburst, the jet velocity and power are also thought to increase
(although this has not yet been directly proven from observational data, as
measurements of jet velocity in the hard state are difficult to make). When
the source makes the transition from hard to soft accretion states at higher lu-
minosities , the system launches discrete, optically-thin, relativistically-moving
ejecta, possibly as a result of internal shocks in the jet flow produced by the
changes in jet velocity. The compact jet is quenched as the source moves into
the softer accretion state, and then re-established as the source moves back into
the hard state (where the jet is re-established well before quiescence; Kalemci

et al. 2013).

Similar to BHXBs, NSXB outburst behaviour is also thought to be governed
by mass accretion rate (e.g., Homan et al. 2010). In terms of the connection be-
tween inflow and outflow, NSXB and BHXB systems display both similarities
and differences (Migliari & Fender, 2006). A steady, compact jet is observed in
NSXBs at lower X-ray luminosities (< 0.1 Legq) in hard accretion states (i.e.,
island accretion states; Migliari et al. 2010), and discrete jet ejections have been
found at higher X-ray luminosities (typically seen in Z sources persistently ac-
creting at high fractions of Eddington; e.g., Fender et al. 2004b, Fomalont et al.
2001a; Spencer et al. 2013), as seen in BHXBs. However, BHXBs tend to be
much more radio loud than NSXBs at the same X-ray luminosity (Fender &
Kuulkers 2001; Migliari & Fender 2006). While this could imply NS jets are
less powerful, Kording et al. (2006) suggest that jet power is comparable in
NS/BH systems, and properties such as the mass of the compact object or
radiative efficiency are responsible for the different radio luminosity levels. Ad-
ditionally, NSXB jets do not all appear to be fully quenched in softer accretion
states as they are in BHXBs (Migliari et al., 2004). While commonalities could
indicate that the physical mechanism (possibly related to the mass accretion

rate) powering the jets in both classes of system is similar, differences suggest
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the nature of the compact object still may play an important role. Analyzing
and quantifying the similarities and differences between these systems is key to
understanding the properties that affect the jet production process (e.g., mass,

spin, existence of a surface or event horizon) across all scales.

A key observational tracer of the accretion-jet connection in XBs is the cor-
relation found between radio and X-ray luminosities in the hard state (Lg o
Li, where [ represents the disc-jet coupling index, e.g., fgg ~ 0.6; Corbel
et al. 2003; Gallo et al. 2003; Corbel et al. 2013)!. This non-linear correlation
is consistent with scale-invariant jet models, where a self-absorbed synchrotron
jet is coupled to an accretion flow, total jet power is a fixed fraction of the
accretion power, and X-ray luminosity depends on mass accretion rate (Fal-
cke & Biermann 1995; Heinz & Sunyaev 2003; Markoff et al. 2003). Further,
through the addition of a mass parameter, this correlation has been extended
across the mass scale to include AGN, the supermassive analogues of BHXBs
(Merloni et al., 2003); log(Lx) = {rlog(vLr) — & log My + B, with the co-
efficients, {g = 1.45 £ 0.04, £y = 0.88 £ 0.06, and B = —6.07 £+ 1.10 (Falcke
et al. 2004; Plotkin et al. 2012).

The Lrp L_f{ correlation has been shown to hold in multiple BHXBs
from quiescent luminosities as low as 1079 Loqq to outburst luminosities as
high as 1072 Leqq, above which the compact jet is quenched (we note that
while the correlation holds tightly in individual systems, there is more scatter
when the whole sample of BHXBs is considered together; Gallo et al. 2014;
Plotkin et al. 2016). However, our knowledge of this correlation in individual
NS systems is limited. Two NSXBs (4U 1728—34 and Agl X—1), have measured
correlations, including data spanning only one order of magnitude in X-ray

luminosity (Migliari & Fender, 2006). While 4U 1728—34 shows a correlation

'We note that Coriat et al. 2011b present evidence for two different tracks in this corre-
lation for BH systems, a radio-loud and radio-quiet track, although, recent work by Gallo
et al. 2014 found that a two track description is only statistically preferred when luminosity
errors are < 0.3 dex.
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of Lr o< LY® (Migliari et al., 2003), consistent with what we would expect
from radiatively efficient accretion due to the NS’s surface, there have been
conflicting results for this correlation in Aql X-1. Tudose et al. (2009) measured
L oc L% for Aql X-1, which is more consistent with radiatively inefficient
accretion flows (like those seen in BHXBs). However, Tudose et al. (2009) took
Aql X-1 data from a mixture of accretion states; Migliari & Fender (2006) show
the correlation is consistent with Lp oc LY* when including only data taken
in the hard accretion states for both Aql X-1 and 4U 1728—34 (we note that
the Migliari & Fender (2006) correlation only included 2 data points from Aql
X-1, while the data from the full hard state coverage of the outburst, presented
in Miller-Jones et al. (2010), is more consistent with a flatter correlation).
Including data from softer accretion states could account for the differing disc-
jet coupling indices between Aql X—1 and 4U 172834, although we direct the
reader to the discussion section of this paper for an updated correlation for
Aql X-1 and discussion of this discrepancy. Further, three transitional milli-
second pulsars (tMSPs; binary NS systems that have been found to switch
from a rotation powered pulsar state to an accreting XB state), have recently
been shown to all lie on a shallower correlation, L o< L%, distinct from hard
state NSXBs and much more consistent with BHXBs (Deller et al., 2015). .
In addition to the disc-jet coupling index, the intrinsic normalization of this
correlation clearly varies between BHXBs, NSXBs and tMSPs as groups, and
between individual BHXB systems (Gallo et al., 2014). More well measured
correlations, including normalization and disc-jet coupling indices are needed to
determine which NSXB behaviour is the norm, and determine the mechanisms
driving the difference between the correlations of hard state NSXBs and tMSPs.
Here we report on the third individual NSXB radio/X-ray correlation measured
to date, from data taken during the 2015 outburst of the NSXB EXO 1745-248,

located in the globular cluster Terzan 5.
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2.1.1 Terzan 5: EXO 1745-248

Terzan 5 is a massive (~ 10°M; Lanzoni et al. 2010) globular cluster located
in the Galactic centre region (distance of 5.940.5 kpc; Valenti et al. 2007), with
a high stellar density, leading to a very high stellar encounter rate (the highest
measured so far; Bahramian et al. 2013). This cluster contains three transient
X-ray sources confirmed to be accreting NSs;, EXO 1745—248 (Terzan 5 X-
1), IGR J17480—2446 (Terzan 5 X-2), and Swift J174805.3—244637 (Terzan
5 X-3; Wijnands et al. 2005; Bordas et al. 2010; Strohmayer & Markwardt
2010; Degenaar & Wijnands 2012; Bahramian et al. 2014), as well as several
other detected quiescent X-ray sources (Heinke et al., 2006). Historically, X-ray
activity was first detected from Terzan 5 in 1980, in the form of multiple X-
ray bursts, indicating the presence of an outbursting NSXB (Makishima et al.,
1981; Inoue et al., 1984). Subsequent X-ray activity was observed in 1984,
1990, 1991, 2000, 2002, 2010, 2011, and 2012, where activity in 2000 and 20112
was attributed to EXO 1745—2483 (Heinke et al. 2003; Altamirano et al. 2012;
Serino et al. 2012; see Table 1 in Degenaar & Wijnands 2012 and references

therein for a review of past X-ray activity in Terzan 5).

On 2015 March 13, renewed X-ray activity from Terzan 5 was detected (Al-
tamirano et al., 2015) by the Swift Burst Alert Telescope (BAT; Krimm et al.
2013) transient monitor. While the X-ray position from follow up Swift X-ray
Telescope (XRT) observations (Bahramian et al., 2015b) was consistent with
EXO 1745—248, IGR J17480—2446, and several other quiescent X-ray sources
(Heinke et al., 2006), the spectrum showed a higher than typical hydrogen
column density, Ny = 4 & 0.8 x 10?2 for sources in Terzan 5 (Bahramian
et al. 2014), consistent with previous observations of EXO 1745—248 (Kuulk-
ers et al., 2003). Linares et al. (2015) measured a refined Swift/XRT source

2The 2011 outburst showed superburst activity (Altamirano et al., 2012).
3We note that it is not known whether the Terzan 5 outbursts in the early 80s and 90s
are associated with EXO 1745—248.
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position centered on the known X-ray position of EXO 1745—248 (2.2 arcsec
error circle) further suggesting that the outbursting source in Terzan 5 was
in fact EXO 1745—248. Tremou et al. (2015) detected a radio counterpart
with observations by the Karl G. Jansky Very Large Array (VLA). These ra-
dio observations, which localized the source within 0.4 arcsec of the published
Chandra coordinates (source CX3 in Heinke et al. 2006), and later optical ob-
servations that identified the optical counterpart during this outburst (Ferraro

et al., 2015), confirmed the identification by Linares et al. (2015).

We obtained multiple epochs of (near-) simultaneous VLA, Australia Tele-
scope Compact Array (ATCA), and Swift/XRT observations during the 2015
outburst of EXO 1745—248. In §2.2 we describe the data collection and reduc-
tion processes. In §2.3 we present a refined radio position of EXO 1745—248,
measurements of the jet spectral index, and the radio/X-ray correlation in this
source. §2.4 contains an interpretation of this correlation, comparison to other
NS and BH XB sources, and an analysis of an X-ray burst detected in one of

the Swift/XRT observations. A summary of the results is presented in §2.5.

2.2 Observations and Data Analysis

2.2.1 X-ray Observations

We monitored the outburst of EXO 1745—248 multiple times per week with
Swift/XRT following its detection in 2015. This paper considers only those
observations that are most relevant to analyzing the radio/X-ray correlation
and accretion state transition. We summarize these observations in Table 2.1
and Figure 2.1; these consist of two observations in photon counting (PC)
mode, which produces 2D images, and 19 observations in windowed timing

(WT) mode, which collapses data to 1-dimension for fast readout.
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We used HEASOFT v16.6 and FTooLs? (Blackburn, 1995) for all data reduc-
tion and analysis. All Swift/XRT observations were reprocessed via xrtpipeline
and xselect was used to manually extract source and background spectra. We
used xrtmkarf to produce ancillary response files. Finally, we performed spec-
tral analysis using XSPEC v12.8.2 (Arnaud, 1996) in the 0.3-10 keV band for
PC mode data and the 0.6-10 keV band for WT mode data.

Our PC mode observations in this campaign were heavily piled-up due to
the high count rate of the source. Thus we followed the UK Swift Science Data
Centre pile-up thread® and extracted source spectra from an annulus (13-70
arcsec for the first PC mode observation and 20-100 arcsec for the second
PC observation), excluding the piled-up region in these observations. The PC
mode observations only showed evidence for one bright source.

For heavily absorbed sources, WT data show low energy spectral residuals,
which can cause spectral uncertainties in the < 1.0 keV region®. These residuals
mostly affect grade 1 events and above, and events below ~ 0.6 keV. Thus for
our WT mode data, we extracted spectra only from grade 0 events and excluded
events below 0.6 keV.

We extracted a spectrum from each observation separately and performed
spectral fitting. Our main model for spectral analysis is an absorbed power-
law (TBABSPEGPWRLW in XSPEC), where we assume the cross sections from
Verner et al. (1996) and abundances from Wilms et al. (2000). We use a com-
parison of Swift/XRT and MAXI light curves (Figure 2.1) to aid in defining
which observations are in the hard/soft accretion state. This comparison re-
veals a large drop in the hard flux simultaneous with a rise in the soft flux,
indicative of a hard-to-soft state transition on MJD 57131. Thus for spectra
from Swift/XRT observations after this point, we tried both absorbed pow-

erlaw and absorbed disc blackbody (TBABS*DISKBB in XSPEC) models, and

‘http://heasarc.gsfc.nasa.gov/ftools/
Shttp://www.swift.ac.uk/analysis/xrt/pileup.php
Shttp://www.swift.ac.uk/analysis/xrt/digest_cal.php#abs
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chose the fit with lower x? for this study. Although a two-component model
(e.g., DISKBB+PEGPWRLW) is often used to fit NSXB soft states, we are only
interested in identifying the dominant component (as opposed to performing a
detailed characterization of the spectrum) and obtaining a flux estimate. Thus
we only fit simple one component models for the purpose of this work.

We note that the MAXI and Swift/BAT data do not clearly show the soft-
to-hard state transition, probably because it occurred at a lower luminosity
where the S/N of these instruments is low. However, all observed XB out-
bursts return to the hard state at luminosities above 103 ergs™ (Maccarone,
2003; Tetarenko et al., 2016¢), so we conclude it is extremely likely that the
last two Swift data points, and the ATCA measurement between them, oc-
curred during the hard state. The power law index measured for the June 21
observation, which was more consistent with the hard state observations than
the soft state observations, support this conclusion. Swift/XRT observations
and results of our spectral analysis are reported in Table 2.1. We note that
there is some evidence for a varying Ny between Swift/XRT observations in
Table 2.1. However, given that historical observations of EXO 1745-248 show
little evidence for Ny variation (Degenaar & Wijnands, 2012), and that in-
strumental issues (e.g., pile up in PC mode, low-level calibration issues in WT
mode) can cause uncertainties in spectral fit parameters to be underestimated,
any variations in Ny we observe can likely be attributed to systematic effects
and not a real intrinsic effect in the source. We also detected an X-ray burst

during the March 25 observation, which is discussed in detail in §2.4.2.
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2.2.2 Radio Observations
2.2.2.1 VLA

Terzan 5 was observed with the VLA (Project Code: 14B-216) in three epochs,
2015 March 19, March 24, and April 12. The array was in the B configu-
ration, with a resolution of 0.6 arcsec, and we had 25.9 min on source for
each epoch. All observations were made with the 3-bit samplers in X band
(8 — 12 GHz), comprised of 2 base-bands, each with 16 spectral windows of 64
2-MHz channels each, giving a total bandwidth of 2.048 GHz per base-band.
Flagging, calibration and imaging of the data were carried out within the Com-
mon Astronomy Software Application package (CASA”; McMullin et al. 2007)
using standard procedures. When imaging we used a natural weighting scheme
to maximize sensitivity, two Taylor terms (nterms=2) to account for the large
fractional bandwidth, and did not perform any self-calibration. We used 3C286
(J1331+305) as a flux calibrator and J1751—2524 as a phase calibrator. Flux
densities of the source were measured by fitting a point source in the image
plane (Stokes I with the imfit task), and, as is standard for VLA X band
data, systematic errors of 1% were added. All flux density measurements are

reported in Table 2.2.

2.2.2.2 ATCA

During the 2015 outburst of EXO 1745—248, Terzan 5 was observed with the
ATCA (Project Code: C2877) in two epochs, 2015 April 16 and June 23.
The array was in the 6A configuration (resolution of 1.89/1.16 arcsec at 5.5/9
GHz) in the first epoch, and the 6D configuration (resolution of 1.91/1.16
arcsec at 5.5/9 GHz) in the second epoch. We had 8.0 hrs on source for both
epochs. All observations were carried out at 5.5 and 9 GHz simultaneously,

where each frequency band is comprised of 2048 1-MHz channels, giving a

"http://casa.nrao.edu
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Table 2.2: Summary of Radio Frequency Observations and Flux Densities of EXO
1745—248

Telescope Date MJD* Freq. Flux®° Spectral
(2015) (GHz) (pJybm™!)  Index?

VLA Mar 19 57100.43155 9.0 28.7£6.0
VLA Mar 19 57100.43155 11.0 22.848.0  -1.20%+1.97
VLA Mar 24 57105.53915 9.0 47.846.0 e
VLA Mar 24 57105.53915 11.0 30.3£8.0 -2.20+1.4
VLA Apr 12 57124.40413 9.0 238.1+8.3
VLA Apr 12 57124.40413 11.0 247.6+9.3 0.154+0.26
ATCA Apr 16  57128.75694 5.5 372.0+7.0 e
ATCA Apr 16  57128.75694 9.0 340.0+£7.8  -0.18+£0.06
ATCA Jun 23 57196.60938¢ 5.5 <17
ATCA Jun 23 57196.60938¢ 9.0 <19

% All MJD values quoted represent the mid point of the observations.

b Uncertainties are quoted at the 1o level.

¢ Radio flux density, where uncertainties quoted include the 1% systematic errors
appropriate to both VLA X-band observations and the ATCA 3/6 cm observations.

@ All spectral indices given use the formalism, f, o< v%; where « is the spectral index.

¢ The source was not detected in these observations, fluxes presented here are 30 upper
limits.

total bandwidth of 2.048 GHz per frequency band. Flagging and calibration
were carried out with the Multichannel Image Reconstruction, Image Analysis
and Display (MIRIAD) software (Sault et al., 1995), using standard procedures.
We used 1934-638 as a flux calibrator and 1748-253 as a phase calibrator.
Imaging of the data was carried out within CASA using a Briggs weighting
scheme (robust=1) and two Taylor terms (nterms=2). We did not perform
any self-calibration. Flux densities of the source were measured by fitting a
point source in the image plane (Stokes I with the imfit task), and, as is
standard for ATCA data, systematic errors of 1% were added. All flux density

measurements are reported in Table 2.2.
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2.3 Results

2.3.1 Radio Source Position

Through stacking all three epochs of our VLA data in the uv-plane, we measure

a refined radio position of EXO 1745—248 to be the following (J2000),

RA :  17848™05°.22467 4 0.00084 + 0.01

DEC : —24°46'47".666 £ 0.033 & 0.06

where the quoted error bars represent the statistical error from fitting in the
image plane and the nominal systematic uncertainties of 10% of the beam size,
respectively.

This source position is within 0.33 arcsec of the published X-ray location
of EXO 1745-248 (CX 3 in Heinke et al. 2006; RA/DEC errors 0.002s/0.02
arcsec), and within 0.10 arcsec of the optical location of EXO 1745-248 (Ferraro
et al. 2015; RA/DEC errors 0.01s/0.2 arcsec). The radio source is clearly
unassociated with the two other previously identified NSXBs in Terzan 5; it is
2.4 arcsec away from IGR J17480—2446 (CX 24 in Heinke et al. 2006; RA /DEC
errors 0.005s/0.09 arcsec) and 10.3 arcsec away from Swift J174805.3—244637
(Bahramian et al. 2014; RA/DEC errors 0.02s/0.2 arcsec).

2.3.2 Jet Spectral Indices

To obtain the jet spectral indices we fit (linearly in log space) a power-law to
the derived radio flux densities (between the two-base-bands in the VLA data
and between 5.5 and 9 GHz in the ATCA data) against frequency at each epoch
(f, o< v¥; where « is the spectral index). All spectral index measurements are
reported in Table 2.2. In the March 19 and April 12 VLA epochs, the spectral
index measurements are consistent with a flat (o = 0) or slightly inverted

(v > 0) spectrum, although, in the March 24 VLA epoch and the ATCA epoch
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on Apr 16, the spectral index appears to be more consistent with a slightly
steeper index (a < 0). However, both the March 19 and March 24 VLA epochs
have large uncertainties (due to the low signal-to-noise ratio and small lever arm
in frequency) that make it impossible to conclusively distinguish between steep,
flat, or an inverted spectra. A flat or slightly inverted spectrum, commonly seen
from compact jets during hard accretion states in BHXBs (Fender et al., 2001)
and some NSXBs (e.g., Migliari & Fender 2006; Migliari et al. 2010), is believed
to be produced as the result of the superposition of many different synchrotron
components originating from different regions along the jet (e.g., Blandford &

Konigl 1979).

2.3.3 Radio X-Ray Correlation in EXO 1745-248

To fit the radio/X-ray correlation in EXO 1745—248, we use radio and X-ray
luminosities (spanning ~ 1 dex in X-ray luminosity®) at 10 GHz (combined
base-band measurements) and 1-10 keV, respectively’, and a Markov Chain
Monte Carlo (MCMC!?) fitting algorithm. To properly account for uncertain-
ties in both distance (5.9 £ 0.5 kpc; Valenti et al. 2007) and flux, we build a
hierarchical model within our MCMC, where we include distance as an addi-
tional parameter. This in turn allows us to calculate luminosities using our
measured fluxes/uncertainties and samples drawn from the distance distribu-
tion (i.e., a Gaussian with mean of 5.9 and standard deviation of 0.5), and then
perform a linear fit in log space on these luminosities. Although many previous

studies only compare the X-ray measurements closest in time to the radio mea-

8While our radio observations span ~ 3 dex in X-ray luminosity, our lowest luminosity
point only has an upper limit on radio luminosity and thus is not very constraining.

9n previous studies that compute the radio/X-ray correlation, the X-ray energy band
used can vary from author to author, but in this work we choose the 1-10 keV band, as we
have found that this band is most commonly used in recent literature; e.g., Gallo et al. 2014;
Corbel et al. 2013; Deller et al. 2015.

10Tn this work, all of our codes use the EMCEE python package to implement the MCMC
algorithms (Hogg et al., 2010; Foreman-Mackey et al., 2013).
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Figure 2.2: Radio/X-ray correlation during the hard accretion state of the 2015
outburst of EXO 1745—248. The dash-dotted line indicates the best fit using our
MCMC techniques (see text for best fit parameters and uncertainties). The shaded
regions represent the 1o (dark blue) and 3o (light blue) confidence intervals of the
regression. Note that we do include the upper limit data point in our fit. The
luminosities displayed here are calculated assuming a distance of 5.9 kpc.

surements, our method takes a more conservative approach to data that is not
strictly simultaneous. In particular, as our Swift/XRT X-ray observations were
not strictly simultaneous with the VLA radio observations, we use a MCMC
linear interpolation method to estimate X-ray fluxes at the times of the radio
observations. However, as the X-ray flux of outbursting NSXBs can vary on
timescales of less than a day (the maximum separation between our radio and
X-ray observations), our linear interpolation method may underestimate the
uncertainties on the interpolated X-ray fluxes. Therefore, we conservatively
scale the uncertainties on the interpolated X-ray fluxes to cover the full flux
range of the neighbouring X-ray data (see Table 2.3 for radio and interpolated
X-ray fluxes used in our MCMC fitting).

We follow Gallo et al. (2014) when performing our MCMC fit with the
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Table 2.3: Radio and interpolated X-ray fluxes of EXO 1745—248 used in the
radio/X-ray correlation analysis

MJD FiocHz"" F1_10kev®*
(pJybm™1) (10 Yergs lcm2)
57100.43155 23.245.0 8.02704%
57105.53915 40.044.0 12.7879:67
57124.40413  245.3+5.6 38.7870:82
57128.75694  340.0+7.8 41.897139
57196.60938¢ <19 0.20*0-1%

@ Uncertainties are quoted at the 1o level.

b 10 GHz radio flux from combining the 2 base-bands.

¢ Interpolated X-ray fluxes in the 1-10 keV band.

@ The source was not detected in this observation, the flux presented here is 3¢ upper limit.

following functional form,

(log Lr —log L) =log& + f(log Lx —log Lx ) (2.1)

where, Lg and Ly are radio (10 GHz) and X-ray (1-10 keV) luminosity, respec-
tively, centering values Lg. = 3.89 x 10® ergs™ and Ly, = 8.38 x 1030 ergs™!
are the geometric means of the simultaneous radio and X-ray luminosity mea-
surements (not including the upper limit data point), £ represents the normal-
ization constant and ( represents the disc-jet coupling index. To include the
upper limit data point in our fit, and better constrain the normalization and
disc-jet coupling index, we add a condition in our log probability that does not
allow solutions where, at the X-ray luminosity of the upper limit data point,
the corresponding radio luminosity would exceed the upper limit value. Our
best fit parameters are, normalization & = 0.947013 and disc-jet coupling index

B = 1.68T009, where uncertainties are quoted at the 15th and 85th percentiles

(as done in Gallo et al. 2014; also see Figure 2.2).
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Figure 2.3: Radio/X-ray correlation for different types of accreting stellar mass com-
pact objects. Data points from the literature include, BHs (Miller-Jones et al. 2011;
Gallo et al. 2012; Ratti et al. 2012; Corbel et al. 2013; Gallo et al. 2014), hard state
NSs (Migliari & Fender, 2006; Miller-Jones et al., 2010), transitional binary milli-
second pulsars (tMSPs) and accreting milli-second X-ray pulsars (AMXPs; Hill et al.
2011; Papitto et al. 2013; Deller et al. 2015). Note that to convert between different
radio bands we assume a flat radio spectral index. The dot-dashed lines show the
best fit relations for BHs (8 = 0.61, black; Gallo et al. 2014) and hard state NSs
systems (5 = 1.40, cyan; Migliari & Fender 2006). The new measurements of EXO
1745—248 reported in this paper (highlighted in red; luminosities assume a distance
of 5.9 kpc) are more radio quiet and/or X-ray loud when compared with the other
hard state NS measurments. Note that error bars are not included in this plot for
clarity.
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2.4 Discussion

In the framework of scale-invariant jet models coupled to an accretion flow,
X-ray luminosity scales with mass accretion rate (Lx o M 7)1 total jet power
is a fraction of the accretion power (Qje, = fM¢c?), and the jet luminosity scales
with jet power, according to (Falcke & Biermann 1995; Heinz & Sunyaev 2003;
Markoff et al. 2003) ,

L, xQ! (2.2)

jet

2 (p+6)at13
Here, n = 2={pt6atls (212;)4)+

depends on the power-law index of the electron energy
distribution (p), and the jet spectral index («). When the jet is observed in

the radio regime this in turn implies,
Lp o L1 (2.3)

where radiatively efficient flows display ¢ = 1, and radiatively inefficient flows

display ¢ =2 — 3.

In the previous section we reported a disc-jet coupling index of 1.6870 %

for EXO 1745—248, which is consistent with a radiatively efficient accretion
flow (possibly due to the neutron star surface; see Migliari & Fender 2006 and
references therein for discussion) coupled to a steady, compact jet (i.e., values
of g =1,2 <p <3, —07 < a < 0.1 will produce values of 1.4 < np < 2.0
within the confidence interval we derived for EXO 1745—248).

11 Although this is a standard assumption in many papers, we point out two caveats for
NSXBs. First, this assumes that the bolometric correction (in the hard state) remains
constant so that the X-ray luminosity measured over limited energies is representative of the
bolometric luminosity. Second, there may be multiple mass accretion rates (e.g., that in the
disc versus that in a radial inflow) contributing to the X-ray luminosity of a NSXB, and it
is unclear which of these would impact jet production.
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2.4.1 Comparison to other Neutron Star and Black Hole
Systems

While several BHXBs have measured disc-jet coupling indices (e.g., Gallo et al.
2014 combine data from 24 different BHXB systems to yield a best-fit disc-jet
coupling index of 0.61 £ 0.03), to date there are only two individual NSXBs
with previously measured disc-jet coupling indices, Aql X-1 and 4U 1728—-34.
Migliari et al. (2003) report a disc-jet coupling index of 1.5+0.2 in 4U 1728—34,
while different works report conflicting correlations for Aql X-1. The Aql X-1
data used to fit the correlation in Tudose et al. (2009) originates from mixed
accretion states. While Migliari & Fender (2006) find that 4U 1728—34 and
Aql X-1 are well fit together with a disc-jet coupling index of 1.40 £ 0.23, this
fit only includes two data points from Aql X-1. More recently Migliari et al.
(2011) reported that Aql X-1 is fit by a disc-jet coupling index of ~ 0.6 (with

no errors reported).

Therefore, we combined the most recent hard state Aql X-1 data from the
literature, including the two measurements from Migliari & Fender (2006),
as well as measurements from Miller-Jones et al. (2010), but excluding data
with radio upper limits or hard X-ray colour'? < 0.75. We find a disc-jet
coupling index of 0.767013. This new Aql X-1 result is not consistent with
the 4U 1728—34 result, and suggests that the use of mixed accretion state
measurements in Tudose et al. (2009) is not the sole cause of the flatter disc-jet
coupling index. Instead the disc-jet coupling index of Aql X-1 is more consistent
with those of BHXBs. However, this correlation in Aql X-1 is only measured
over ~ 0.8 dex, and we note that Corbel et al. (2013) observed temporary
excursions from the typical radio/X-ray correlation in BHXB GX 339-4 when

measured over < 2 dex in X-ray luminosity.

2Hard X-ray colour is defined in Miller-Jones et al. (2010) as the count rate ratio between
the 9.0-16.0 keV and 6.0-9.7 kev bands.
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Our measurement for EXO 1745—248 is much more consistent with 4U
1728—34, rather than Aql X-1 or the BHXBs (see Figure 2.3), where the EXO
1745—248 and 4U 1728—34 indices are what is expected from the model pre-
sented above for a radiatively efficient accretion flow coupled to a compact
jet. Interestingly, Aql X-1 has (only once) shown evidence of X-ray pulsations
(Casella et al., 2008), suggesting that it may be more similar to the AMXPs
or tMSPs.

Deller et al. (2015), recently combined radio and X-ray measurements for
three tMSPs to fit a correlation of Lg oc L% over ~ 3 dex in X-ray luminosity,
which occupies a region of the radio/X-ray plane distinct from all the hard
state NSXBs, like EXO 1745—248 (see Figure 2.3). Given that there is only
one data point for this correlation in each individual tMSP, we are forced to only
consider the correlation of this entire sample; although, given the correlation in
BHXBs, we might expect the sample correlation to have a larger scatter than
one might find in an individual source. The disc-jet coupling indices of tMSPs
as a group are much more consistent with Aql X-1 than with EXO 1745—248 or
4U 1728—34. Deller et al. (2015) suggest that tMSPs are undergoing a propeller
accretion mode, where the pressure of in-falling material is balanced by the
magnetic field of the NS, and the NS’s rotation accelerates the inner disc, in
turn causing the majority of the material to be ejected in outflows as opposed to
falling inward. This theory can explain the radiatively inefficient jet dominated
states seen at lower accretion rates in tMSPs (i.e. the tMSP correlation, Ly o
L&), which display a similar disc-jet coupling index as those of BHXBs, just
at fainter radio luminosities (the offset between BHXBs and tMSPs could be
due to differing jet power, radiative efficiency, compact object mass, or jet
launching mechanisms). However, it is unknown whether this jet dominated
state occurs in all NSXBs or if entrance into this state is solely dependent on
intrinsic NS characteristics such as magnetic field strength or spin period. In

the current published NSXB sample (excluding tMSPs), only one correlation
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measurement (i.e., our lowest luminosity point in EXO 1745—248) probes X-
ray luminosities < 10%° ergs™!. However, this measurement only has an upper
limit on radio luminosity. While this data point appears not to be consistent
with the tMSP correlation, we are unable to definitely determine whether this
point lies on the extrapolation of our hard state NSXB best fit correlation at
lower X-ray luminosities or perhaps, is part of an intermediate regime where
the disc-jet coupling index flattens out during the transition between a steeper
and flatter index (as seen in the multiple BHXBs, H1743—322; Coriat et al.
2011b, XTE J1752—223; Ratti et al. 2012, and MAXI J1659—152; Jonker et al.
2012).

From Figure 2.3 it is also clear that EXO 1745—248 has a lower normaliza-
tion compared to the other hard state NSs, Aql X-1 and 4U 1728—-34, by about
a factor of 5 in radio luminosity at the same X-ray luminosity. Among tran-
sient XBs measured in the hard state at Ly > 103 ergs™, EXO 1745248 is
the most radio faint source reported to date. This differing normalization may
be analagous to what is seen in BH sources, where different individual sources
appear to have different normalizations (Gallo et al., 2014). We note that
while this difference could arise from having a well-known distance for EXO
1745—248 compared to more uncertain distances to Aql X-1 and 4U 1728—34,
the distances to Aql X-1 and 4U 1728—-34 would have to increase by a factor
of three if this was a distance effect alone, which seems unlikely. On the other
hand, a factor of 5 lower in radio luminosity at a given X-ray luminosity requires
masses lower by a factor of about 10 if the sources follow the fundamental plane
of BH accretion. Since NSs do not have such a large range of masses, mass
alone can not explain the lower luminosity of EXO 1745—248, unless NSs and
BHs follow very different fundamental planes of accretion. Further, Migliari
et al. (2011) found a possible relation between spin frequency and jet power,
with faster spinning neutron stars being more radio luminous. Based on its

X-ray burst properties (§2.4.2), we expect EXO 1745—248 to have a typical
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spin (200-600 Hz). However, Migliari et al. (2011) did not include the recent
results from tMSPs. At Ly ~ 103 ergs™!, the tMSP M28I (254 Hz; Papitto
et al. 2013) has a significantly higher radio luminosity than Aql X-1 (550 Hz;
Watts et al. 2008). While this compares a tMSP to a NS, we take this as
evidence that spin alone also cannot explain how radio loud a NSXB will be.
Thus it seems likely that a combination of factors (e.g., mass, spin, inclination,
magnetic field, radiative efficiency) may be required to produce a given radio
luminosity.

This highlights the need for more radio/X-ray measurements of NSXBs,
especially at the lower end of the luminosity spectrum, to answer these open
questions. However, we note that obtaining such observations is very difficult,
given that these NSXB sources decay very quickly (timescales on the order

1

of a few days) through this desired luminosity range of 103 — 1030 ergs™!,

necessitating intensive monitoring of these sources.

2.4.2 X-ray Burst Analysis

During our analysis we observed the presence of an X-ray burst, which we use
here to further constrain the properties of this NSXB. Swift/XRT detected an
X-ray burst from Terzan 5 on 2015 March 25, with a net peak count rate at
04:56:42 UT of about 120 cnts s~ (0.5-10 keV), on top of the persistent emission
(~ 10cntss™!). From the 0.5 s time-resolution light curve we estimate a rise
time of 1.8 s (defined as the time to go from 25% to 90% of the net peak count
rate). The burst lasted for about 25 s and then reached a “plateau” for another
~25 s, at a level higher than the pre-burst count rate. About 50 s after the
burst onset the observation was interrupted (see Figure 2.4).

To study the spectral evolution of the X-ray burst, we extracted a series
of 3 s-long spectra from Swift/XRT WT data, using a 100 s interval before
the burst to subtract the persistent (source plus background) emission. We

used a 20-pixel radius region to extract the spectra, and verified that excluding
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the innermost 2 pixels (to correct for potential pile up) leads to consistent
results. We created an exposure map and ancilliary response file and used
the latest response matrix from the calibration database. We grouped the
resulting spectra to a minimum of 5 counts per channel, and fitted those spectra
with more than 50 net counts in total with an absorbed blackbody model
(TBABS*BBODYRAD in XSPEC), with the column density frozen at the value

derived from the persistent emission (3 x 10*? cm™2).

We find a slow decay in temperature along the burst decay (“cooling tail”),
from ~2.9 keV to ~1.4 keV, identifying this unequivocally as a thermonuclear
event. The burst bolometric peak luminosity was (10 4+ 4) x 1037 ergs™!, the
apparent emitting radius between 3 and 5 km (without color or redshift cor-
rections), and the total radiated energy about 1.0 x 10% erg (see Figure 2.4).
The persistent (0.5-10 keV) luminosity during the observation where the burst
occurred was (5.6 +0.1) x 103 ergs™ (about 5% of the Eddington limit for a

bolometric correction factor of 2 and Lgqq = 2.5 x 1038 ergs™1).

The peak of the 2015 outburst occurred on April 22, at about ten times
higher Ly, i.e., not far from 50% Lgqq (for a 1.4M, NS). Despite good Swift/XRT
coverage (~ 5 ksec) of the following two weeks, when Lx dropped by about
a factor 2, no other bursts were detected. This burst behaviour resembles
that of most thermonuclear bursters, where bursts virtually disappear at mass
accretion rates above 10% Eddington.

A second burster in Terzan 5, IGR 17480-2446, displays drastically different
behaviour, namely a copious number of thermonuclear bursts at mass accretion
rates between 10% and 50% Eddington (Linares et al., 2012). The atypical
behaviour in IGR J17480-2446 has been attributed to its slow (11 Hz) spin
(Cavecchi et al., 2011; Linares et al., 2012). Under this interpretation, the
typical bursting behaviour of EXO 1745-248 would imply that it contains a
rapidly rotating neutron star (~ 200 — 600 Hz), like most low-mass NSXBs.

Galloway et al. (2008) define a burst timescale as 7 = Fpuyst/ Fpeak, Where
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Figure 2.4: Time-resolved spectroscopy of the detected type-I X-ray burst.
absorbed blackbody model was used to fit the data. We found evidence indicating
slow cooling during the burst decay, however we found no evidence of photospheric
radius expansion. Panels from top to bottom: Swift/XRT count rate, bolometric

luminosity, temperature, apparent radius, reduced x? of the spectral fit.
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Egust is the total fluence during the burst and Fpea is the peak flux of the
burst. Following their definition, we find a burst timescale of ~ 22 s for EXO
1745—248. The 21 bursts seen by RXTE early in the 2000 outburst of EXO
1745—248 showed long burst durations (7 ~ 25 s) and other characteristics of
H burning. However, two bursts seen later in the outburst were shorter (7 ~ 10
s), suggesting pure He (the explanation of this change in behaviour is not clear;
Galloway et al. 2008). Therefore, we conclude that the measured timescale of

this burst indicates the donor is likely hydrogen-rich.

2.5 Conclusions

In this paper, we present the results of our observations of the Terzan 5 NSXB
EXO 1745—248 during its 2015 outburst at radio and X-ray frequencies, with
the VLA, ATCA, and Swift/XRT. Our (near-) simultaneous radio and X-ray
measurements, all taken during the hard accretion state, allow us to construct
and fit the radio/X-ray correlation for this source (Lgr o L?;; [ represents
the disc-jet coupling index), which links the accretion flow to the relativistic
jet in XBs. In contrast to the multiple BHXBs with a measured correlation,
only two NSXBs have a measured radio/X-ray correlation, Aql X-1 (Lg
L) and 4U 1728—34 (Lg o< L%°). Additionally, an ensemble of tMSPs has
been shown to follow a correlation, Ly o L%7, much more consistent with
BHXBs. As such, more measurements from NSXBs are needed to disentangle
the different correlations. This work marks the third NSXB where the radio/X-
ray correlation is measured in a single source, and the first where the distance
is well known.

To fit the radio/X-ray correlation in EXO 1745—248 we developed a new
MCMC based technique. We find a best fit normalization and disc-jet coupling
index for the radio/X-ray correlation in EXO 1745—248 of ¢ = 0.947013 and
B = 1681009, respectively, where (log Ly — log Lp.) = logé + B(log Lx —
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log Lx,.), with centering values Lr, = 3.89 X 10®ergs™' and Lx,. = 8.38 X
1036 ergs1.

This disc-jet coupling index is consistent with what we would expect for a
compact jet coupled to a radiatively efficient accretion flow (presumably due to
the NSs surface), rather than a radiatively inefficient flow (as thought to exist
in most BHXBs and possibly tMSPs). Empirically this index is consistent with
the index for NSXB 4U 1728—34, but inconsistent with our measured index
for NSXB Aql X-1. Therefore, a similar radio/X-ray correlation in the hard
accretion state does not appear to hold across all three NSXBs measured so
far, as it does in the BHXB population. However, all three NSXB correlations
are measured over a smaller lever arm in X-ray luminosity (~ 1 dex) when
compared to BHXBs.

Notably, we find that EXO 1745—248 is much more radio faint when com-
pared to 4U 1728—34 and Aql X-1, where neither distance, mass, or spin con-
siderations alone appear to be able to account for the discrepancy.

Finally, we detected an X-ray burst during this outburst. Through per-
forming time-resolved spectral analysis, we find evidence of cooling during the
decay of this burst and that the burst timescale is consistent with hydrogen

burning, suggesting that this was a hydrogen Type-1 X-ray burst.
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Chapter 3

A Radio Frequency Study of the
Accreting Millisecond X-ray
Pulsar, IGR J16597-3704, in the
Globular Cluster NGC 6256

This chapter details the work published in Tetarenko, A.J. et al. 2018, “A Radio
Frequency Study of the Accreting Millisecond X-ray Pulsar, IGR J16597-3704,
in the Globular Cluster NGC 6256”, ApJ, 854, 125 (8 pages), exploring the
disc-jet coupling relationship in the accreting millisecond X-ray pulsar IGR
J16597-3704, as well as other pulsating and non-pulsating neutron star X-ray

binary systems.

Abstract

We present Karl G. Jansky Very Large Array radio frequency observations of
the new accreting millisecond X-ray pulsar (AMXP), IGR J16597—3704, lo-
cated in the globular cluster NGC 6256. With these data, we detect a radio

counterpart to IGR J16597—3704, and determine an improved source position.
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Pairing our radio observations with quasi-simultaneous Swift/XRT X-ray ob-
servations, we place IGR J16597—3704 on the radio — X-ray luminosity plane,
where we find that IGR J16597—3704 is one of the more radio-quiet neutron
star low-mass X-ray binaries known to date. We discuss the mechanisms that
may govern radio luminosity (and in turn jet production and evolution) in
AMXPs. Further, we use our derived radio position to search for a counterpart
in archival Hubble Space Telescope and Chandra X-ray Observatory data, and
estimate an upper limit on the X-ray luminosity of IGR J16597—3704 during

quiescence.

3.1 Introduction

Relativistic jets are launched from many different types of accreting stellar-
mass compact objects (black holes, neutron stars, and possibly white dwarfs;
Fender 2006; Migliari & Fender 2006; Kording et al. 2008; Coppejans et al.
2015; Russell et al. 2016); however our current knowledge of the physics that
gives rise to and governs jet behaviour is still somewhat limited. A crucial step
towards understanding the mechanisms that drive jet behaviour is character-
izing jet properties (and how these properties are coupled to the conditions in
the accretion flow) in different accreting systems across the mass scale.

A key observational diagnostic for comparing jet properties between differ-
ent systems is the radio — X-ray correlation, relating radio and X-ray luminosi-
ties (Lg o L;B(, where 3 represents the disc-jet coupling index; Gallo et al. 2003;
Corbel et al. 2013). This empirical relationship, which couples a compact, par-
tially self-absorbed synchrotron jet (probed by radio emission) to the properties
of the accretion flow (probed by X-ray emission), has been well studied in black
hole X-ray binary systems (BHXBs; binary systems harbouring a black hole
accreting matter from a companion star). In particular, different BHXB sys-

tems, sampled over several orders of magnitude in X-ray luminosity, are known
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to display correlations that range from 5 ~ 0.6 — 1.8 (potentially following one
of two tracks in the radio X-ray plane at Lx > 103¢ ergs™!; Coriat et al. 2011b;
Gallo et al. 2014; Russell et al. 2015). However, the different classes of neutron
star X-ray binary systems (NSXBs; binary systems harbouring a neutron star
accreting matter from a companion star) are not as well sampled (in particu-
lar due to the limited range of X-ray luminosities that have been sampled to

date), and have shown more complex behaviour in the radio — X-ray plane, as

compared to the BHXBs.

While NSXBs are generally more radio quiet than BHXBs, different neutron
star X-ray binary classes have shown varying correlation indices' and normal-
izations in the radio-X-ray plane (Migliari et al., 2003; Migliari & Fender, 2006;
Tudose et al., 2009; Miller-Jones et al., 2010; Tetarenko et al., 2016b; Tudor
et al., 2017). For example, some non-pulsating neutron stars display § ~ 1.4
(Migliari & Fender, 2006; Miller-Jones et al., 2010), while some accreting mil-
lisecond X-ray pulsars (AMXPs; accreting neutron star binaries where X-ray
pulsations at the spin period of the neutron star are observed) and three tran-
sitional millisecond X-ray pulsars (tMSPs; accreting neutron star binaries that
switch between a rotation-powered pulsar state and an accretion-powered state;
Archibald et al. 2009; Papitto et al. 2013; Bassa et al. 2014; Patruno et al. 2014)
have been suggested to follow a shallower correlation of § ~ 0.7 (Deller et al.,
2015). Further, differences are also observed between individual systems of the
same class. For example, recent work has shown that not all AMXPs and non-
pulsating NSXBs follow the above mentioned “standard” tracks in the radio —
X-ray plane (where some systems may display lower/higher radio luminosities;
Tetarenko et al. 2016b; Tudor et al. 2017). Many different factors could play
a role in causing these observed differences, such as variations in jet power,

compact object mass, spin, magnetic field, and jet launching mechanism. To

'We note that these correlation indices are measured over a limited range of X-ray lumi-
nosity, and Corbel et al. (2013) found that an X-ray luminosity lever arm extending across
at least 2 dex is needed to accurately measure a correlation in the radio — X-ray plane.
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disentangle these factors, understand the reason(s) for a lack of clear corre-
lation(s) and the wide range of radio luminosities observed in neutron star
systems, constraints from a larger population of neutron star systems (espe-
cially at Lx < 10% ergs™'), are strongly needed. However, sampling neutron

Lis observa-

star systems at X-ray luminosities between 103* < Ly < 10%¢ ergs™
tionally challenging, as neutron stars tend to evolve quickly in this luminosity
range and are faint at radio frequencies. Rapid, coordinated radio and X-ray
observations of new X-ray transients discovered in our Galaxy can in principle

provide these much needed constraints.

IGR J16597—3704 is a new X-ray transient discovered with the INTErna-
tional Gamma-Ray Astrophysics Laboratory (INTEGRAL) on 2017 October
21 (Bozzo et al., 2017a). Followup Swift X-Ray Telescope (XRT; Burrows
et al. 2005) observations (Bozzo et al., 2017b) on 2017 October 22 confirmed
the presence of a new bright X-ray source within the INTEGRAL error circle,
and placed this new transient in the globular cluster NGC 6256 (D = 9.1 kpc;
Valenti et al. 2007). To determine the nature of IGR J16597-3704 and localize
its position, we performed Karl G. Jansky Very Large Array (VLA) radio fre-
quency observations of IGR J16597-3704 on 2017 October 23 and 27 (Tetarenko
et al., 2017a). These radio observations were taken within 3 days of Swift/XRT
observations of the source, allowing us to also place this new source in the radio
— X-ray correlation plane. The preliminary position of IGR J16597—3704 on
the radio — X-ray plane strongly suggested that this new transient is a neu-
tron star system. This classification was confirmed by Sanna et al. (2018),
who report the discovery of X-ray pulsations, find that IGR J16597—3704 is
an ultra-compact binary (~ 46 minute orbital period), with a short spin pe-
riod (9.5 ms), and suggest a high magnetic field (9.2 x 10® < B < 5.2 x 10"
G). IGR J16597—3704 was also observed with Chandra on 2017 October 25
(Chakrabarty et al., 2017). In this paper, we report on our VLA radio and

Swift/XRT X-ray observations, as well as our search for the optical and quies-
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cent X-ray counterparts to IGR J16597—3704.

3.2 Observations and Data Analysis

3.2.1 VLA radio observations of IGR J16597-3704

IGR J16597—3704 was observed with the VLA (project code VLA /17B-257)
over two epochs, 2017 October 23 and 27 (see Table 3.2 for observation times),
with 88.6 min on source at each epoch. The array was in its B configuration,
with a beam size of 2.2 x 0.8 arcsec. All observations were taken using the
3-bit samplers at X-band (8-12 GHz), and were comprised of two base-bands,
each with 16 spectral windows of sixty-four 2-MHz channels, providing a total
bandwidth of 2.048 GHz per base-band. We carried out flagging, calibration,
and imaging within the Common Astronomy Software Application package
(cAasA, v5.1.1; McMullin et al. 2007), using standard procedures outlined in
the casA Guides? for VLA data reduction (i.e., a priori flagging, re-quantizer
gain corrections, setting the flux density scale, initial phase calibration, solving
for antenna-based delays, bandpass calibration, gain calibration, scaling the
amplitude gains, and final target flagging). When imaging we used a natural
weighting scheme to maximize sensitivity and two Taylor terms (nterms=2) to
account for the large fractional bandwidth. We used 3C 286 (J1331+305) as
a flux calibrator and J1717-3948 as a phase calibrator (with a cycle time of 9
minutes on source, and 1 minute on the calibrator).

We significantly detect a radio source at a position consistent with the
Swift X-ray position reported in Bozzo et al. (2017b) (see Figure 3.1). In the
combined 4 GHz of bandwidth centered on 10 GHz, we measure flux densities
of 17.7 £ 4.4 uJy and 24.4 + 4.3 uJy on October 23 and 27, respectively. To

measure these flux densities we fit a point source in the image plane (with the

2https://casaguides.nrao.edu
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Figure 3.1: VLA radio image of IGR J16597—3704 taken at 10 GHz. We produced
this image by stacking the data of both VLA epochs in the uv-plane. The source
is clearly detected in the image, where contour levels are 2/2 x the RMS noise of
2.8uJybm ™!, with n = 3,4,5. The color bar represents the flux density in units
of uJybm™!, and the blue ellipse is the VLA beam (the elongated beam shape is
due to the low declination of IGR J16597—3704). The Chandra (pink circle) X-ray
error region is also shown, indicating that the VLA and Chandra localizations of the
source are consistent.
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imfit task). The fluxes were too low to obtain a meaningful constraint on
the radio spectral index using images of the two individual basebands. The
corresponding radio luminosities are shown in Table 3.2.

Additionally, we searched for intra-observation variability within both epochs
of VLA data, on timescales as short as 30 min, which is the shortest timescale
we can probe given the low source brightness. In both observations, the variance
in the data points is consistent with the measurement uncertainties; we thus
find no statistically significant evidence for flux variability on intra-observation

timescales.

3.2.2 Swift X-ray observations of IGR J16597-3704

IGR J16597—3704 was observed with Swift/XRT twice following its detection
with INTEGRAL. These observations occurred on 2017 October 22 in photon
counting mode (PC; which produces 2-dimensional images), and 2017 October
25 in windowed timing mode (WT; which collapses data to 1-dimension for fast
readout). Observation times are displayed in Table 3.2.

We used HEASOFT v6.22 and FTOOLS? (Blackburn, 1995) for all data reduc-
tion and analysis. All Swift/XRT observations were reprocessed via xrtpipeline,
and xselect was used to manually extract source and background spectra. We
used xrtmkarf to produce ancillary response files. Finally, we performed spec-
tral analysis using XSPEC v12.9.1n (Arnaud, 1996).

The PC mode observation was piled up. Therefore, we followed the rec-
ommended procedure for handling pile up?, and extracted a source spectrum
from an annulus, excluding the piled up region (estimated to be ~ 10 arcsec),
out to 80 arcsec. Following the recommended procedure for Swift/XRT data

analysis, we used events from grades 0-12, and performed spectral analysis in

the 0.3-10 keV band.

3http://heasarc.gsfc.nasa.gov/ftools/
‘http://www.swift.ac.uk/analysis/xrt/pileup.php
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Table 3.1: Best-fit X-ray spectral fitting parameters for IGR J16597—3704

Epoch Ng ¢ Photon Fi_10kev ©
(x10*2cm™2) Index (x107%ergs™'cm™2)

1 1.54+0.2 1.5£0.1 2.73+£0.11

2 1.1£+0.1 1.3£0.1 2.80 +£0.08

% Absorption column density.
b Unabsorbed 1-10 keV flux.

For the WT mode observation we used circular regions with a radius of ~ 47
arcsec (20 pixels) for both source and background. To minimize the effects of
WT spectral residuals®, we only extracted a spectrum from grade 0 events and
performed spectral analysis in the 0.5-10 keV band, as these residuals become
prominent around and below 0.5 keV.

We extracted the X-ray spectrum from each Swift/XRT observation sepa-
rately to perform spectral fitting. Both of the Swift/XRT spectra are well fit
with an absorbed power-law (TBABS*PEGPWRLW in XSPEC), where we assume
photo-electric cross sections from Verner et al. (1996) and abundances from
Wilms et al. (2000). We chose to use the TBABS ISM absorption model, as
this model implements more recent estimates for the elemental abundance of
the ISM, when compared with older models (e.g., PHABS or WABS; Bahramian
et al. 2015a; Foight et al. 2016). The best fit spectral fitting parameters for both
epochs are shown in Table 3.1, and the corresponding X-ray luminosities are
shown in Table 3.2. We report 1o confidence intervals on all fitted parameters.
To calculate these 1o confidence intervals, we first binned each spectrum to a
minimum of 50 counts per bin using the grppha task, and utilized x? statistics
for spectral analysis. Following this analysis, the parameter uncertainties were

estimated using the error task in XSPEC °.

SFor more details on these effects see the Swift/XRT calibration digest; http://www.
swift.ac.uk/analysis/xrt/digest_cal.php#abs

SFor details on how this task works see https://heasarc.gsfc.nasa.gov/xanadu/
xspec/manual/node80.html
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3.2.3 Archival Optical and X-ray observations

We obtained archival X-ray and optical data of the field surrounding IGR
J16597-3704 (see Figure 3.2), taken with the Chandra X-ray Observatory and
the Hubble Space Telescope (HST). Chandra data were taken on 2008 January 26
(13:09:51 UTC start time, 9.4 ks exposure time, Obs ID: 8951) with the ACIS-S
instrument. We reprocessed the data using c1a0 v4.9 (Fruscione et al., 2006).
HST images were obtained from the Hubble Legacy Archive (http://hla.
stsci.edu/) in the F555W and F814W filters. These HST observations were
taken with the WFC3/UVIS1 detector on 2009 August 02 (19:47:12/20:43:35
UTC start time, 1.1/0.3 ks exposure time, in the F555W/F814W filters). The
absolute astrometry of the HST images was corrected by matching sources in
the field to the Gaia catalog (Gaia Collaboration et al., 2016). We estimate
that after matching to the Gaia catalog, the uncertainty in the absolute position

registration of the HST images is < 0.02 arcsec.

Figure 3.2: Archival HST and Chandra images of the field surrounding
IGR J16597—3704. The left panel displays the HST F814W image, the middle panel
displays the HST F555W image, and the right panel displays the Chandra (0.3-10
keV band) image. The Chandra (magenta circles), and VLA (green ellipses) error
regions are indicated in all panels, and the blue diamonds indicate the possible coun-
terpart discussed in §3.3.2. Note the different scales in the optical (left and middle)
and X-ray (right) images. We do not detect an optical or quiescent X-ray counterpart
to IGR J16597—3704 in these archival data.
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3.2.4 Additional neutron star sources

We supplement” these new radio/X-ray data on IGR J16597—3704 with our
team’s recent radio/X-ray measurements of a number of other neutron star
sources for further comparison, MAXI J0911-635 (Tudor et al., 2016), SAX
J1748.9-2021 (Miller-Jones et al., 2010; Tetarenko et al., 2017b), Swift J175233.9-
290952 (Tetarenko et al., 2017c), and 4U 1543-624 (Ludlam et al., 2017). Ad-
ditionally, we also include older detections of MAXI J0556-332 (Coriat et al.,
2011a) and MXB 1730-335 (Rutledge et al., 1998) in this work. Table 3.3
displays a summary of the radio and X-ray luminosity measurements for these

sources.

"The additional neutron star data reported in this section have only been reported in
Astronomer’s Telegrams, and not previously published in refereed journals.
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Table 3.3: Radio and X-ray luminosities of additional neutron star sources

Source Lscuz ®® Li—1okev ® D¢ Ref.?
(ergs™')  (ergs™') (kpc)
MAXI J0911-635 <45x10%® 25x10% 104 1]
SAX J1748.9—-2021 <4.5x10%" 2.1 x10% 8.5 2]
<51x10® 3.0 x 10% 3]
Swift J175233.9-290952 < 5.7 x 1027 1.4 x 103! 8.0 [4]
4U 1543624 <7.2x10%" 1.7 x 1037 6.7 [5]
MAXI J0556—332 5.3 x 10%® 1.8 x 10%7 8.0 6]
MXB 1730—335° 2.0x10%® 6.1 x 10% 8.6 (7]

1.6 x 10% 4.0 x 1037
1.3 x 10% 4.1 x 1037
1.5 x 102 7.2 x 10%7
1.8 x 10 3.3 x10%

¢ Upper limits are quoted at the 3o level.

b We calculate 5 GHz radio luminosities (Lr = vL,) by assuming a flat spectral index to
extrapolate to 5 GHz.

¢ Distance value used to calculate luminosity.

4 References: [1] Tudor et al. (2016); [2] Tetarenko et al. (2017b); [3] Miller-Jones et al.
(2010); [4] Tetarenko et al. (2017c); [5] Ludlam et al. (2017); [6] Coriat et al. (2011a); [7]
Rutledge et al. (1998).

¢ Note that we use a model with Ng = 1.7 x 10?2 cm~2 (Marshall et al., 2001), and a
photon index of 1.5, to convert from RXTE count rates to flux for this source.
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3.3 Results

3.3.1 Radio source position

Stacking both epochs of our VLA data in the uv-plane (see Figure 3.1) refines
the radio position of IGR J16597—3704 to be the following (J2000),

RA : 16%59™322.90230 + 0.00092 4 0.005

DEC : —37°07'14".278 4+ 0.088 + 0.22,

where the quoted errors represent the statistical error from fitting in the image
plane and the nominal systematic uncertainties of 10 percent of the beam size,
respectively. The elongated beam shape arises from the low declination of the
source. This radio source position is consistent (within 0.04 arcsec) with the
best X-ray position of the source during outburst from Chandra (Chakrabarty
et al., 2017).

3.3.2 Search for the quiescent X-ray and optical coun-

terparts

We examined archival Chandra and HST observations in search of the quiescent
X-ray and optical counterparts to IGR J16597—3704.

In the archival Chandra data, there is an X-ray source ~ 2.2 arcsec to the
south-west of the VLA radio position (see Figure 3.2 right panel). However,
this Chandra source is unlikely to be the quiescent counterpart of IGR J16597-
3704 given the typical Chandra absolute astrometric accuracy of 0.5 arcsec.
To further confirm the Chandra absolute astrometry is accurate (i.e., as good
as 0.5 arcsec or better), we compare the positions of known X-ray sources in
the cluster to their radio and optical counterparts. In particular, there is a
radio continuum source ~ 2.5 arcmin from the center of the cluster that has

a Chandra X-ray counterpart, and the positions of these match to within 0.5
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arcsec. Additionally, there are three X-ray sources in the outer regions of the
cluster, where the optical source density is lower, that all clearly match bright
stars present in the Gaia catalog. The individual offsets between the Gaia
and Chandra positions vary from 0.6-1.0 arcsec, well within the uncertainties
of the individual X-ray positions, and there is no evidence of a significant net
astrometric shift. Together these arguments strongly suggest that the bright
X-ray source in question is not associated with IGR J16597-3704, and that the

quiescent counterpart of this transient is undetected in existing X-ray data.

We assert a non-detection in this Chandra observation and estimate a 95%
upper limit on the count rate of 2.9 x 10~% ctss~!. Assuming a distance of D =
9.1 kpc (Valenti et al., 2007), hydrogen column density of ~ 1.1 x 10*? cm™2,
and power law spectrum (with a canonical photon index of 1.5), this translates
to upper limits of 4.9 x 1071 erg s' ecm™2 on the absorbed X-ray flux in
the 0.5-10 keV band, and Ly < 6.4 x 103! erg s=* for the luminosity, of the
quiescent counterpart. Alternatively, assuming an neutron star atmosphere
model (NSATMOS in XSPEC) with canonical values of 1.4M and a radius of
10 km, this translates to upper limits of 1.1 x 107! erg s7! cm™2 on the
absorbed X-ray flux in the 0.5-10 keV band, and Ly < 9.9 x 10%° erg s~! for
the luminosity. In this model, the upper limit on the absorbed flux corresponds
to a neutron star temperature of < 75eV. Neutron star temperatures have been
measured in other systems to extend across a range of values, from < 50eV
for the coolest neutron stars (e.g., EXO 1745—248, SAX J1808.4—3658, 1H
19054000; Jonker et al. 2007; Heinke et al. 2009; Degenaar & Wijnands 2012),
up to ~ 150eV for the hottest neutron stars (e.g., XTE J1701-462; Wijnands
et al. 2017). Our new temperature measurement indicates that the neutron star
in IGR J16597—3704 is not an overly hot neutron star, but rather is consistent
with an average or lower temperature neutron star, when compared with the

current measured population.

In the HST data, there is no clear optical source within the VLA error circle
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(see Figure 3.2 left & middle). However, we identify a bright optical source
0.13 arcsec to the SE of our VLA radio position, which lies outside the 1o
VLA confidence interval. Optical photometry indicates this HST source was at
Mpsssw /psiaw ~ 22.4/20.3 (AB magnitudes) on 2009 August 02, consistent with
a typical giant star within the NGC 6256 cluster. Given that IGR J16597—3704
has been recently identified (Sanna et al., 2018) to be an ultra-compact system
(which typically have compact white dwarf companions), this HST source is
unlikely to be the optical counterpart. Therefore, the optical counterpart is
probably too faint to be detected in the existing HST data. We estimate 30

upper limits from the archival HST images of mpss5w /rs1aw < 26.0/23.4.

3.3.3 Radio — X-ray correlation

To explore the nature of IGR J16597—3704, we place our observations on the
radio — X-ray plane, using the 5 GHz radio luminosity and the 1.0—10 keV X-ray
luminosity (where that frequency and band are chosen to match measurements
from the literature; see Figure 3.3 & Table 3.2).

The location of IGR J16597—3704 on the radio — X-ray plane lies at least
an order of magnitude below most BHXBs, and instead is more consistent
with neutron star systems (both non-pulsating NSXBs and AMXPs/tMSPs;
see Figure 3.3). The recent detection of X-ray pulsations from this source with
NuSTAR (Sanna et al., 2018), confirms that IGR J16597-3704 is a new AMXP
source. All of the neutron star sources presented in this work display a signif-
icant range in radio luminosity. In particular, IGR J16597—3704, along with
SAX J1748.9-2021, Swift J175233.9-290952, and 4U 1543-624, display radio
luminosities that are at the low end of the sampled NSXB population, while
MAXI J0911-635, MAXI J0556-332, MXB 1730-335 display radio luminosities
at the mid to high end of the sampled NSXB population.
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Figure 3.3: The radio — X-ray correlation for different types of accreting stellar-
mass compact objects: black holes, different classes of neutron stars (non-pulsating
NSXBs, AMXPs, and tMSPs), and out-bursting cataclysmic variables. This plot
is adapted from Bahramian et al. (2017), with additional measurements from more
recent publications, as well as those displayed in Table 3.3; Rutledge et al. 1998; Gallo
et al. 2006; Miller-Jones et al. 2010; Coriat et al. 2011a; Russell et al. 2015; Marsh
et al. 2016; Tetarenko et al. 2016b; Rushton et al. 2016; Tudor et al. 2016; Ribd et al.
2017; Plotkin et al. 2017; Tudor et al. 2017; Tetarenko et al. 2017b; Gusinskaia et al.
2017; Tetarenko et al. 2017c; Ludlam et al. 2017; Bogdanov et al. 2018; Dincer et al.
2018. The best-fit relation for black holes (8 = 0.61, grey dashed; Gallo et al. 2014)
is also shown. Our measurements of IGR J16597—3704 and the measurements of
other NSXBs reported in Table 3.3 are displayed with colored symbols (where non-
pulsating NSXBs, AMXPs, and unclassified sources are indicated by the square, star,
and inverted triangle shapes, respectively). IGR J16597—3704 (pink star shapes) is
one of the more radio quiet systems in the NSXB population.
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3.4 Discussion

In this paper, we have reported on the discovery of the radio counterpart to
the new AMXP, IGR J16597—3704, located in the NGC 6256 globular cluster.
We do not conclusively identify an optical or quiescent X-ray counterpart to
IGR J16597—3704 in archival HST and Chandra data; our 30 upper limits are

ME555W/F814W < 260/234 and Ly < 6.1 x 103! erg s—h.

Our recent radio observations indicate that IGR J16597—370 is one of the
more radio faint systems in the NSXB population. For example, IGR J16597—
3704 displays a similar radio luminosity to IGR J17511—3057 (AMXP; Tu-
dor et al. 2017), SAX J1748.9—2021 (AMXP; Tetarenko et al. 2017b), and
EXO 1745—248 (non-pulsating NSXB; Tetarenko et al. 2016b). Examining
our updated radio — X-ray plane figure (Figure 3.3), it is clear that both non-
pulsating NSXBs and AMXPs can display a range of radio luminosities at
a similar X-ray luminosity (where it is unclear whether the radio-brighter or
radio-fainter systems form the dominant population). Here we postulate on
the mechanisms driving the radio luminosity in IGR J16597—3704 (and poten-
tially other AMXPs), by exploring the relationships between radio luminosity
and spectral state, spin, magnetic field, orbital period, accretion regime, and

evolutionary state.

The jets from some NSXBs (like BHXBs) have been observed to be quenched
by over an order of magnitude (or faded below current detection limits; e.g.,
Migliari et al. 2003; Gusinskaia et al. 2017) during softer accretion states. As
such, we may naively expect radio jets to be fainter in these states when com-
pared to their harder accretion states. Since, the X-ray spectral properties
reported in §3.2.2 suggest that IGR J16597—3704 was in a canonical hard
state during our observations, it is unlikely that jet quenching in the soft ac-
cretion state explains the low radio luminosity of IGR J16597—3704. By ex-

tension, many other radio quieter systems in the sampled population, such as
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EXO 1745—248 (Tetarenko et al., 2016b), have also been observed firmly in

the hard accretion state.

Sanna et al. (2018) have shown that IGR J16597—3704 displays a longer
spin period (9.5 ms), when compared to the average values for AMXPs (Pa-
truno & Watts, 2012; Mukherjee et al., 2015; Patruno et al., 2017, 2018). The
spin of a neutron star has long been suggested to potentially affect the radio
luminosity of NSXBs (Migliari et al., 2011). Depending on how the magnetic
field (anchored to the NS magnetic poles) interacts with the accretion disc,
AMXP jets could be directly powered by the extraction of energy from the
spin of the neutron star, or the jet may be driven by the rotation power of the
accretion disc (Migliari et al., 2011; Migliari et al., 2012). In both cases, we
expect the neutron star spin period to correlate with jet power. For example,
a longer spin period could be linked to a lower radio luminosity in AMXPs,
analogous to the spin dependence of jet power for black holes (Lje o< a?, where
a is the black hole spin parameter) predicted by Blandford & Znajek (1977).
Past studies (Migliari et al., 2011) have found hints of a possible positive cor-
relation® between spin frequency of the neutron star and jet power in AMXPs,
and our measurements of IGR J16597—3704 are compatible with this scaling.
Therefore, it seems plausible that spin period may play a role in governing the
radio luminosity levels in IGR J16597—3704 (and potentially other radio-quiet
AMXPs).

Similar to the spin period, IGR J16597—3704 may also display a higher
magnetic field (9.2 x 108 < B < 5.2 x 10’ G) when compared to the average
values for AMXPs. The role of a high magnetic field in jet production is still
an open question. Past works have suggested that high magnetic fields (2, 10!

G; Fender & Hendry 2000; Migliari et al. 2012) may inhibit jet formation, but

8 Although, we note that the jet power was not measured directly in this work, with the
normalization of the sources on the radio X-ray plane (assuming a disc-jet coupling index of
1.4) being used as a proxy for jet power. Thus this correlation may break down for different
disc-jet coupling indices.
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the recent work by van den Eijnden et al. 2018a,b (described below) provides a
counterpoint, thus we explore both possibilities here. Using the condition that
the gas pressure must dominate over the magnetic pressure, Massi & Kaufman
Bernadé (2008) derive a condition for jet formation based on the magnetic field

strength (B,) and accretion rate (M), such that,

47 : ~2/7
Ba_ g7 (5 o (3.1)
R, 108G 108 Moyr-!

where R4 is the Alfvén radius, and %‘j ~ 1 indicates the portion of the param-

eter space where jet formation is likely to not be suppressed by the neutron
star magnetic field. Substituting in estimates of 9.2 x 10® < B, < 5.2 x 10!° G
(Sanna et al., 2018) and M = 5 x 1072 Moyr~! (estimated from the M /Py,
relationship reported in van Haaften et al. 2012%) for IGR J16597—3704, indi-
cates that IGR J16597—3704 may be in a regime (%‘j > 1) where the magnetic
field could potentially be inhibiting jet formation (and in turn lead to the lower

radio luminosity observed).

Contrary to this hypothesis, radio emission (consistent with a synchrotron
jet) has been recently detected in the high magnetic field neutron star systems
GX 144 (van den Eijnden et al., 2018a) and Her X-1 (van den Eijnden et al.,
2018b). Moreover, another AMXP, IGR J17511—-43057, displays a magnetic
field strength similar to the average AMXP population, but lower than average
radio luminosity (Tudor et al., 2017). Furthermore, if high magnetic fields are
linked to lower radio luminosities in neutron stars, we may expect that the
AMXP population in general would display lower radio luminosities compared
to the population of non-pulsating NSXBs (which presumably display lower
magnetic fields than pulsating systems). This is clearly not the case, as for

example, the non-pulsating NSXB, EXO 1745—248, displays a radio luminosity

9While Sanna et al. (2018) report an M =5.5x1071% Mg yr—!, this estimate only repre-
sents the peak M in the outburst.
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similar to IGR J16597—3704 (also see Figure 3.3). Therefore, there does not
appear to be a clear relationship between magnetic field strength of the neutron
star and radio luminosity in the current sampled population, suggesting that
the high magnetic field in IGR J16597—3704 does not strongly influence the

radio luminosities we observe.

Although, if different jet production mechanisms are at work in different
classes of neutron star systems, we may expect a much more complicated (be-
yond a simple scaling) relationship between the magnetic field strength of the
neutron star and the radio luminosity. For instance, the jet production mech-
anism in neutron star systems could be highly dependent on how dynamically
important the magnetic field of the neutron star is in each system (i.e, how
significant a role the stellar magnetic fields play in the accretion process). In
this case, jets launched from non-pulsating NSXBs, with dynamically unimpor-
tant magnetic fields, may be powered by the accretion disc, similar to BHXBs,
while the dynamically important magnetic fields in tMSPs/AMXPs could dis-
rupt this physical connection between the jet and the disc. Therefore, in some
systems we may not be observing an accretion powered jet, but rather another
mechanism, such as the propeller effect!® (Romanova et al., 2009; Parfrey et al.,
2017), which may be powering the jet (e.g., the propeller effect is thought to be
the origin of the anti-correlation between radio and X-ray luminosity observed

in PSR J10234-0038; Bogdanov et al. 2018).

As IGR J16597—3704 is an ultra-compact binary (with an orbital period
< 80 min), we opt to briefly investigate a possible link between radio luminosity
and orbital period, by compiling a list of all the ultra-compact neutron star
binaries with radio frequency measurements (see Table 3.4 and Figure 3.4). We
find that in these ultra-compact binaries, the orbital period does not appear

to be correlated with the position of the system in the radio — X-ray plane.

10Tn the case of the propeller effect, the radio emission may originate in a broader outflow,
as opposed to a well-collimated jet.
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Table 3.4: Properties of ultra-compact neutron star binaries

Source Lsgrz “° Li—10kev D% Pop ¢ Ref.©
(ergs™1) (ergs™1) (kpc) (min)
4U 1728-34 6.83 x 10%° 5.2 x 103° 52  10.87 1]
4U 1820-303 8.78 x 1028 9.7 x 1036 7.9 11 1]
4U 0513-40 <550 x 102 29x10%* 121 17 2]
2S 0918-549 <521 x10%®  95x10%* 54 17.4 3]
4U 1543-624 < 7.20 x 1077 1.7 x 1037 6.7 18.2 [4]
4U 1850-087 4.60 x 10?8 1.2 x10% * 6.9 20.6 5]
M15 X-2 3.67 x 1028 2.3 x 10%7 10.4 22.6 6]
4U 1916-053 <1.80 x 10%*  2.7x10%* 93 50 7]
4U 06144091 1.72 x 10%8 3.2 x 1036 3.2 5174 8]
XTE J1751-305 < 1.14 x 102® <23 x10%2 T 8.0 42 9]
XTE J0929-314  1.37 x 10%° 4.7 x 1036 8.0 43.6 [10]

@ Upper limits are quoted at the 3o level.

b We calculate 5 GHz radio luminosities (Lr = vL,) by assuming a flat spectral index to
extrapolate to 5 GHz.

¢ Distance value used to calculate luminosity.

4 All distance and orbital period measurements are taken from Cartwright et al. (2013).

¢ References: [1] Diaz Trigo et al. 2017; [2] Machin et al. 1990; [3] Zwarthoed et al. 1993;
[4] Ludlam et al. 2017; [5] Lehto et al. 1990; [6] Sivakoff et al. 2011; [7] Grindlay & Seaquist
1986; [8] Migliari et al. 2010; [9] Iacolina et al. 2010; [10] Rupen et al. 2002

* These systems did not have X-ray measurements reported with their radio measurements;
we place limits on the X-ray luminosity by using the luminosity functions reported in
Cartwright et al. (2013).

t XTE J1751—305 did not have an X-ray measurement reported with its radio
measurement; we use the upper limit on the quiescent X-ray luminosity reported in
Wijnands et al. (2005).

i Cartwright et al. (2013) classify these estimates of orbital period as more uncertain, as
they are supported by only weak evidence.
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Figure 3.4: Radio — X-ray correlation for ultra-compact neutron star binaries. The
data points are color coded by orbital period. Our IGR J16597—3704 measurements
are indicated by the star symbols. The data points with horizontal error bars repre-
sent those systems for which the X-ray luminosity measurement were estimated from
luminosity functions or quiescent X-ray limits (see Table 3.4 for details). We observe
no clear correlation between the position of these sources on the radio — X-ray plane
and orbital period.

Further, we also find no evidence of a direct correlation between orbital period
and radio luminosity (Spearman rank correlation coefficient of —0.22, and p-
value of 0.46). This suggests that orbital period may not play a key role in
governing the radio luminosity in IGR J16597—3704 or other systems.

Lastly, the radio luminosity in AMXPs may be closely tied to the evolution-
ary state or the accretion regime (i.e., X-ray spectral state and mass accretion
rate, as suggested by Migliari et al. 2011) of the system. In IGR J16597—3704,
Sanna et al. (2018) estimate that very little mass has been accreted so far in
the system, and suggest that this indicates it is in an early stage of its evolu-
tion (i.e., it is a partially-recycled pulsar). However, the likelihood of catching
this system in such a short-lived early evolutionary state is quite low. Since
IGR J16597—3704 is an ultra-compact binary (with a low donor star mass;

Sanna et al. 2018), it is much more consistent with a system in the later stages
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of its evolution. This uncertainty makes it difficult to postulate whether the
evolutionary state of IGR J16597—3704 (and other AMXPs) influences their
observed radio luminosities, without further study.

A larger sample of radio luminosity constraints from AMXPs is needed to
definitively determine whether the spectral state, spin period, magnetic field
strength, orbital period, or accretion regime/evolutionary state are linked to
jet behaviour.

Overall, these results highlight the need for more radio and X-ray measure-
ments of all classes of NSXBs to place improved constraints on the mechanisms
that govern radio luminosity, jet production and jet evolution in NSXBs. The
low X-ray luminosity regime (Lx < 10%ergs™') is particularly vital, as this
regime remains under-sampled for the different classes of NSXBs. Finally, de-
spite the lack of a clear correlation for neutron star systems, IGR J16597—3704
is a clear example that the radio — X-ray plane can still be a reliable diagnostic

to identify the nature of the accretor in these binary systems.
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Chapter 4

Radio timing analysis of the
compact jet in the black hole
X-ray binary Cygnus X-1

This chapter is based on a manuscript in preparation, to be submitted to
the Monthly Notices of the Royal Astronomical Society (MNRAS) journal as
Tetarenko, A.J. et al. 2018, “Radio timing analysis of the compact jet in the
black hole X-ray binary Cygnus X-17, describing a detailed study of rapid
(second to hour timescale) compact jet variability at radio frequencies in a

black hole X-ray binary.

Abstract

We present simultaneous multi-band radio and X-ray observations of the black
hole X-ray binary Cygnus X-1, taken with the Karl G. Jansky Very Large
Array (VLA) and the Nuclear Spectroscopic Telescope Array (NuSTAR). With
these data we extract high time resolution light curves, in which we detect
clear flux variability in the form of small amplitude flaring events. The radio
variability is of lower amplitude and more smoothed out at lower frequencies,

consistent with emission from a variable compact jet. To characterize the radio
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variability we observe and probe how the variability signal propagates down
the jet flow, we perform detailed timing analyses of our data, including cross-
correlation analyses and a Fourier domain analyses. We find that the radio
jet emission shows no significant power at Fourier frequencies f 2 0.03 Hz
(below ~ 30 sec timescales), and that the higher frequency radio bands (9/11
GHz) are strongly correlated over a range of time scales, displaying a roughly
constant time lag with Fourier frequency of a few tens of seconds. However,
in the lower frequency radio bands we find a significant loss of coherence over
the same range of timescales. We discuss different mechanisms that could be
causing this effect. Further, we detect a correlation between the X-ray and radio
emission, measuring time lags between the X-ray and radio bands on the order
of tens of minutes. We use these X-ray/radio lags to solve for the compact jet
speed, finding that the Cyg X-1 jet is more relativistic than usually assumed for
compact jets, where 3 = 0.921003 (I' = 2.5910-). Lastly, we constrain how the
jet size scale changes with frequency, finding a shallower relation (o< ©~%4) than
predicted by simple jet models (o< #71), and we estimate the jet opening angle
to be ¢ ~ 0.4 — 1.8 degrees. With this study we have developed observational
techniques designed to overcome the challenges of radio timing analyses and
created the tools needed to connect rapid radio jet variability properties to

internal jet physics.

4.1 Introduction

Black holes drive the most powerful outflows in the Universe, from the kiloparsec-
scale jets launched by the most massive black holes in Active Galactic Nuclei
(AGN), to the smaller-scale jets launched by their stellar mass analogues, black
hole X-ray binaries (BHXBs). BHXBs are often the targets of jet studies, as
these accreting binary systems rapidly evolve through bright outburst phases

(typically lasting days to months), providing a real-time view of jet behaviour.
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At the beginning of an outburst, the BHXB is typically in a hard accretion
state, where there exists a compact, relativistic jet, an inner radiatively in-
efficient accretion flow (which may be synonymous with the base of the jet;
Narayan & Yi 1995; Markoff et al. 2005), and a slightly truncated accretion
disc (McClintock & Remillard, 2006; Fender et al., 2004a). The compact jets
primarily emit at radio, sub-mm and infrared frequencies (Fender, 2001; Cor-
bel & Fender, 2002; Chaty et al., 2011; Russell et al., 2006; Tetarenko et al.,
2015d) as a result of partially self-absorbed synchrotron emission (Blandford
& Konigl, 1979), where higher frequencies probe regions closer to the black
hole (although in some cases optically thin synchrotron emission above the
self-absorption turnover in the spectrum may contribute significantly at fre-
quencies up to the X-ray band, e.g., Russell et al. 2010). On the other hand,
the accretion flow (in the hard state) primarily emits in the X-rays, and is
dominated by thermal comptonization of photons from the accretion disc in
the inner accretion flow /jet base region (although the outer accretion disc can
also emit at infrared, optical, and UV frequencies; Done et al. 2007). This X-ray
emission is known to be strongly variable (fractional rms 10-50%), on as short
as sub-second timescales (power at Fourier frequencies as high as hundreds of

Hz; van der Klis 2006).

While broad-band spectral measurements and high resolution radio imaging
studies with Very Long Baseline Interferometry (VLBI; e.g. Stirling et al. 2001)
are traditionally used to constrain jet properties (e.g., speed and geometry), and
probe the connection between the jet and accretion flows (e.g., van der Horst
et al. 2013; Russell et al. 2014), time domain observations offer a promising new
way to address the key open questions in jet research (Uttley & Casella, 2014).
Detecting and characterizing rapid flux variability in jet emission from multiple
BHXBs can allow us to probe detailed jet properties that are difficult, if not
impossible, to measure by other means. For instance, measuring the shortest

timescale over which the compact jet flux is significantly changing provides a
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direct measure of the jet size scale at different observing frequencies. At its
best, high resolution VLBI can only image the jets from BHXBs (which are
located at kiloparsec distances) down to AU size scales. In fact, in the few
published cases where a compact jet was resolved in the axial direction (GRS
1915+105 and Cygnus X-1; Stirling et al. 2001; Dhawan et al. 2000), VLBI has
failed to resolve structure perpendicular to the jet axis, suggesting jet widths on
the order of sub-AU scales. Therefore, while determining the cross-section and
opening angle of BHXB jets is beyond current imaging capabilities, detecting jet
variability on second timescales, probing scales as small as mAU (for emitting
regions travelling at light speed), could be used to recover new information on

jet geometry.

Additionally, as the jet flow propagates downstream from the black hole,
optical depth effects cause lower frequency emission to appear as a delayed
version of high frequency emission (Blandford & Koénigl, 1979; Hjellming et al.,
1988; Falcke & Biermann, 1995). Through measuring the time delay between
small emission features (i.e., small flaring events) at different frequencies, we
can estimate the compact jet speed, for which there are currently no direct
measurements (Uttley & Casella, 2014). Further, detecting correlated variabil-
ity across a wide range of frequencies, probing both the jet and accretion flow
emission, can effectively allow us to track accreting matter from inflow to out-
flow, revealing how variations in the accretion flow manifest themselves further
downstream in the jet. Recent work has shown evidence of correlations between
optical/infrared and X-ray variability on sub-second timescales (Malzac et al.,
2003; Casella et al., 2010; Kalamkar et al., 2016; Gandhi et al., 2017; Vincen-
telli et al., 2018), suggesting variations in the accretion flow could subsequently
drive variability in the jet emission. Directly linking changes in the accretion
flow with changes in jet emission at different scales (where different frequencies
probe different distances along the jet axis) provides unparalleled insight into

the sequence of events leading to jet launching and acceleration.
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Broad-band variability measurements also allow for detailed tests of both
standard and new jet theory models. In particular, Blandford & Kénigl (1979)
predict that the jet size scale is inversely proportional to frequency (z oc v~ 1,
where z represents the distance down-axis from where the jet is launched).
Additionally, recent models predict that jet variability is driven by the injection
of discrete shells of plasma at the base of the jet with variable speeds (Turler
et al., 2004; Jamil et al., 2010; Malzac, 2014; Drappeau et al., 2015, 2017).
In these works, the behaviour of these shells (traced by the jet variability
properties) is directly linked to the X-ray power density spectrum (quantifying
the amplitude of X-ray variability at different timescales). As the timescale of
the jet variability depends on the shock speed and shell thickness in this model,

detecting correlated variability over a wide frequency range could disentangle

these parameters.

To date, compact jet emission in BHXBs at radio frequencies has been
observed to vary over a range of timescales (minutes to months). While the
longer timescale variations have been tracked and well characterized in many
systems, this is not the case for the short (< 1 hour) timescale variations,
for which there are only a handful of detections (e.g., variations detected on
minute to hour timescales; Pooley & Fender 1997; Fender & Pooley 2000; Corbel
et al. 2000; Miller-Jones et al. 2009; Tetarenko et al. 2015d; Curran et al.
2014). Further, little effort has been made to analyze this short timescale radio
variability (e.g., Nipoti et al. 2005 present the only radio frequency Fourier
domain study, where the shortest timescales probed were days), search for
variability at higher sub-mm frequencies (probing the base of the jet close
to the black hole), or connect radio variability properties (e.g., amplitudes,

timescales) with internal jet physics.

While time-resolved observations are a staple for BHXB studies at higher
frequencies (optical, X-ray), there are many challenges that accompany such

studies at low frequencies (radio, sub-mm). In particular, it can be difficult to
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disentangle intrinsic source variations from atmospheric or telescope gain vari-
ations (the radio sky at > 10 GHz is sparse enough that in-beam comparison
sources will be rare), observations often involve routinely cycling between ob-
serving a target source and a calibrator, and in most cases only one frequency
band can be sampled at a time. These obstacles prevent continuous observa-
tions of the jet and introduce artificial periodic signals in the data, both of which
complicate time-domain analyses. Further, until recently, most telescopes were
not sensitive enough, nor capable of taking the rapid data to probe second
timescales. However, with today’s more sensitive interferometric arrays, which
also offer observing modes that allow for the use of sub-arrays, sub-second time
resolution, and custom non-periodic target+calibrator scan design, we can lift
the limitations presented above and accurately sample BHXB jets at radio fre-
quencies in the time domain. Here we present new simultaneous, high time
resolution, multi-band radio and X-ray observations of the compact jet in the
BHXB Cygnus X-1, and perform a detailed study of rapid (probing second to

hour timescales) compact jet variability at radio frequencies.

4.1.1 Cygnus X-1

Cygnus X-1 (hereafter Cyg X-1) is a high-mass X-ray binary (containing an
O-type super-giant companion; Gies & Bolton 1986) discovered in the X-rays
by the UHURU satellite in 1971 (Tananbaum et al., 1972). It is located at a
distance of 1.86 & 0.12 kpc! (Reid et al., 2011), with an orbital period of 5.6 d
(Holt et al., 1979) and an inclination angle of 27.1 £ 0.8 degrees to our line of
sight (Orosz et al., 2011). Cyg X-1 spends the majority of its time in a canonical
hard accretion state (e.g., Ling et al. 1983; Miyamoto et al. 1992; Wilms et al.
2006; Zdziarski et al. 2002; Grinberg et al. 2013), where the radio through

sub-mm spectrum is very flat (f, oc v, where o ~ 0), displaying an average

!Note that there is a discrepancy between this radio parallax distance and the Gaia DR2
distance of 2.37 + 0.18 kpc (Gaia Collaboration et al., 2018; Gandhi et al., 2018).
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flux density of ~ 15 mJy (Fender et al., 2000). Although, Cyg X-1 has shown
small-scale radio frequency variability, with amplitudes up to 20-30% of the
average flux density, on timescales of hours to months. The shorter timescale
variability (hours—days) is thought to be linked to changes in the mass accretion
rate, while the longer timescale variability (months) has been attributed to jet
precession, and orbital modulation originating from variable absorption by the
stellar wind of the companion star (Pooley et al., 1999; Brocksopp et al., 2002;
Gleissner et al., 2004; Nipoti et al., 2005; Pandey et al., 2006; Wilms et al.,
2007). The hard state radio jet in Cyg X-1 has been resolved along the jet
axis out to scales of ~15 mas at 8.4 GHz (Stirling et al., 2001), but has not
been resolved in the direction perpendicular to the jet flow, constraining the

jet opening angle to be < 2 degrees.

Cyg X-1 is also known to be strongly variable in the X-rays during the
hard state (fractional rms 40-50%), showing power on a large range of Fourier
frequencies from mHz to over 100 Hz (Pottschmidt et al., 2003). Despite the
extended time Cyg X-1 spends in the hard state, the source has been known
to make occasional transitions to a softer accretion state, where it was in such
a soft state (with no compact jet) from 2010 until late 2015 (Grinberg et al.,
2011, 2014, 2015).

In 2016 February, while Cyg X-1 was in a well-established hard accretion
state, we obtained simultaneous, high time resolution, multi-band radio and
X-ray observations with NSF’s Karl G. Jansky Very Large Array (VLA) and
NASA’s Nuclear Spectroscopic Telescope Array (NuSTAR). In §4.2 we describe
the data collection and reduction processes. In §4.3 we present high time
resolution light curves, cross-correlation functions, and Fourier domain analyses
of the radio and X-ray emission we detect from Cyg X-1. In §4.4 we discuss the
time domain properties of the jet emission from Cyg X-1 and place constraints
on jet speed, geometry, and size scales. A summary of the results is presented

in §4.5.
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4.2 QObservations and data analysis

4.2.1 VLA radio observations

Cyg X-1 was observed with the VLA (Project Code: 16A-241) on 2016 Febru-
ary 11, for a total on-source observation time of 2.7 hours. The array was in
the C configuration at the time of our observations, where we split the full
array into 2 sub-arrays of 13 and 14 antennas. Observations in each sub-array
were made with the 8-bit samplers in S (2 —4 GHz) and X (8 — 12 GHz) band.
Each band was comprised of 2 base-bands, with 8 spectral windows of 64 2-
MHz channels each, giving a total bandwidth of 1.024 GHz per base-band.
We chose to use the 2 — 4 GHz and 8 — 12 GHz bands, as they provide pairs
of widely separated base-bands, allow us to avoid the difficulties of observing
at higher frequencies, and act as a compromise between high frequencies that
probe closer to the black hole, and lower frequencies that are more sensitive
with the VLA. The sub-array setup allows us to push to smaller correlator
dump times than would be possible if we were utilizing the full array. In these
observations, we set a 0.25-second correlator dump time, providing the highest
time resolution possible, while staying within the standard 25 MBs™' data rate
limit. Further, we implemented a custom non-periodic target+calibrator cycle
for each sub-array. This custom cycle began with 30 minutes for the dummy
setup scan and standard calibration in two bands. Following this standard
calibration, each sub-array alternated observing Cyg X-1 and calibrators, such
that we obtained uninterrupted data of Cyg X-1 in the 8 — 12 GHz band for
the first 75 minutes of the observations, and uninterrupted data of Cyg X-1
in the 2 — 4GHz band for the second 75 minutes of the observations (with
sparser coverage of the second band across each 75-min period). We hand-set
target+calibrator scans to between 9 and 15 minutes (with approximately log-
arithmic separation). Flagging, calibration and imaging of the data were car-

ried out within the Common Astronomy Software Application package (CASA
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v5.1.2; McMullin et al. 2007) using standard procedures outlined in the CASA
Guides? for VLA data reduction (i.e., a priori flagging, setting the flux density
scale, initial phase calibration, solving for antenna-based delays, bandpass cali-
bration, gain calibration, scaling the amplitude gains, and final target flagging).
We used 3C48 (J0137+331) as a flux/bandpass calibrator and J2015+3710 as
a phase calibrator. To obtain high time resolution flux density measurements,
we utilized our custom CASA variability measurement scripts®, where flux den-
sities of the source in each time bin were measured by fitting a point source in
the image plane (with the imfit task). When imaging each time bin we used
a natural weighting scheme to maximize sensitivity and did not perform any
self-calibration. Note that we only analyze radio light curves on timescales as
short as 1 sec in this work (despite the 0.25 sec time resolution), as we found no
significant power on sub-second timescales (see §4.3.3.1). Additionally, to check
that any variability observed in these Cyg X-1 radio frequency light curves is
dominated by intrinsic variations in the source, and not due to atmospheric or
instrumental effects, we also ran our calibrator sources through these scripts

(see Appendix 4.6.1 for details).

4.2.2 NuSTAR X-ray observations

Cyg X-1 was observed with NuSTAR (Harrison et al., 2013) on 2016 Febuary
11, for a total exposure time of 13.5 ks (ObsID 90101020002). The NuSTAR
telescope consists of two co-aligned focal plane modules; FPMA and FPMB.
The data were reduced using the NuSTAR data analysis software (NUSTAR-
DAS v1.8.0) within the HEASOFT software package (v6.22%) following standard

procedures®. We first used the nupipeline task to filter the observations for

’nttps://casaguides.nrao.edu

3These scripts are publicably available on github; https://github.com/Astroua/
AstroCompute_Scripts

‘http://heasarc.nasa.gov/lheasoft/

®NuSTAR data analysis procedures are detailed at https://heasarc.gsfc.nasa.gov/
docs/nustar/analysis/
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passages through the South Atlantic Anomaly and produce cleaned event files.
Then we extracted light curves from both FPMA and FPMB using a circular
region with a 60 arcsec radius centred on the source. Similarly, background
light curves were extracted from an 100 arcsec radius circular region centred
on a source-free region on each detector. Lastly, the HEASOFT task 1cmath was
used to create final background subtracted light curves. Note that we extracted
light curves in the 3-10 keV, 10-30 keV, 30-79 keV, and full 3-79 keV energy
bands, on time scales as short as 1 sec (matching our radio observations; see

§4.2.1), for the analysis presented in this paper.

4.3 Results

4.3.1 Light curves

Simultaneous radio and X-ray frequency light curves of Cyg X-1 taken with the
VLA and NuSTAR are shown in Figure 4.1 (also see Figure 4.8). In the radio
light curves, the flux density ranges from 12-19 mJy, with the average flux
density at all frequencies ~ 15 mJy (as expected from historical observations
of the source; Pooley et al. 1999; Fender et al. 2000; Brocksopp et al. 2002).
However, we also observe structured variability in the radio light curves, in the
form of small amplitude flaring events, on top of smoother, longer-timescale
variations. For example, the largest flare detected at 11 GHz (~ 20:06 UT)
rises from ~ 14 mJy to a peak flux of ~ 19 mJy (~ 30% of the average flux
density) over a timescale of ~ 12 min. This large flare is asymmetric in shape,
showing a secondary peak ~ 30 min after the main peak. Similarly, in the
X-ray light curves we also observe a couple of small flares (e.g., at ~ 17:55 UT,
~ 19:25 UT), all of which precede the radio flaring activity.

Through comparing the emission we observe in the different radio bands,
the lower frequency emission appears to lag the higher frequency emission (with

the lag increasing as the frequency decreases). Additionally, the variability in
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the 2/3 GHz light curves appears to be of lower amplitude and much more
smoothed out when compared to the 9/11 GHz light curves. This emission
pattern is consistent with what we expect from a compact jet, where the higher
frequency emission originates in a region with a smaller cross-section closer to
the black hole, while the lower frequencies probe emission from larger regions

farther downstream in the jet flow.
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4.3.2 Cross-Correlation Functions

The morphology of our Cyg X-1 light curves hints at a potential correlation
between the emission within the radio bands, and between the radio and X-
ray bands. To characterize any correlations and place estimates on time-lags
between the bands, we computed cross-correlation functions (CCFs) of our light
curves using the z-transformed discrete correlation function (ZDCF; Alexander
1997, 2013). The ZDCF algorithm is designed for analysis of unevenly sampled
light curves®, improving upon the classic discrete correlation function (DCF;
Edelson & Krolik 1988) or the interpolation method (Gaskell & Peterson, 1987).
The calculated CCFs are displayed in Figure 4.2.

The location of the CCF peak will indicate the strongest positive corre-
lation, and thus the best estimate of any time-lag between the light curves
from different frequency bands. To estimate the CCF peak with correspond-
ing uncertainties, we implement the maximum likelihood method of Alexander
(2013). We note that this method estimates a fiducial interval rather than the
traditional confidence interval. The approach taken here is similar to Bayesian
statistics, where the normalized likelihood function (i.e., fiducial distribution)
is interpreted as expressing the degree of belief in the estimated parameter,
and the 68% interval around the likelihood function’s maximum represents the
fiducial interval. Additionally, to estimate the significance level of any peak in
the CCF, we perform a set of simulations allowing us to quantify the proba-
bility of false detections in our CCF's, by accounting for stochastic fluctuations
and intrinsic, uncorrelated variability within each light curve. For these simu-
lations, we randomize each light curve 1000 times (i.e., Fourier transform the
light curves, randomize the phases, then inverse Fourier transform back, to cre-

ate simulated light curves that share the same power spectra as the real light

6Note that we utilize the full radio light curves, not just the continuous data chunks (as
is done for the Fourier analysis in §4.3.3), to create the CCFs, as the ZDCF algorithm can
handle unevenly sampled data.
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curves) and calculate the CCF for each randomized case. We then determine
the 95% and 99% significance levels based on the fraction of simulated CCF

data points (at any lag) above a certain level.

Our calculated CCFs (Figure 4.2) suggest the presence of a correlation
between both the X-ray and radio emission from Cyg X-1, as well as between
the emission in the individual radio bands. In particular, we measure a time
lag between the 3-79 keV X-ray and the 11 GHz radio bands of 33.5%] min,
and time lags between the 11 GHz and 9, 3, 2 GHz radio bands of 1.0703 min,
24.117% min, and 27.6732 min, respectively (although see below for caveats
on the 11/3 GHz and 11/2 GHz lag measurements). With these lags, we
observe a trend with frequency, where the lower frequency bands always lag
the higher frequency bands (and the lag increases as the frequency decreases
in the comparison band). This trend is consistent with what we expect from
emission originating in a compact jet, where the lags presumably trace the
propagation of material downstream along the jet flow (from higher frequencies
to lower frequencies; Malzac et al. 2003; Gandhi et al. 2008; Casella et al. 2010;
Gandhi et al. 2017). We also split the 8-12 GHz radio data into four sub-bands
(centered on 8.75, 9.25, 10.75 and 11.25 GHz) and re-ran our CCF analysis.
However, the measured lags we obtain are all consistent with each other within
uncertainties. Thus we do not gain any new information through splitting our

radio data into finer frequency bands and do not report on that data hereafter.

We note that when comparing the 3-79 keV /11 GHz and 11 GHz/9 GHz
bands, the CCFs show relatively symmetric peaks at the measured time lag,
both of which reach or exceed the 99% significance level. Therefore, we con-
sider these detected time lags statistically significant, and are confident they
are tracking a real correlation between the light curves. On the other hand,
when comparing the 11 GHz/3 GHz and 11 GHz/2 GHz bands, the CCFs
display much more complicated structure, including secondary peaks and anti-

correlation dips at negative lags. While the measured time lag peaks represent
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significant correlations (i.e., reach or exceed the 99% significance level), the
secondary peaks can at times reach a lower, but still significant level (e.g.,
peak at ~ 10 min when comparing 11 GHz/3 GHz, or peak at ~ 50 min when
comparing 11 GHz/2 GHz), and the anti-correlation dips can reach levels more
significant than our positive lag peaks. Even though the measured 11 GHz/3
GHz and 11 GHz/2 GHz radio lags are physically plausible in terms of what
we may expect from compact jet emission, the statistics and data structure do
not conclusively back up these lag measurements. Therefore, for the remain-
der of this paper we opt to take a Bayesian approach, whereby we consider the
negative lags as unphysical, and take our measured lags to be the best estimate
of the true lags between these radio bands. Although, the reader should keep
these caveats in mind when considering the 11/2 GHz and 11/3 GHz lag inter-
pretations moving forward. Lastly, an important technical caveat to note in all
our CCF calculations is that we are calculating the CCFs up to delays that are
comparable to the duration of the data set (i.e., outside the stationarity limit).
As the CCF is formally defined only on the assumption of stationarity, we are
pushing the CCF method to its limits. We thus choose to remain conserva-
tive in our claims of time lag detections in this paper given these statistical

limitations of our methods.

In the literature, there exist a few studies reporting on X-ray/radio corre-
lations on short (minute) timescales in Cyg X-1. In particular, Gleissner et al.
2004 found no statistical evidence for correlations between X-ray and radio
emission in Cyg X-1 on timescales < 5 hours, suggesting that any possible
correlations they observed were consistent with artifacts of white noise statis-
tics. The significance level simulations we performed in this paper rule out our
correlations being statistical artifacts. Further, the radio frequency data used
in the Gleissner et al. 2004 study was obtained with the Ryle Telescope, which
was much less sensitive than the current VLA (the VLA has more antennas

with larger dishes). Therefore, our study is able to measure lower level signals,
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giving us better statistics in our CCFs when compared to the Gleissner et al.
2004 study. Additionally, Wilms et al. 2007 report the detection of an X-ray/15
GHz lag of ~ 7 min, which is significantly lower than the measured ~ 33 min
X-ray/11 GHz lag reported in this work. However, we note that the Wilms
et al. 2007 data sampled Cyg X-1 during a transition from the soft to the hard
accretion state, and displayed different flare morphology (e.g., a higher ampli-
tude of ~ 4 times the average flux level and a much more symmetric radio
flare shape) when compared to our data. The jet emission in BHXBs during
these accretion state transitions is often dominated by emission from discrete
jet ejections (typically characterized by higher amplitude, more symmetric ra-
dio flares; e.g., Tetarenko et al. 2017), rather than a compact jet (as seen in the
hard state). Therefore, the difference between these measured time lags could
be due to both studies sampling a different form of jet emission with differ-
ent properties (e.g., bulk speeds, opening angles, energetics). Alternatively, in
either study it is possible that the pairs of correlated X-ray/radio flares were
misidentified, and are in turn not actually correlated (e.g., it is possible that
additional X-ray flares occur within the orbital gaps in the data, and see for
example Capellupo et al. 2017 who show it can be difficult at times to know

whether X-ray/radio flares are truly connected).
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4.3.3 Fourier Analyses

To better characterize the variability properties of our radio frequency light
curves of Cyg X-1, we opted to also perform Fourier domain analyses. As part
of these analyses, we calculate the power spectral density (PSD), as well as
perform cross-spectral analyses, allowing us to characterize lag and correlation
behaviour across many distinct timescales of variability (Vaughan & Nowak,
1997; Uttley & Casella, 2014). While Fourier domain analysis is common prac-
tice at higher frequencies (infrared, optical, X-ray; Gandhi et al. 2008; Casella
et al. 2010; Vincentelli et al. 2018), previous studies of this nature in the radio
bands are limited (e.g., see Nipoti et al. 2005, probing timescales as short as
days only). Here we present the first Fourier domain study of an BHXB (includ-
ing a cross-spectral analysis) undertaken at radio frequencies on timescales as
short as seconds. We utilize the STINGRAY software package” (Huppenkothen

et al., 2016) for all of our Fourier domain analysis below.

4.3.3.1 Power Spectra

To create our radio PSDs, we consider only the continuous chunks of data in
each radio light curve (i.e., first ~75 min at 9/11 GHz and second ~75 min at
2/3 GHz), and divide the light curves into 15 min segments, averaging them
to obtain the final PSD. The segment size was chosen to reduce the noise in
the PSDs. Further, a geometric re-binning in frequency was applied (factor of
f = 0.3, where each bin-size is 1 + f times larger than the previous bin size) to
reduce the scatter at higher Fourier frequencies. All our PSDs are normalized
using the fractional rms-squared formalism (Belloni & Hasinger, 1990) and
white noise has been subtracted (white noise levels were estimated by fitting
a constant to Fourier frequencies above 0.05 Hz & 0.01 Hz for the 9/11 GHz
& 2/3 GHz bands, respectively; see Appendix 4.6.3). Note that PSDs in the

"https://stingray.readthedocs.io/en/latest/
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9/11 GHz bands are created from data imaged with 1 sec time-bins, while the
2/3 GHz PSDs are created from data imaged with 5 sec time-bins®. We utilize
a different imaging timescale between radio bands to roughly match the rms
noise in each time-bin’s image across the bands, while still leaving enough of
a Fourier frequency lever arm to accurately measure the white noise level. To
create our X-ray PSDs, we follow the same averaging and binning procedure
as the radio PSDs (additionally making use of the good time interval feature?
of the STINGRAY package to take into account the orbital gaps in the data)
and use frequencies above 0.4 Hz to estimate the white noise level. Figure 4.3

displays the radio PSDs, while Figure 4.4 displays the X-ray PSDs.

The radio PSDs all appear to display a power-law type shape, where the
highest power occurs at the lowest Fourier frequencies (corresponding to the
longest timescales sampled) and no significant power is observed at Fourier
frequencies above ~ 0.03 Hz (~ 30 sec timescales). Additionally, we ob-
serve a trend where the PSDs from the higher frequency radio bands dis-
play larger power when compared to the lower frequency radio bands on the
longer timescales (where the larger uncertainties make it difficult to compare
the power between the radio bands on smaller timescales/higher Fourier fre-
quencies). These observed PSD features fit with our compact jet picture, where
we expect higher radio frequencies to display larger variability amplitudes and
the highest Fourier frequency variations to be more suppressed, due to the in-
creasing size scale of the emitting region at radio frequencies (when compared
to the X-ray) smearing the variability signal. In fact, VLBI imaging of Cyg
X-1 (Stirling et al., 2001) suggests jet cross-sections at 8.4 GHz of < 3.1 x 1013

8The maximum frequency for Fourier analysis is equivalent to half the resolution of our
light curves, or the Nyquist frequency of vy = 2 tes~! = 0.5/0.1 Hz for the 9/11GHz and
2/3GHz PSDs, respectively.

9This good time interval (GTI) feature computes the start/stop times of equal time in-
tervals, taking into account both the segment size (timescale over which the individual PSDs
are averaged together) and the GTIs. This “time mask” (array of time stamps) is then used
to start each FFT from the start of a GTI, and stop before the next gap in the data (end of
GTI).
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cm, which is consistent with the light crossing times of the shortest timescales
for which we detect significant power (in ~ 30 sec a signal propagating at the
speed of light travels 1 x 10'? cm)!©.

The X-ray PSDs also appear to display a power-law type shape at lower
Fourier frequencies (< 0.01 Hz), then flatten out at higher Fourier frequencies,
with a turnover occuring at ~ 0.3 Hz. No quasi-periodic oscillations are ob-
served, although we do observe a bump around ~ 0.008 Hz (this X-ray PSD
shape is consistent with previous studies; e.g., Nowak et al. 1999). Interest-
ingly, when comparing the X-ray and radio PSDs, we find that the X-ray PSDs
show similar power at the lowest Fourier frequencies (longest timescales) as
the highest frequency radio band PSDs. This feature was also seen at Fourier
frequencies as low as ~ 1075 — 10~7 Hz by Nipoti et al. (2005) in their earlier,
longer timescale study (and notably was a unique feature to Cyg X-1, not ob-
served in the long timescale radio PSDs of other XB sources; GRS 19154105,
Cyg X-3, and Sco X-1). However, the X-ray emission is significantly more vari-
able overall, displaying an integrated fractional rms (across the 0.001 to 0.5 Hz

range) of ~ 20%, while all the radio bands show ~ 2 — 7%.

0For a conical jet, the jet cross-section at distance zy from where the jet is launched is
represented by zcross = 20 tan ¢, where ¢ is the jet opening angle. VLBI imaging of Cyg X-1
(where the jet is observed out to ~ 15 mas scales, along a jet axis inclined to our line of sight
by ~ 27 degrees; Stirling et al. 2001) suggests 2o ~ 8.9 x 10** c¢cm at 8.4 GHz and opening
angles of < 2 degrees, corresponding to a cross-section at 8.4 GHz of < 3.1 x 10'2 cm).
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Figure 4.3: White noise subtracted radio PSDs of Cyg X-1. Top to bottom, the
panels display the power spectra from the 11, 9, 3, and 2 GHz bands. The PSDs
in the 9/11 GHz bands are created from data imaged with 1 sec time-bins, while
the 2/3 GHz PSDs are created from data imaged with 5 sec time-bins. While all
the radio bands display a similar PSD shape (decreasing power at higher Fourier
frequencies), when considering the longest timescales, we observe higher power in
the higher frequency radio band PSDs. Note that the pre-white noise subtracted
PSDs are shown in Figure 4.9.
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Figure 4.4: White noise subtracted X-ray PSDs of Cyg X-1 in the 3-79 keV band.
These power spectra are created from data with 1 sec time-bins (matching our radio
frequency light curves). PSDs for the two NuSTAR modules are shown separately
(FPMA represented by the black markers, FPMB represented by the magenta mark-
ers). The X-ray PSDs show a clear turnover at higher frequencies (~ 0.3 Hz), and
no quasi-periodic oscillations are observed.
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4.3.3.2 Cross Spectra

Through a cross-spectral analyses we can examine the causal link between two
time series signals. For this analysis we only consider the segments of the re-
spective radio light curves for which we have continuous data with no scan
gaps (as was done in creating our PSDs) and use the same averaging/binning
procedure as described for the PSDs. Further, we only compare the signals
we observe between the two-basebands in each VLA frequency band (i.e., be-
tween 9 and 11 GHz, and between 2 and 3 GHz), as our observational setup
only allowed for the simultaneous, continuous observations needed for such an
analysis between these radio frequencies.

Figure 4.5 displays the results of our cross spectral analyses, where we show
three different metrics used to quantify the causal relationship between the
two time series signals: phase lags, time lags, and coherence. The lags describe
the phase/time differences between intensity fluctuations for each Fourier fre-
quency component, while the coherence is a measure of the fraction of the rms
amplitude of one signal (at a given Fourier frequency) that can be predicted
from the second signal through a linear transform (i.e., the degree of linear
correlation between the two signals as a function of Fourier frequency).

When considering the higher frequency radio bands (9/11 GHz), we observe
a high level of coherence on longer timescales (f < 0.005 Hz), which drops to
~ 0.25 at ~ 0.005 Hz, then to a point where no significant correlation is detected
above ~ 0.05 Hz. Additionally, we observe a relatively constant trend in the
phase lags, corresponding to a mostly constant time lag of a few tens of seconds,
across Fourier frequencies up to ~0.01 Hz (although we do note that there is
some scatter in the time-lags at ~ 0.005 Hz). These time lags are consistent
with the lower end of the confidence interval estimated from our CCF measured
lag of 1.0703 min, within the uncertainty limits. However, when considering
the lower frequency radio bands (2/3 GHz), we observe very little coherence,

even on the longer timescales (~ 0.25 at 0.001 Hz, but coherence consistent
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with zero within the large uncertainties). Further, there is no clear trend in
the phase lags, and the time lags are mostly consistent with zero. However,
despite the large uncertainty, the time lag in the lowest Fourier frequency bin
is consistent with what we might expect from our CCF measured lags of ~ 3

min.
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4.4 Discussion

To characterize the variability properties of the compact jet emission in the
BHXB Cyg X-1, we have performed a time domain analysis on multi-band
VLA radio and NuSTAR X-ray observations of this system. We implement
several different metrics in our analysis; cross-correlation functions, PSDs, and
cross-spectral analysis. In the following sections, we discuss what each of these
metrics reveals about the jet variability properties and how these variability
signals propagate down the jet. Additionally, we derive constraints on jet

speed, geometry, and size scales.

4.4.1 Interpreting PSDs, lags, and coherence

The X-ray and radio PSDs presented in Figures 4.3 and 4.4 show remarkably
similar power on the longest timescales, but display very different shapes. In
particular, the radio bands display a monotonically decreasing trend with fre-
quency (where there is no significant power at Fourier frequencies above ~0.03
Hz), while the X-ray band displays a double power-law type shape that turns
over at ~0.3 Hz. In previous BHXB jet variability studies performed at higher
frequencies (Gandhi et al., 2008; Casella et al., 2010; Vincentelli et al., 2018),
infrared and optical PSDs of compact jet emission displayed a similar shape
to our X-ray PSDs, where a break is observed at higher Fourier frequencies
(~ 3/1 Hz at optical /infrared bands in GX 339-4). This damping of the power
at higher Fourier frequencies is thought to reflect the physical size scale of the
emitting region. Therefore, we might expect any break in the radio PSDs to
occur at lower Fourier frequencies than we can probe with our data set (e.g.,
a VLBI transverse size scale estimate of < 3.1 x 10! cm at 8.4 GHz gives
a light crossing time of ~ 1100 sec or < 9 x 10~* Hz; and see Figure 6 in
Malzac 2014 where theoretical jet models also predict this PSD shape). In the

Fourier analysis of Nipoti et al. 2005, who probed much longer timescales than
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our study (days-months), the radio PSD shows a higher power (at all sampled
Fourier frequencies) when compared to our PSDs, that is nearly constant at
Fourier frequencies between 1076 — 10~° Hz. Therefore, this is suggestive of a
break in the radio PSDs occurring in the un-sampled Fourier frequency range
(107> — 1073 Hz). If this is the case, the radio PSDs we present here could be
sampling the drop off in power after a lower Fourier frequency turnover. A set
of longer radio observations (sampling the 107° — 1073 Hz Fourier frequency
range) and/or observations at higher radio/sub-mm frequencies are needed to
confirm this theory, and test whether there is a frequency dependent trend in
the location of this turnover across different radio bands (as suggested between
the infrared/optical PSD turnovers observed in GX 339-4). Measuring such
a trend could (in principle) be used to map out the jet size scale in different

regions of the jet flow.

In our cross-spectral analysis, we observed that the higher frequency ra-
dio bands (9/11 GHz) were highly correlated on longer timescales (> 200 s;
f < 0.005 Hz), and display a constant lag with Fourier frequency consistent
with our CCF measured lag. However, in the lower frequency radio bands
(2/3 GHz) we observed very little correlation across all timescales, and a lag
consistent with our CCF analysis only in the lowest Fourier frequency bin. In
the situation where one signal is related to the other through a delay, due to
propagation of variability down the jet flow, we would expect both the coher-
ence and time lags to be constant with frequency. While we observe constant
time lags below a certain Fourier frequency in our analysis, the coherence ei-
ther drops at higher Fourier frequencies (9/11 GHz) or is very low across all
Fourier frequencies (2/3 GHz). Therefore, if the radio signals are related by a
propagation type model, some other process must be damping the correlation
at higher Fourier frequencies. In our radio signals, the coherence and radio
variability amplitude (traced through the PSDs) appear to be damped over

the same range of Fourier frequencies. Therefore, it seems plausible that the
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drop in coherence traces the process whereby a higher frequency radio signal
is both delayed and smoothed out (due to the larger cross-sectional area and
the fact that emission at a given radio frequency band is coming from a range
of distances in the jet) as it propagates down the jet to lower frequencies (we
expect a smoothed signal to contain very little variability on shorter timescales
and thus low levels of coherence). Additionally, on time scales shorter than
the propagation time between the regions emitting our radio signals, mecha-
nisms such as turbulence in the jet flow could also distort the variability signals
(Gleissner et al., 2004). In BHXB jet variability studies performed at higher
infrared frequencies (Vincentelli et al., 2018), a similar trend (constant time
lags with Fourier frequency but a decreasing trend in coherence) was seen in
the cross-spectral analysis. However, in the infrared bands there appears to
be a different mechanism at work (when compared to our radio signals) that
damps the correlation between signals, but does not affect the infrared vari-
ability amplitude (i.e., the PSD breaks at 1 Hz but the coherence begins to

drop at lower Fourier frequencies).

Other factors could also be contributing to the loss of coherence between the
radio signals. In particular, a strong noise component in the radio light curves
may lead to a loss of coherence (as random noise signals are not correlated). To
further investigate this possibility, we opted to compute the intrinsic coherence
(using Equation 8 in Vaughan & Nowak 1997), which takes into account noisy
signals by applying a correction term to the measured coherence. Through this
computation, we find that the intrinsic coherence is nearly identical to the mea-
sured coherence at the Fourier frequencies for which the Vaughan & Nowak 1997
expression is valid (< 0.01 Hz). This suggests that the noise component in the
radio light curves is not a significant cause of any loss of coherence we observe.
However, we note that both the measured/intrinsic coherence measurements
between the 2/3 GHz radio signals display large uncertainties. Therefore, the

noise component appears to limit our ability to accurately calculate and com-
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pare the intrinsic/measured coherence between the lower frequency (2/3 GHz)

radio signals.

Alternatively, a loss of coherence could also occur if more than one source
of emission contributes to the signals in these bands (even if individual sources
produce coherent variability; Vaughan & Nowak 1997) or if the signals are
acted on by a nonlinear process (e.g., internal shocks in the jet flow). For
instance, the strong stellar wind from the companion star in Cyg X-1 has been
shown to partially absorb the radio emission by up to about 10 % (Pooley
et al. 1999; Brocksopp et al. 2002), and thus could potentially be distorting the
radio signals we observe. While Brocksopp et al. (2002) showed that 2.25 GHz
radio emission does not vary much around the orbit, implying that this lower
frequency emission could originate outside the wind photosphere (see Figure
1 in Brocksopp et al. 2002), our observations were taken at an orbital phase
where the black hole was behind a significant amount of the wind (orbital phase
0.88, where superior conjunction is at orbital phase 0). Therefore, we would
expect the wind to have close to a maximal effect on the radio emission we
observe during our observations. Further, Brocksopp et al. (2002) estimate
the size of the wind photosphere to be 4.6 x 10*/1.8 x 10 cm at 2.25/8.3
GHz, which are both larger than the size scales to the radio emitting regions
estimated from our CCF X-ray to radio lag estimates, suggesting that the
stellar wind could reasonably be affecting our radio signals. The emission
from the counter-jet (i.e., the portion of the bi-polar jet travelling away from
the observer) could also be contaminating our radio signals. The ratio of the

flux densities between the approaching and receding jets in Cyg X-1 can be

1+ cos @
1—3 cos@

2—a
estimated using % = ( ) (where 8, 0, and « represent the jet
speed, inclination angle of the jet axis to the line of sight, and the radio spectral
index, respectively). However, given values of 5 = 0.92, § = 27 degrees, and
a = 0 (see §4.4.2), we find FFa—‘C’p ~ 102, suggesting that any contributions

from the counter-jet will likely be negligible in our radio signals. Further, the
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emission in the radio frequency bands could have contributions from a region
where the jet is colliding with the surrounding ISM. These regions can display a
working surface shock at the impact point (e.g., Corbel et al. 2005; Miller-Jones
et al. 2011; Yang et al. 2011; Rushton et al. 2017) and typically show brighter
fluxes at lower radio frequencies, potentially contributing more to the overall
observed emission in lower radio frequency bands (where we see increased loss
of coherence). In the case of Cyg X-1, the jet is thought to have carved out a
parsec scale cavity in the intervening medium (~ 2x 10° AU; Gallo et al. 2005b;
Russell et al. 2007; Sell et al. 2015, see also Chapter 8 §8.5.5 for more details),
which may make further jet impact sites closer (less than the VLA beam of
7 arcsec or 10* AU at 1.86kpc) to the central source unlikely. However, we
note that Cyg X-1 was in a soft accretion state (with presumably no jet) from
2010 to a few months prior to our observations in early 2016. Therefore, the
strong stellar wind from the companion star could have had time during this
soft state to refill at least a portion of this cavity, and the jets we observe could

be interacting with this newly deposited material.
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4.4.2 Constraints on jet properties

If the X-ray emission we observe originates'! in a region close to the black
hole (inner accretion flow or at the base of the jet) and information from X-
ray emission regions propagates down the axis of the jet to the radio emission
regions, then the distance between the radio emission regions and the black

hole, z;.q4i0, can be represented as,

Zradio — ﬁ CTIag (1 - ﬁ COS 6)71 . (41)

Here, (5 represents the bulk jet speed (in units of v/c, where ¢ indicates the
speed of light), 7., represents the X-ray to radio time lag, and # represents
the inclination angle of the jet axis to our line of sight. Note that the term in
parentheses indicates a correction factor due to the transverse Doppler effect
(where the interval between the reception of two photons by the observer is
smaller than the interval between their emission).

As we measured time lags between the X-ray and multiple radio bands, we
can use Equation 4.1 to solve for the jet speed. Through rearranging Equa-
tion 4.1, and substituting in a metric to relate jet size scale to the radio fre-

quency band!? (z oc 1/1°), we obtain,

Znorm (ﬁ - yxrlaye) (1 — B cosb)
TNag = ﬁc . (42)

Here Vradio and Vi (set to 9.91 x 10 GHz, indicating the middle of the X-ray

11 Tf the X-ray emission originates from an accretion flow that is not co-spatial with the
jet base, we may expect some additional time delay in getting the accreted material into the
jet base, and subsequently accelerating this material. While these timescales are not known
for BHXBs, if for example the jet is launched at 1000 gravitational radii from the black hole
(Gandhi et al., 2017), this timescale could correspond to a light travel time delay of tens of
milli-seconds. In this case, milli-second timescales are minuscule when compared to the tens
of minutes delays we are discussing here. Further, if the X-ray variations originate in the
accretion disc, we may expect an additional delay on the order of the viscous timescale for
these variations to propagate inwards.

12While simple jet models predict z o< 1/v (Blandford & Konigl, 1979), we allow for a
more general case in our analysis.
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band at 41 keV) represent the frequencies between which the time lags were
measured. To normalize the jet size scale to radio frequency band relation, we
can express Znorm in terms of the distance between the X-ray emitting region
and the 7 = 1 surface (lyorm in angular units of mas projected on the sky) at a

specific radio frequency (Vporm), yielding,

Znorm = (1.49 x 10 cm) —l“(’:;ngkpc (Vorm)* (4.3)

Based on the VLBI images of Cyg X-1 presented in Stirling et al. 2001 at
Vnorm = 8.4 GHz, we set a wide uniform prior on /,o,y, ranging from 0.01 mas to
15 mas (max distance to which jet emission was resolved in the VLBI images).
We fit Equation 4.2 to our measured X-ray/radio time lags using a Markov
Chain Monte-Carlo (MCMC) algorithm (Foreman-Mackey et al., 2013). How-
ever, instead of fitting directly for 3, we choose to fit for the bulk Lorentz
factor, I' = (1 — 8?)~%/2, instead. This is because the MCMC algorithm per-
forms better when there are not hard limits on model parameters (i.e., § can
only have values between 0 and 1). In our MCMC runs, we allow I, €, and l,,orm
to be free parameters, and sample from the known distance (1.86 & 0.12; Reid
et al. 2011)'® and inclination (6 = 27.1 + 0.8; Orosz et al. 2011) distributions.
The best-fit result is taken as the median of the one-dimensional posterior dis-
tributions and the uncertainties are reported as the range between the median
and the 15th percentile (-), and the 85th percentile and the median (+), cor-
responding approximately to 1o errors. Our best-fit parameters are displayed

in Table 4.1 and Figure 4.6.

13The reader is reminded that there is a discrepancy between this radio parallax distance
used in these calculations and the Gaia DR2 distance of 2.37 4+ 0.18 kpc (Gaia Collaboration
et al., 2018; Gandhi et al., 2018).
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Table 4.1: Best fit jet parameters for Cyg X-1

Parameter Best-fit result
079

r 2.5970 61
0.05

€ 0.4():).05

lviba (mas) 5.6971 03
0.03

gt 0.927008

t 3 represents the bulk jet speed and is not a fitted parameter (see §4.4.2 for details). We
instead fit for the bulk Lorentz factor, I' = (1 — 32)~1/2, and estimate the distribution of
the corresponding bulk jet speeds by performing Monte Carlo simulations sampling from

the posterior I' distribution 10000 times.
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Figure 4.6: Time lags between the radio and X-ray bands, as a function of radio
frequency. The top panel displays the time lag measurements from our CCF's (black
markers), and our best-fit model (orange solid line). The bottom panel displays the
residuals of the fit, where residual=(data-model)/(measurement errors). The right
vertical axis indicates the corresponding jet size scale for the time lags on the left
most vertical axis and our best-fit parameters (using Equation 4.1; units of x1014
cm).

110



Prior to this study, the compact jet speed in BHXBs had never been di-
rectly measured (although Casella et al. 2010 have placed direct lower limits on
the jet speed, see below). Past studies using indirect methods (e.g., scatter in
radio/X-ray correlation, spread in accretion state transition luminosities; Gallo
et al. 2003; Maccarone 2003; Gleissner et al. 2004) to infer limits on the com-
pact jet speed, estimate that 5 < 0.8 (corresponding to a bulk Lorentz factor
of ' < 2). In turn, it is typically thought that compact jets are inherently
less relativistic than the other form of jets detected in these systems, discrete
jet ejecta (displaying bulk speeds as high as I' > 2 measured through VLBI
imaging; Hjellming et al. 2000b; Hjellming & Rupen 1995; Fender et al. 2009).
However, Fender (2003) has shown that I" depends strongly on the assumed
distance to the source (which is not known accurately in most BHXBs), and
Miller-Jones et al. (2006) show that if the jets are not externally confined, the
intrinsic Lorentz factors of BHXB jets could be as high as in AGN (up to
[' ~ 10). The compact jet speed measurement we present here for Cyg X-1
shows a reasonably high bulk Lorentz factor of I' ~ 2.6. Additionally, a previ-
ous study on the compact jet in GX 339-4 also presented potential evidence for
similarily high bulk Lorentz factors inferred from infrared/X-ray lags (I" > 2;
Casella et al. 2010). Since the compact jet speed is likely to vary during an
outburst (Fender et al., 2004a, 2009), it is possible that our Cyg X-1 jet speed
measurement, samples the jet speed at the high end of the distribution in this
source (rather than the mean). In this sense, jet speed constraints from differ-
ent stages of an outburst in a single BHXB source are needed to understand
the degree to which compact jet speed can change during an outburst. Simi-
larly, jet speed constraints for a number of sources are needed to constrain the
distribution of compact jet speeds across the BHXB population (as well as help

determine if Cyg X-1 is an outlier in terms of higher compact jet speed).

Moreover, our time lag modelling also reveals that the size scale as a function

of radio frequency in the Cyg X-1 jet seems to deviate from the expected
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z o 1/v relationship predicted by simple jet models (Blandford & Konigl,
1979). In particular, we find that a shallower relationship (z oc 1/0%4) is
needed to explain our observed time lags.

Further, for a conical jet, the opening angle can be estimated based on the

axial and transverse size scales of the jet according to,

¢ = tan™! (zt—“) (4.4)

Zaxial

Therefore, through applying estimates of z.ya (via our measured time-lags)
and Zyans (via timescales derived from our Fourier analysis that may trace the
transverse jet size scale), we can use Equation 4.4 to place constraints on the
opening angle of the Cyg X-1 jet. Considering the size scales in the region of the
jet sampled by the 11 GHz radio band, Equation 4.1 yields zua = 3.1 x 104
cm, and we estimate 2z ans = (0.1—1) x 10'3 ¢cm based on the smallest timescales
over which we observe significant power in the PDS (0.03 Hz; see Figure 4.3)
and the timescales at which we observe a significant drop in coherence in our
9/11 GHz cross-spectral analysis (0.003 Hz; see Figure 4.5). With these size
scale estimates, we estimate the opening angle to be ¢ ~ 0.4 — 1.8 degrees.
This constraint is consistent with both the VLBI upper limit (< 2 degrees)
and the work of Heinz (2006), the latter who present analytical expressions for
jet parameters in Cyg X-1 (see Equation 9 of Heinz 2006 for the opening angle
expression).

We reiterate that all the results in this section hinge on the accuracy of our
time lag measurements (see §4.3.2 for a discussion on the uncertainty in the
time lags for the lower frequency radio bands) and the assumption that the
bulk jet speed is constant. Therefore, the reader is cautioned that, while our

results are intriguing, they come with caveats.
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4.5 Summary

In this paper, we present the results of our simultaneous multi-band radio
and X-ray observations of the BHXB Cyg X-1, taken with the VLA and NuS-
TAR. With these data, we extracted high time resolution light curves, probing
timescales as short as seconds. The light curves display small amplitude flar-
ing events, where the lower frequency radio emission appears to lag the higher
frequency radio emission and any variability is much more smoothed out at
the lowest radio frequencies. This emission pattern is consistent with emission
from a compact jet, where higher radio frequencies probe closer to the black

hole.

To better characterize the compact jet variability we observe in our light
curves, and probe how this variability propagates down the jet, we performed
timing analyses on our data, including Fourier domain analyses (PSDs and
cross-spectral analyses between radio bands), as well as cross-correlation anal-

yses. We summarize the key results of this analysis below.

Our radio PSDs show a monotonically decreasing trend with frequency, with
no significant power at Fourier frequencies > 0.03 Hz (< 30 sec timescales).
Over the Fourier frequencies that we sample, we do not observe a turnover in
the radio PSDs, as was seen in recent studies analyzing infrared/optical PSDs
of compact jet emission from the BHXB GX 339-4. However, upon comparing
our radio PSDs to a past study probing longer timescales, we find that it is
plausible that such a turnover in the PSDs could occur in the currently un-
sampled 1075 — 1073 Hz Fourier frequency range. As this turnover is thought
to reflect the physical size scale of the emitting region in the jet, future studies
with a set of longer (> 3 hours) radio observations present the opportunity
to detect such a turnover, and in turn use it to map out the jet size scale in

different regions of the jet flow.

Our cross spectral analyses reveals that the higher frequency radio bands
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(9/11 GHz) are highly correlated over the same Fourier frequency range where
we observe significant radio variability amplitude in our PSDs (Fourier fre-
quencies < 0.01 Hz), and a roughly constant time-lag is observed with Fourier
frequency between these bands. These results are consistent with a propagation
model whereby the higher frequency radio signal is delayed and the variability
at higher Fourier frequencies is smoothed out as the signal propagates down the
jet. However, in the lower frequency radio bands (2/3 GHz) we observed very
little correlation across all timescales. While this loss of coherence could be a
result of the smoothing effect described above (which we expect to be more se-
vere at the lowest radio frequencies), we discuss several other mechanisms that
could also cause a loss of coherence: turbulence in the jet flow on timescales
shorter than the propagation time between emitting regions, a strong noise
contribution in the radio light curves, other sources of emission contributing
to our radio signals (e.g., interaction with ISM, stellar wind absorption), and
non-linear processes acting on the radio signals (e.g., shocks within the jet flow

or at jet-ISM impact sites).

Our cross-correlation functions confirm the presence of a correlation be-
tween the radio and X-ray emission in Cyg X-1. We detect time lags of tens
of minutes between the X-ray and radio bands, and use these measurements
to solve for a jet speed of 8 = 0.92700% (T' = 2.5910%)). Additionally, we also
constrain how the jet size scale changes with frequency, finding a shallower
relation than predicted by simple jet models (2 oc 1/v%1), as well as estimate

the jet opening angle to be ¢ ~ 0.4 — 1.8 degrees.

Overall, in this paper we have presented a detailed study of rapid compact
jet variability (probing second to hour timescales) at radio frequencies in a
BHXB. Our work here shows the power of time domain analysis in probing jet
physics and displays the need for longer (> 3 hours) continuous observations
of BHXB jets across a range of electromagnetic frequency bands (especially

including > 11 GHz radio and sub-mm frequencies to bridge the gap to the
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infrared /optical bands). The combination of the techniques and tools developed
in this study, as well as the improved capabilities of planned next generation
instruments (such as the ngVLA and ALMA-2030), will make more of these
radio time domain studies possible, not just in BHXBs, but in other transient

phenomena as well.

4.6 Appendix

4.6.1 Radio Calibrator Light Curves

Given the flux variations we detected in our VLA radio frequency data of Cyg
X-1, we wished to check the flux calibration accuracy of all of our observations
on short timescales and ensure that the variations observed in Cyg X-1 repre-
sent intrinsic source variations rather than atmospheric or instrumental effects.
Therefore, we created time resolved light curves of our calibrator source (see
Figure 4.7).

We find that our calibrator source displays a relatively constant flux through-
out our observations in all the sampled bands, with any variations (<1% of the
average flux density at all bands'?) being a very small fraction of the varia-
tions we see in Cyg X-1. Based on these results, we are confident that our
light curves of Cyg X-1 are an accurate representation of the rapidly changing

intrinsic flux of the source.

4Note that the way in which calibrations are applied to interferometric data (see Equa-
tion 1.6 in Chapter 1 of this thesis) means that this multiplicative value is the critical value
when checking calibration accuracy.
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4.6.2 X-ray Light curves

In this section we display an extended version of our NuSTAR X-ray light
curves covering the full observation period, including the period prior to the

overlap with our VLA radio observations (see Figure 4.8).

4.6.3 PSD white noise subtraction

In this section we display the radio PSDs prior to white noise subtraction, and
indicate the measured white noise levels (see Figure 4.9). To determine whether
the white noise could be intrinsic to the source (and in turn if subtracting the
white noise in our PSDs is a valid practice in this case), we compared the
white noise levels shown in Figure 4.9 to the rms noise levels in the individual
time-bin images that make up each light curve. We find that the white noise
levels closely match the average rms noise levels in the images at each radio
frequency band. This indicates that the source of the white noise in the PSDs
is likely not intrinsic to the source but rather due to atmospheric/instrumental

effects (which govern the rms noise levels in radio frequency images).
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Figure 4.8: Extended version of Figure 4.1, where our complete NuSTAR X-ray
frequency light curves of the BHXB Cyg X-1 are shown (with 30 sec time-bins).
The gray shading represents the period of overlap between the VLA and NuSTAR
observations, in which simultaneous X-ray and radio data were obtained.
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Chapter 5

Extreme jet ejections from the
black hole X-ray binary V404

Cygni

This chapter details the work published Tetarenko, A.J. et al. 2017, “Extreme
jet ejections from the black hole X-ray binary V404 Cygni”, MNRAS, 469,
3141-3162, describing detailed Bayesian multi-frequency modelling of emission
from rapid jet ejection events launched by the black hole X-ray binary V404
Cygni.

Abstract

We present simultaneous radio through sub-mm observations of the black hole
X-ray binary (BHXB) V404 Cygni during the most active phase of its June
2015 outburst. Our 4 hour long set of overlapping observations with the Karl
G. Jansky Very Large Array, the Sub-millimeter Array, and the James Clerk
Maxwell Telescope (SCUBA-2), covers 8 different frequency bands (including
the first detection of a BHXB jet at 666 GHz/450um), providing an unprece-
dented multi-frequency view of the extraordinary flaring activity seen during

this period of the outburst. In particular, we detect multiple rapidly evolving
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flares, which reach Jy-level fluxes across all of our frequency bands. With this
rich data set we performed detailed MCMC modeling of the repeated flaring
events. Our custom model adapts the van der Laan synchrotron bubble model
to include twin bi-polar ejections, propagating away from the black hole at
bulk relativistic velocities, along a jet axis that is inclined to the line of sight.
The emission predicted by our model accounts for projection effects, relativistic
beaming, and the geometric time delay between the approaching and receding
ejecta in each ejection event. We find that a total of 8 bi-polar, discrete jet ejec-
tion events can reproduce the emission that we observe in all of our frequency
bands remarkably well. With our best fit model, we provide detailed probes of
jet speed, structure, energetics, and geometry. Our analysis demonstrates the
paramount importance of the mm/sub-mm bands, which offer a unique, more

detailed view of the jet than can be provided by radio frequencies alone.

5.1 Introduction

Black hole X-ray binaries (BHXBs), the rapidly evolving, stellar-mass coun-
terparts of active galactic nuclei, are ideal candidates with which to study
accretion and accretion-fed outflows, such as relativistic jets. These transient
binary systems, containing a black hole accreting mass from a companion star,
occasionally enter into bright outburst phases lasting days to weeks, providing
a real-time view of the evolving relativistic jets (probed by radio through IR
frequencies) and accretion flow (probed at X-ray frequencies).

BHXBs display two different types of relativistic jets, dependent on the mass
accretion rate in the system (Fender et al., 2004a). At lower mass accretion
rates (< 107! Lggq)?, during the hard accretion state (see Remillard & McClin-
tock 2006 and Belloni 2010 for a review of accretion states in BHXBs), a steady,

!The Eddington luminosity is the theoretical limit where, assuming ionized hydrogen in
a spherical geometry, radiation pressure balances gravity. This limit corresponds to Lgqq =
1.26 x 1038 M /M ergs™!, where M is the black hole mass.
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compact synchrotron-emitting jet is believed to be present in all BHXBs. It
has also been shown that the compact jet is not only present during outburst
phases, but can persist down into quiescence, at < 107°Lgqq (Gallo et al.,
2005a; Plotkin et al., 2013, 2015, 2016). At higher mass accretion rates, during
the transition between accretion states, discrete jet ejecta are launched (e.g.,
Mirabel & Rodriguez 1994; Hjellming & Rupen 1995; Corbel et al. 2002; Miller-
Jones et al. 2012), and the compact jet may become quenched (Fender et al.,
1999b; Corbel et al., 2001; Russell et al., 2011; Coriat et al., 2011b; Rushton
et al., 2016). A small number of BHXBs have been observed to display multiple
jet ejection events within a single outburst (e.g., Mirabel & Rodriguez 1994;
Hjellming & Rupen 1995; Tingay et al. 1995; Fender et al. 1999a; Kuulkers
et al. 1999; Brocksopp et al. 2002, 2013).

Compact jets are characterized by a flat to slightly inverted optically thick
spectrum (a > 0; where f, o< v; Fender 2001), extending from radio up to sub-
mm or even infrared frequencies (Corbel & Fender, 2002; Casella et al., 2010;
Tetarenko et al., 2015d). Around infrared frequencies the jet emission becomes
optically thin (o ~ —0.7; Russell et al. 2013b), resulting in a spectral break.
Each frequency below this break probes emission (from the optical depth, 7 =1
surface) coming from a narrow range of distances downstream in the jet, where
higher frequencies originate from regions along the jet axis that are closer to
where the jet is launched (Blandford & Koénigl, 1979; Falcke & Biermann, 1995).
The exact spectral shape (i.e., spectral index, location of the spectral break)
is believed to evolve with changing jet properties such as geometry, magnetic
field structure, and particle density profiles (Heinz & Sunyaev, 2003; Markoff
et al., 2005; Casella & Pe’er, 2009; Russell et al., 2013c; van der Horst et al.,
2013; Russell et al., 2014), as well as the plasma conditions in the region where

the jet is first accelerated (Polko et al., 2010, 2013, 2014; Koljonen et al., 2015).

In contrast to the compact jets, jet ejecta are characterized by an optically

thin spectrum (a < 0), give rise to bright flaring activity, and can be routinely
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resolved with Very Long Baseline Interferometry (VLBI; e.g., Fender 2006).
The accompanying flares typically have well defined rise and decay phases,
where the flares are usually optically thick in the rise phase, until the self-
absorption turnover in the spectrum has passed through the observing band.
These jet ejection events are believed to be the result of the injection of en-
ergy and particles to create an adiabatically expanding synchrotron emitting
plasma, threaded by a magnetic field (i.e., van der Laan synchrotron bubble
model, hereafter referred to as the vdLL model; van der Laan 1966; Hjellming
& Johnson 1988; Hjellming & Han 1995). In this model, as the source expands
the evolving optical depth results in the distinct observational signature of the
lower frequency emission being a smoothed, delayed version of the higher fre-
quency emission. The ejection events have been linked to both X-ray spectral
and timing signatures (e.g., Fender et al. 2009; Miller-Jones et al. 2012; Russell
et al. 2014; Kalemci et al. 2016), although a definitive mechanism or sequence

of events leading to jet ejection has not yet been identified.

Additionally, an extremely rare jet phenomenon, so called jet oscillation
events, has also been observed in two BHXBs, GRS 19154105 (radio, mm,
IR; Pooley & Fender 1997) and V4641 Sgr (optical band; Uemura et al. 2004).
Such rare events seem to occur only when the accretion rate is at very high
fractions of the Eddington rate. These quasi-periodic oscillations (see Fender
& Belloni 2004 for a review) show lower frequency emission peaking at later
times (consistent with the vdL model for expanding discrete jet ejecta), rise
and decay times of the repeated flares that are similar at all frequencies, and
time lags between frequencies that vary within a factor of two. Moreover, no
discrete moving components were resolved with VLBI during these oscillation
events (although we note this could very well be due to sensitivity limits or the
difficulty of synthesis imaging of fast-moving, time-variable components). As
such, the exact nature of these events remains unclear, with theories including

discrete plasma ejections, internal shocks in a steady flow, or variations in the
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jet power in a self-absorbed, conical outflow (e.g., Fender & Pooley 1998, 2000;
Collins et al. 2003). In GRS 1915+105 , these oscillations have also been clearly
associated with dips in hard X-ray emission, possibly linking the launching of
jet ejecta to the ejection and refilling of the inner accretion disc or coronal flow
(Mirabel et al., 1998; Belloni et al., 1997; Vadawale et al., 2001).

While several transient BHXBs may undergo an outburst period in a given
year, in which the jet emission becomes bright enough for detailed multi-
wavelength studies, only rare (e.g., once per decade) outbursts probe the pro-
cess of accretion and the physics of accretion-fed outflows near (or above) the
Eddington limit. Observing the brightest and most extreme phases of accretion
during these outbursts presents us with a unique opportunity to study jet and
accretion physics in unprecedented detail. On 2015 June 15, the BHXB V404
Cygni entered into one of these rare near-Eddington outbursts. In this paper
we report on our simultaneous radio through sub-mm observations of V404

Cygni during the most active phase of this outburst.

5.1.1 V404 Cygni

V404 Cygni (aka GS 2023+338; hereafter referred to as V404 Cyg) is a well
studied BHXB that has been in a low-luminosity quiescent state since its dis-
covery with the Ginga satellite in 1989 (Makino, 1989). This source has been
observed to undergo a total of three outbursts prior to 2015; most recently in
1989 (Han & Hjellming, 1992; Terada et al., 1994; Oosterbroek et al., 1997),
and two prior to 1989 which were recorded on photographic plates (Richter,
1989). V404 Cyg is known to display bright X-ray luminosities and high lev-
els of multi-wavelength variability, both in outburst and quiescence (Tanaka &
Lewin, 1995; Hynes et al., 2002b; Hjellming & Han, 1989; Kitamoto et al., 1989).
The prolonged quiescent period of V404 Cyg, and high quiescent luminosity
(Lx ~ 1 x 10%3ergs™!; Corbel et al. 2008), has allowed the complete charac-

terization of the system. The optical extinction is low, with £(B — V) = 1.3,
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enabling the study of the optical counterpart, and the determination of the
mass function as 6.08+0.06 M, (Casares et al., 1992; Casares & Charles, 1994).
Subsequent modelling determined the black hole mass to be 9.0102 M, with
an inclination angle of 67°"%, and an orbital period of 6.5 days (Khargharia
et al., 2010; Shahbaz et al., 1994). However, we note that this inclination angle
estimate is dependent on the assumed level of accretion disc contamination in
the optical light curves being modelled. Khargharia et al. (2010) assumed < 3%
accretion disc contamination, but given that V404 Cyg is known to be variable
in quiescence in the optical, it is plausible that the accretion disc contamina-
tion may be larger (Zurita et al., 2003; Bernardini et al., 2016b), which would
imply a larger inclination angle. Further, the faint, unresolved radio emission
from the quiescent jets was used to determine a model-independent parallax
distance of 2.394+0.14 kpc (Miller-Jones et al., 2009), making V404 Cyg one of
the closest known BHXBs in the Galaxy. The close proximity, well-determined

system parameters, and bright multi-wavelength activity make this system an

ideal target for jet and accretion studies.

On 2015 June 152, V404 Cyg entered into its fourth recorded outburst pe-
riod. The source began exhibiting bright multi-wavelength flaring activity (e.g.,
Ferrigno et al. 2015b; Gandhi et al. 2015; Gazeas et al. 2015; Mooley et al. 2015;
Motta et al. 2015a,b; Tetarenko et al. 2015a,b) immediately following the initial
detection of the outburst in X-rays (Barthelmy et al., 2015; Negoro et al., 2015;
Kuulkers et al., 2015), and swiftly became the brightest BHXB outburst seen
in the past decade. This flaring behaviour was strikingly similar to that seen in
the previous 1989 outburst (Terada et al., 1994; Oosterbroek et al., 1997; Zycki
et al., 1999). Towards the end of June the flaring activity began to diminish
across all wavelengths (e.g., Ferrigno et al. 2015a; Martin-Carrillo et al. 2015;
Oates et al. 2015; Scarpaci et al. 2015; Tetarenko et al. 2015¢; Tsubono et al.

2Bernardini et al. (2016b) serendipitously detected an optical precursor to this outburst
on June 8/9, approximately one week prior to the first X-ray detection.
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2015), and the source began to decay (Sivakoff et al., 2015b,c), reaching X-ray
quiescence?® in early to mid August (Sivakoff et al., 2015a; Plotkin et al., 2017).
V404 Cyg also showed a short period of renewed activity from late December
2015 to early January 2016 (e.g., Lipunov et al. 2015; Trushkin et al. 2015;
Beardmore et al. 2015; Malyshev et al. 2015; Tetarenko et al. 2016a; Motta
et al. 2016), and Munoz-Darias et al. (2017) present radio, optical, and X-ray
monitoring during this period.

We organized simultaneous observations with the Karl G. Jansky Very
Large Array (VLA), the Sub-millimeter Array (SMA), and the James Clerk
Maxwell Telescope (JCMT) on 2015 June 22 (approximately one week fol-
lowing the initial detection of the outburst), during which time some of the
brightest flaring activity seen in the entire outburst was observed. This com-
prehensive data set gives us an unprecedented multi-frequency view of V404
Cyg, in turn allowing us to perform detailed multi-frequency light curve mod-
elling of the flaring events. In §5.2 we describe the data collection and data
reduction processes. §5.3 describes the custom procedures our team developed
to extract high time resolution measurements from our data. In §5.4 we present
our multi-frequency light curves, outline our model, and describe the modelling
process. A discussion of our best fit model is presented in §5.5, and a summary

of our work is presented in §5.6.

5.2 Observations and Data Analysis

5.2.1 VLA Radio Observations

We observed V404 Cyg with the VLA (Project Code: 15A-504) on 2015 June
22, with scans on source from 10:37:24-14:38:39 UTC (MJD = 57195.442 —
57195.610) in both C (4 —8 GHz) and K (18 — 26 GHz) band. The array was in

3V404 Cyg entered optical quiescence in mid October 2015 (Bernardini et al., 2016a).

126



its most extended A configuration, where we split the array into 2 sub-arrays
of 14 (sub-array A) and 13 (sub-array B) antennas. Sub-array A observed the
sequence C-K-C, while sub-array B observed the sequence K-C-K, with an 80
second on target and 40 second on calibrator cycle, in order to obtain truly
simultaneous observations across both bands. All observations were made with
an 8-bit sampler, comprised of 2 base-bands, with 8 spectral windows of 64
2 MHz channels each, giving a total bandwidth of 1.024 GHz per base-band.
Flagging, calibration, and imaging of the data were carried out within the Com-
mon Astronomy Software Application package (CASA; McMullin et al. 2007)
using standard procedures. We used 3C48 (0137+331) as a flux calibrator, and
J20254-3343 as a phase calibrator for both sub-arrays. No self-calibration was
performed. Due to the rapidly changing flux density of the source, we imaged
the source (with natural weighting; see the Appendix 5.7.1 for details on our
choice of weighting scheme) on timescales as short as the correlator dump time

(2 seconds) using our custom CASA timing scripts (see §5.3.1 for details).

5.2.2 SMA (Sub)-Millimetre Observations

We observed V404 Cyg with the SMA (Project Code: 2015A-S026) on 2015
June 22, with scans on source from 10:16:17-18:20:47 UTC (MJD = 57195.428—
57195.764), and the correlator tuned to an LO frequency of 224 GHz. The ar-
ray was in the sub-compact configuration with a total of 7 antennas (out of a
possible 8 antennas). These observations were made with both the ASIC and
SWARM (Primiani et al., 2016) correlators active, to yield 2 side-bands, with
48 spectral windows of 128 0.8125 MHz channels (ASIC) and an additional 2
1.664 GHz spectral windows (SWARM), giving a total bandwidth of 8.32 GHz
per side-band. The SWARM correlator had a fixed resolution of 101.6 kHz per
channel, and thus originally 16383 channels for each SWARM spectral window.
Given the continuum nature of these observations, we performed spectral av-

eraging, to yield 128 13 MHz channels in both SWARM spectral windows, to
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match the number of channels in the ASIC spectral windows, and in turn make
it easier to combine ASIC and SWARM data. We used 3C454.3 (J225341608)
as a bandpass calibrator, MWC349a and J2015+3710 as phase calibrators, and
Neptune and Titan as flux calibrators*. We note that only the second IF (spec-
tral windows 25-50) was used for flux calibration in the upper side-band due
to a CO line that was present in both flux calibrators at 230.55 GHz. Our
observing sequence consisted of a cycle of 15 min on target and 2.5 min on
each of the two phase calibrators. As CASA is unable to handle SMA data
in its original format, prior to any data reduction we used the SMA scripts,
sma2casa.py and smalmportFix.py, to convert the data into cAsA MS format,
perform the T4 corrections, and spectrally average the two SWARM spectral
windows. Flagging, calibration, and imaging of the data were then performed
in CASA using procedures outlined in the CASA Guides for SMA data reduc-
tion®. Due to the rapidly changing flux density of the source, we imaged the
source (with natural weighting; see the Appendix 5.7.1 for details on our choice
of weighting scheme) on timescales as short as the correlator dump time (30

seconds) using our custom CASA timing scripts (see §5.3.1 for details).

5.2.3 JCMT SCUBA-2 (Sub)-Millimetre Observations

We observed V404 Cyg with the JCMT (Project Code: M15A154) on 2015 June
22 from 10:49:33-15:12:40 UTC (MJD = 57195.451 — 57195.634), in the 850um
(350 GHz) and 450um (666 GHz) bands. The observation consisted of eight
~ 30 min scans on target with the SCUBA-2 detector (Chapin et al., 2013;
Holland et al., 2013). To perform absolute flux calibration, observations of
the calibrator CRL2688 were used to derive a flux conversion factor (Dempsey

et al., 2012). The daisy configuration was used to produce 3 arcmin maps

4The SMA calibrator list can be found at http://smal.sma.hawaii.edu/callist/
callist.html.

5Links to the SMA cASA Guides and these scripts are publicly available at https://www.
cfa.harvard.edu/sma/casa.
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of the target source region. During the observations we were in the Grade 3
weather band with a 225 GHz opacity of 0.095-0.11. Data were reduced in the
STARLINK package using both standard procedures outlined in the SCUBA-2
cookbook® and SCUBA-2 Quickguide”, as well as a custom procedure to create
short timescale maps (timescales shorter than the 30 minute scan timescale) to
extract high time resolution flux density measurements of the rapidly evolving

source (see §5.3.2 for details).

5.3 High Time Resolution Measurements

5.3.1 VLA and SMA

To obtain high time resolution flux density measurements of V404 Cyg from
our interferometric data sets (VLA and SMA) we developed a series of custom
scripts that run within CASA. A detailed account of the development and use
of these scripts will be presented in Tetarenko & Koch et al. 2017, in prep.,
although we provide a brief overview of the capabilities here.

Our scripts split an input calibrated CASA Measurement Set into specified
time intervals for analysis in the image plane or the uv-plane. In the image
plane analysis, each time interval is cleaned and the flux density of the target
source is measured by fitting a point source in the image plane with the native
CASA task imfit. All imaging parameters (e.g., image size, pixel size, number
of clean iterations, clean threshold) can be fully specified. In the uv-plane
analysis, the UVMULTFIT package (Marti-Vidal et al., 2014) is used to measure
flux density of the target source. In either case, an output data file and plot
of the resulting light curve are produced. These scripts are publicly available

on github®, and are being implemented as a part of an interactive service our

Shttp://starlink.eao.hawaii.edu/devdocs/sc21.htx/sc21.html

"https://www.eaobservatory.org/jcmt/instrumentation/continuum/scuba-2/
data-reduction/reducing-scuba2-data

Shttps://github.com/Astroua/AstroCompute_Scripts
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team is developing to run on Amazon Web Services Cloud Resources.

All VLA and SMA flux density measurements output from this procedure
(fitting only in the image plane) are provided in a machine readable table online,
which accompanies this paper. Additionally, to check that the variability we
observed in V404 Cyg is dominated by intrinsic variations in the source and not
due to atmospheric or instrumental effects, we also ran our calibrator sources

through these scripts (see the Appendix 5.7.2 for details).

5.3.2 JCMT SCUBA-2

To obtain high time resolution flux density measurements of V404 Cyg from
our JCMT SCUBA-2 data we developed a custom procedure to produce a data
cube, containing multiple maps of the target source region, at different time
intervals throughout our observation.

We run the STARLINK Dynamic Iterative Mapmaker tool on each of the
target scans, using the bright compact recipe, with the addition of the shortmap
parameter. The shortmap parameter allows the Mapmaker to create a series
of maps, each of which will include data from a group of adjacent time slices.
The number of time slices included in each map is equivalent to the shortmap
parameter value. At 850um we use shortmap = 200 to produce 362 time slices
for a 32 minute scan, resulting in 5 second time bins. At 450um shortmap = 400
would produce the same number of time slices, where a factor of 2 is applied
as the default pixel size is 2 arcsec at 450um and 4 arcsec at 850um. However,
as the noise is higher at 450pum, we use shortmap = 4800 to produce 32 time
slices for a 32 minute scan, resulting in 60 second time bins. The stackframes
task is then used to combine all of the short maps into a cube for each scan.
The sort = True and sortby = MJD — AVG parameters ensure the maps are
ordered chronologically in time, with the resulting cube having the dimensions,
position X (pixels), position Y (pixels), time (MJD). Using the wcsmosaic task

we then combined the cubes from all the scans. We calibrated the combined
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cube into units of Jy using the scuba2checkcal and cmult tasks. Finally, the
combined cube can be viewed in Gaia, and converted to FITS format with the
ndf2fits task.

To extract flux densities from each time slice in the combined cube, we fit a
2D gaussian® with the size of the beam (FWHM of 15.35 arcsec at 850um and
10.21 arcsec at 450um; derived using the task scuba2checkcal) to each slice
of the cube. All JCMT SCUBA-2 flux density measurements output from this
procedure are provided in a machine readable table online, which accompanies
this paper. As with our interferometric data sets, to check that the variability
we observed in V404 Cyg is dominated by intrinsic variations in the source and
not due to atmospheric or instrumental effects, we also ran this procedure on

our calibrator source scans (see the Appendix 5.7.2 for details).

5.4 Results

5.4.1 Multi-frequency Light Curves

A composite light curve of all of our VLA, SMA and JCMT observations from
June 22 is presented in Figure 5.1. We observe rapid multi-frequency variability
in the form of multiple large scale flares, reaching Jy flux levels. In the SMA
data, the largest flare (at ~ 13:15 UTC) rose from ~ 100 mJy to a peak of
~ 5.6 Jy on a timescale of ~ 25 min. The JCMT SCUBA-2 data appear
to track the SMA data closely, with the largest flare at 350 GHz rising from
~ 400 mJy to a peak of ~ 7.2 Jy on a timescale of ~ 18 min. This is the
largest mm /sub-mm flare ever observed from a BHXB, far surpassing even the
brightest events in GRS 19154105 (Fender & Pooley, 2000). The VLA radio
data lag the mm/sub-mm (where the lag appears to be variable among the

flares; ~20—45 min & ~40-75 min between 350 GHz and the 18-26 GHz & 4-8

9The python package GAUSSFITTER is used in the gaussian fitting; https://github.com/
keflavich/gaussfitter

131


https://github.com/keflavich/gaussfitter
https://github.com/keflavich/gaussfitter

8000

: :
JCMT 666 GHz
JCMT 350 GHz
SMA 230 GHz
SMA 220 GHz ||
VLA 26 GHz
VLA 21 GHz
VLA 7 GHz

6000\ ¢ VLAS5 GHz

70001

- oo |

< 5000+

Flux Density (m)y
o
<)
=
o

W

[=}

(=}

o
T

2000+

1000+

Time on 2015/06/22 (HH:MM)

Figure 5.1: Simultaneous radio through sub-mm light curves of the BHXB V404
Cygni during the most active phase of its June 2015 outburst. These light curves
sample the brightest flares at these frequencies over the entire outburst. All light
curves are sampled at the finest time resolution possible, limited only by the corre-
lator dump time (and the sensitivity for JCMT data). The VLA light curves have 2
second time bins, the SMA light curves have 30 second time bins, the JCMT SCUBA-
2 350 GHz (850 wm) light curve has 5 second time bins, and the JCMT SCUBA-2
666 GHz (450 um) light curve has 60 second time bins. The mm/sub-mm regime
samples a much more extreme view of the flaring activity than the radio regime, with
detailed sub-structure detected only in the mm/sub-mm light curves.

GHz bands, respectively), with flares in the 18-26 GHz band rising to a peak
of ~ 1.5 Jy on a timescale of ~ 35 min, and flares in the 4-8 GHz band rising

to a peak of ~ 780 mJy on a timescale of ~ 45 min.

Upon comparing the multi-frequency emission, it is clear that the mm /sub-
mm data provide a much more extreme view of the flaring activity than the
radio emission. In particular, there is more structure present in the mm/sub-
mm light curves when compared to the radio light curves. As such, while not

immediately apparent in the radio light curves, the mm/sub-mm data suggest
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that each of the three main flares in the light curves is actually the result of
the superposition of emission from multiple flaring components. Additionally,
the lower frequency emission in the light curves appears to be a smoothed,
delayed version of the high frequency emission (with the flares showing longer
rise times at lower frequencies). This emission pattern is consistent with an
expanding outflow structure, where the mm/sub-mm emission originates in a
region (with a smaller cross-section) closer to the black hole, and has thus not
been smoothed out to as high a degree as the radio emission, as the material
expands and propagates outwards. Therefore, all of these observations suggest
that the emission in our light curves could be dominated by emission from

multiple, expanding, discrete jet ejection events (van der Laan, 1966).

Further, we notice that the baseline flux level at which the flaring begins at
each frequency in our light curves appears to vary. This suggests that there is
an additional frequency-dependent component contributing to our light curves,
on top of the discrete jet ejecta. In an effort to determine the origin of this extra
emission, assuming that the baseline emission is constant in time, we create a
spectrum of this emission by estimating the baseline flux level at each frequency
(we performed iterative sigma clipping and take the minimum of the resulting

10 js presented in Figure 5.2, where it

sigma clipped data). This spectrum
appears as though the baseline emission could be described by a broken power-
law or a single power-law (with higher frequency emission displaying a lower
baseline level than lower frequency emission). This spectral shape, combined
with the fact that we observe a strong compact core component (in addition to
resolved ejecta components) within simultaneous high resolution radio imaging
(Miller-Jones, et al. 2018, in prep., also see Chapter 7 of this thesis), suggests

that the baseline emission originates from an underlying compact jet that was

not fully quenched.

10We note that these are only empirical initial estimates of the baseline flux at each fre-
quency, and do not necessarily represent the flux of the compact jet in our model presented
in §5.4.2.
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Figure 5.2: Estimated radio through sub-mm spectrum of the baseline flux compo-
nent seen in our light curves.

5.4.2 V404 Cyg Jet Model

Given the morphology of our light curves outlined in the previous section, we
have constructed a jet model for V404 Cyg that is capable of reproducing emis-
sion from multiple, repeated, discrete jet ejection events, on top of an under-
lying compact jet component. We define two coordinate frames, the observer
frame and the source frame (at rest with respect to the ejecta components).
We will compute our model primarily in the source frames, and then transform
back to the observer frame. All variables with the subscript obs are defined
in the observer frame. Schematics displaying the geometry of our model from
different viewpoints are displayed in Figures 5.3 & 5.4.

In our model, the underlying compact jet is characterized by a broken

power-law spectrum, where the flux density is independent of time and varies

only with frequency according to,

Frorei(V/vp)* v < Uy
ij _ va( / b) b (5‘1)
Foroj(V/V0e)* v > Uy
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Observer

Figure 5.3: Schematic of the geometry for our jet model in a plane defined by our
line-of-sight and the central axis of the jets (i.e., bird’s eye view). The inset panel
displays the ejecta component seen from the source frame (at rest with respect to
the ejecta). All parameters are defined within the accompanying text. This figure
was adapted from its original form in Miller-Jones et al. 2006.
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Tobs

Figure 5.4: Schematic of the geometry of the discrete jet ejections in our model,
as seen by the observer. All parameters are defined within the accompanying text.
This figure was adapted from its original form in Miller-Jones et al. 2006.

Here 1y, represents the frequency of the spectral break, Fi, . represents the
amplitude of the compact jet at the spectral break frequency, «; represents the
spectral index at frequencies below the break, and as represents the spectral
index at frequencies above the break. In the case where the spectral break
frequency is located below the lowest sampled frequency band, or above the
highest sampled frequency band, the underlying compact jet can be charac-
terized by a single power-law spectrum, where F, o = Fp <V—”O>a Here Fp
represents the amplitude of the compact jet at vy, and a represents the spectral

index.

On top of the compact jet, we define a discrete ejection event as the si-
multaneous launching of two identical, bi-polar plasma clouds (an approaching
and receding component). Each of these clouds evolve according to the vdL
model (van der Laan, 1966). In this model, a population of relativistic elec-

trons, with a power-law energy distribution (N (FE)dE = KE PdE), is injected
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into a spherical cloud threaded by a magnetic field. The cloud is then allowed
to expand adiabatically, while the electrons and magnetic field are assumed to
be kept in equipartition. As a result of the expansion, this model predicts the

flux density of each cloud will scale as,

Fg=F (1)5/2 ( i )3 L= expl=m) (5.2)

Vo EO 1 — exp(—7p)

Here R indicates the time-dependent radius of the cloud, and the synchrotron

optical depth, 7, at a frequency, v, scales as,

—(p+4)/2 —(2p+3)

v R

— — — ) 5.3
e (VO) (RO) (5:3)

Note that the subscript 0 in all our equations indicates values at the reference

frequency!!, at the time (or radius) of the peak flux of the component.

Taking the derivative of Equation 5.2 with respect to time'? (or radius),
allows us to relate the optical depth at which the flux density of the reference
frequency reaches a maximum, 7y, to the power-law index of the electron energy
distribution, p,

e’ —(2p/3+ 1)1 —1=0. (5.4)

Equation 5.4 has no analytic solution and thus must be solved numerically.
Therefore, we choose to leave our model in terms of 7y, and solve for p after

the fitting process.

To describe the time-dependence of the cloud radius, a linear expansion

model is used, according to,

R = Ry + Bexpc (t — 1) (5.5)

1'We defined our reference frequency as the upper-sideband in our SMA data (230 GHz).
20ur expression in Equation 5.4 differs from that of van der Laan (1966), as he takes the
derivative with respect to v instead of time, yielding e™ — ([p + 4]/5)790 — 1 = 0.
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Here [Becpc represents the expansion velocity of the cloud, while Ry can be
expressed in terms of the distance to the source, d, peak flux, Fj, and optical

depth, 79, of the cloud at the reference frequency (Yusef-Zadeh et al., 2008),

Fyd? 1 1/2

R
O T 1o exp(—To)

(5.6)

At the same time that the clouds are expanding, they are also propagating
away from the black hole at bulk relativistic velocities, along a jet axis that is
inclined to the observer’s line of sight (see Figure 5.3). As such, the emission
we observe will have been affected by projection effects, relativistic beaming,
and a geometric time delay between the approaching and receding clouds in
each ejection event.

To account for these effects, we first assume that the clouds are travelling at
a constant bulk velocity, Syc, and that the jet has a conical geometry (with an
observed opening angle, ¢qps). In turn, the apparent observed velocity across
the sky (derived via the transverse Doppler effect) is represented as (Mirabel
& Rodriguez, 1999),

rsin¢
¢ (t—tej)—rcosi

Bapp,obs = ) (5-7)

rsin
¢ (t—tej)+rcosi

— approaching

— receding

where r = [yc(t — t) is the distance travelled by the cloud away from the
black hole, t.; represents the ejection time, ¢ represents the speed of light, and
1 represents the inclination angle of the jet axis to the line of sight.
Equation 5.7 can be simplified by substituting in our expression for r to
yield,
Bapp,obs = BpL'dxsin(i), (5.8)

where the Doppler factor and bulk Lorentz factor are given by d+ = I'"}[1 F
Bycosi| ' and T' = (1—B2)~1/2, respectively. The sign convention in the Doppler
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factor indicates that a §_ should be used for the approaching cloud and a 4
should be used for the receding cloud.

From Figures 5.3 & 5.4,

(5.9)

tan Qbobs _ Robs o 5$ Bexp c (t - tej)obs o 5¥ Bexp.

Tobs B Bapp,obsc(t ej)obs B ﬁapp,obs

Combining Equations 5.8 & 5.9, and solving for the bulk Lorentz factor, I,

2 1/2
I'= <1 + $) . (5.10)

tanZgopssin’i

yields,

Rearranging Equation 5.10 (and substituting in 1 — I'? = —T'?32) gives the
expansion velocity (to be input into Equation 5.5) in terms of only the bulk

velocity and jet geometry (inclination and opening angle), such that,
2 2 1/2
Bexp = tan gops[[*{1 — (Bycos )"} — 1]~ (5.11)

Further, we wish to write our model in terms of only the ejection time (t;),
rather than the time of the peak flux at the reference frequency (t¢), without
introducing any additional parameters. Using our definition that R = R, at

the instant ¢t = ¢y, the two timescales are related by,

Ry
to = to + —2 5.12
‘ JJrﬁexpc (5.12)

Lastly, we correct for relativistic beaming by applying a factor of 5; (Lon-

gair, 2011) to our flux density in Equation 5.2, according to,
Fu,ej,obs = 53:Fu,ej- (513)

Here F), cjobs indicates the flux density of the cloud in the observer frame,
at the observing frequency v,s, at the observed times since the zero point of

our observations, Atg,s, while F), ¢ indicates the flux density of the clouds in
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the source frame, at the frequency, v = 5;1V0bs, at the times, At = 0+Atgbs.
All of the ejection events we model are not correlated, and thus evolve
independently of each other. The total observed flux density in our model is

represented as,
Fy,obs,tot - Z 5% (Fy,i,app> + Z 5i<Fy,i,rec> + Fu,cj- (514)

5.4.2.1 Jet Precession

In addition to our VLA, SMA, and JCMT observations, we also obtained simul-
taneous high angular resolution radio observations with the Very Long Baseline
Array (VLBA). Through imaging the VLBA data set in short 2 minute time
bins, we resolve multiple discrete ejecta. Our analysis of these VLBA images
has shown clear evidence of jet precession, where the position angle of the re-
solved ejecta change by up to 40 degrees on an hourly timescale (this result
will be reported in detail in Miller-Jones et al. 2018, in prep., also see Chapter
7 of this thesis). As the emission predicted by our model is highly dependent
on the inclination angle of the jet axis, we account for the effect of this rapid,
large scale jet precession in our model by allowing our inclination parameter,

1, to vary between ejection events.

5.4.2.2 Accelerated Motion

While we have assumed that the jet ejecta are travelling at constant bulk veloc-
ities, it is possible that they undergo some form of accelerated motion. To test
this hypothesis we generalized our model to allow the input of a custom bulk
velocity profile, where we implemented simple velocity profiles to mimic a finite
acceleration period where the cloud would approach a terminal velocity (e.g.,
a linear ramp function, a body subject to a quadratic drag force). However, in
all cases, our best fit model either tended towards a constant velocity profile,

or would not converge. This result, while not ruling out the possibility of accel-
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erated motion, suggests that any potential acceleration period may have only
lasted for a short enough period of time that we are not able to discern the
difference between the resulting light curves for the accelerated and constant

bulk motion.

5.4.2.3 Sub-Conical Jet Geometry

While we have assumed that the jet in our model is conical (constant opening
angle), it is possible that the jet geometry could deviate from a strictly conical
shape (especially on the AU size scales we are probing), where the opening
angle (and in turn the expansion speed of the ejecta) could change with time.
In particular, if we assume that the jet confinement mechanism is external,
then the jet geometry will depend on the adiabatic indices of the two media
(i.e., the jet and its surrounding medium). A relativistic plasmon confined
by the internal pressure of a terminal spherical wind (made up of a I' = 5/3

5/6 To test this scenario,

gas) will expand sub-conically, according to R o r
we modified our model to use the above sub-conical expansion expression in
place of Equation 5.5. In doing this we find that our best fit model still tends
toward constant expansion speed/opening angle profiles for all the ejecta. This
result, while not ruling out a non-conical jet geometry, could suggest that any
deviations from a conical jet shape only occur on sub-AU size scales, probing
timescales before the sub-mm emission peaks, and thus we are not able to

discern the difference between the resulting light curves for conical /sub-conical

jet geometry.

5.4.2.4 Bi-polar vs. Single-Sided Ejections

Our jet model assumes that each ejection event takes the form of two identical,
oppositely directed plasmons. However, in principle our light curves could also
be fit with a collection of single-sided ejections. These unpaired components

could occur as a result of Doppler boosting of highly relativistic plasmons
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causing us to observe only the approaching component of an ejecta pair, or
intrinsically unpaired ejecta. Our simultaneous VLBA imaging (see Chapter 7
of this thesis) may help distinguish between these two scenarios. We resolve
both paired and (possibly'?) unpaired ejecta components in our VLBA images,
which could suggest that the emission in our light curves is produced by a
combination of bi-polar and single-sided ejection events. Using these VLBA
results to include stricter constraints within our model on ejecta numbers, type
(single/bi-polar), and ejection times, is beyond the scope of this work, but will

be considered in a future iteration of the model.

5.4.3 Modelling Process and Best Fit Model

Due to the large number of free parameters in our model, we use a Bayesian
approach for parameter estimation. In particular, we apply a Markov-Chain
Monte Carlo algorithm (MCMC), implemented with the EMCEE package (Foreman-
Mackey et al., 2013), to fit our light curves with our jet model. This package is
a pure-Python implementation of Goodman & Weare’s Affine Invariant MCMC
Ensemble Sampler (Goodman & Weare, 2010), running a modified version of
the commonly used Metropolis-Hastings Algorithm, whereby it simultaneously
evolves an ensemble of “walkers” through the parameter space. We use 500

walkers (10 x the number of dimensions in our model) for our MCMC runs.

13Given the rapid timescales of the ejections, multiple ejecta can become blended together
in these images, making it difficult at times to conclusively identify and track individual
components.
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Prior distributions used for all of our parameters are listed in Table 5.1. We
choose physically informative priors that reflect our knowledge of V404 Cyg (or
commonly assumed values for BHXBs) where possible, and wide uninformative
uniform priors when we have no pre-defined expectation for a specific parame-
ter. For instance, the prior for the inclination angle is set as a truncated normal
distribution, centered on 67 degrees (the measured inclination angle of the sys-
tem), with boundaries of 0 and 90 degrees (allowed values of the inclination
angle). On the other hand, the prior for the ejection time is simply a uniform
distribution, sampling a wide range of possible times around our best initial

guess.

Before running the MCMC, the initial position of the walkers in the param-
eter space needs to be defined. As the performance of the EMCEE algorithm
tends to benefit heavily from well defined initial conditions, we do an initial
exploration of the parameter space using a harmony search global optimization
algorithm!4. This metaheuristic algorithm, that is similar to, but much more
efficient than a brute force grid search method (which would not be computa-
tionally feasible in this case), yields a reasonable initial guess for our model, and
we place our walkers in a tight ball around this initial guess in the parameter

space.

As our jet model can predict emission at multiple frequencies, to reduce
the degeneracy in our model, we choose to simultaneously fit all of our multi-
frequency data sets, except for the JCMT 666 GHz data set, due to its sparser
sampling and larger uncertainty in flux calibration (see the Appendix 5.7.3 for
details). To do this, we use an iterative process whereby we start with our
reference frequency data set, run the MCMC (the walkers are evolved over a
series of steps, where the first 500 step “burn in” period is not retained) until

convergence is reached, and use the final position of the walkers for the first

MTmplemented in the python package, PYHARMONYSEARCH; https://github.com/
gfairchild/pyHarmonySearch.
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run as the initial guess for the next run of the MCMC, which will include
increasingly more data sets in the fit. To monitor the progress of the MCMC
and ensure that correct sampling was occurring, we checked that the acceptance
fraction stayed within the suggested bounds (between 0.25 and 0.75). Our
criteria for convergence requires that the positions of the walkers are no longer
significantly evolving. We determine whether this criteria is met by monitoring
the chains of each of the walkers through the parameter space, and ensuring
that, for each parameter, the intra-chain variance across samples is consistent

with the inter-chain variance at a given sample.

Using the multi-dimensional posterior distribution output from the con-
verged MCMC solution, we create one dimensional histograms for each param-
eter. The best fit result is taken as the median of these distributions, and
the uncertainties are reported as the range between the median and the 15th
percentile (-), and the 85th percentile and the median (+), corresponding ap-
proximately to 1o errors. All of the best-fit parameters and their uncertainties
are reported in Table 5.2. Figure 5.5 & 5.6 show the best fit model overlaid
on our multi-frequency light curves. Additionally, with our multi-dimensional
posterior distribution we can explore the possible two-parameter correlations
for our model, where a significant correlation between a pair of parameters can
indicate a model degeneracy or a physical relationship between the parameters.
In the Appendix 5.7.5 section we show correlation plots (Figure 5.11), along
with the one-dimensional histograms, for pairs of parameters for which we find

a correlation, and discuss the significance of such a correlation.

Within the Bayesian formalism, the uncertainties reported in Table 5.2 are
purely statistical, and only represent the credible ranges of the model parame-
ters under the assumption that our model is correct. Given the residuals with
respect to the optimal model (Figure 5.5 bottom panel), the observations con-
tain physical or observational effects not completely accounted for in our model.

To factor in how well our chosen model represents the data, we estimated an
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additional systematic error for our parameters (displayed in Table 5.3 of the
Appendix 5.7.4). To do this we rerun our MCMC, starting from the best fit
solution, with an extra variance parameter (effectively modelling all the phys-
ical /observational effects not included in our model) in our log probability for
each frequency band. This variance is equivalent to the square of the mean
absolute deviation of the residuals with respect to our optimal model at each
frequency (difference between the best fit model and the data). The resulting
uncertainties in the parameters after this extra MCMC run will reflect the full
(statistical 4+ systematic) uncertainties.

Our broad frequency coverage, in particular the high sub-mm frequencies,
is crucial to the success of our modelling. Detailed substructure detected in the
sub-mm bands can be used to separate out emission from different ejections,
where their lower frequency counterparts are smoothed out and blended to-
gether. As such, modelling the lower frequency emission would not be possible
without the critical information the high frequency sub-mm emission provides

and vice versa.
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Figure 5.5: Radio through sub-mm light curves of V404 Cyg on 2015 June 22. In
the top panel we have overlaid the predicted best fit model at each frequency (black
solid lines) on top of the light curves. The residuals are shown in the bottom panel,
where, residual=(data-model)/(observational uncertainties). The JCMT 350 GHz
data are not shown in this figure even though they are included in the fit. We do this
for the sake of clarity in the figure, due to the small time lag between the JCMT and
SMA data (see Figure 5.6 for the JCMT 350 GHz light curve and model). With a
total of 8 bi-polar ejection events, our model can reproduce the emission we observe
from V404 Cyg at all of our sampled frequencies remarkably well.
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Figure 5.6: V404 Cyg light curves at representative frequencies; 350 GHz (top),
230 GHz (2nd from top), 26 GHz (third from top), and 7 GHz (bottom). In all
panels, the black solid line indicates the total model, and the dotted lines indicate the
approaching (cyan) and receding (red) components of the individual ejection events.
The arrows (cyan for approaching, red for receding) identify which flares correspond
to which ejection number from Table 5.2. Note that we do not attempt to model all
of the sub-mm emission at times after the VLA observations had stopped.
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5.5 Discussion of the Best Fit Model

Our jet model for V404 Cyg, with a total of 8 bi-polar ejection events on top
of an underlying compact jet, is able to reproduce the emission in all of our
observed frequency bands, matching the flux levels, time lags between frequen-
cies, and the overall morphology remarkably well. With such a large sample of
jet ejecta, we can probe the intrinsic ejecta properties, and the distribution of
these properties between the different ejection events. In particular, our model
characterizes the bulk speeds, peak fluxes, the electron population injected dur-
ing each event, and the jet geometry, all of which we find can vary between
events, with bulk speeds of 0.08 < 5, < 0.86 ¢, peak fluxes of 986 < Sy < 5496
mJy, electron energy distribution indices of 1.4 < p < 5.6 (corresponding to
1.2 < 19 < 2.6), and observed opening angles of 4.06 < ¢ops < 9.86°. In
the following sections we discuss these ejecta parameters and what they can
tell us about jet speeds, energetics, mass loss, and geometry. Additionally, we
draw comparisons between the V404 Cyg ejection events and the jet oscillation
events in GRS 19154105, as well as other multi-wavelength observations of

V404 Cyg.

5.5.1 Jet Speeds

The bulk speeds of jet ejecta measured in BHXBs!® can vary from system to
system (e.g., I' ~ 1 in SS 433; Hjellming & Johnson 1981, I' ~ 2 in V4641
Sgr; Hjellming et al. 2000b), where some systems that are known to enter high
luminosity states, like V404 Cyg, have been shown to launch jet ejecta with
[' > 2 (e.g., GRO J1655-40; Hjellming & Rupen 1995). However, in V404 Cyg
we find that the bulk speeds of our modelled ejecta are quite low, with bulk

15 An important caveat when considering the value of the bulk Lorentz factor (I'), estimated
using proper motions of discrete jet ejecta, is that I' depends strongly on the assumed distance
to the source (Fender, 2003). While the distance is well known for V404 Cyg, this is not the
case for the majority of BHXBs, and as a result constraints on I' in these systems typically
represent lower limits.
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Lorentz factors of only I' ~ 1 — 1.3 (excluding ejection 5; see footnote ¢ in

Table 5.2 for details).

Moreover, V404 Cyg shows bulk speeds that vary substantially between
ejection events, on timescales as short as minutes to hours. There is some
evidence in the literature that jet speeds can vary within a BHXB' source. For
example, Blundell & Bowler (2005) find small variations in jet speed up to 10%
in SS 433, jet speeds have been reported to vary between outbursts of H1743-
322 (Corbel et al. 2005; Miller-Jones et al. 2012), and varying proper motions
have been measured in GRS 19154105 (Miller-Jones et al., 2007a). However,
no other source has shown variations as large, or on as rapid timescales as V404
Cyg.

Performing a Monte Carlo Spearman’s rank correlation test, we find no
correlation between jet speed and ejection time, where, for instance, the bulk
speed of the ejections (i.e., Byc) increased or decreased throughout our obser-
vation period. However, we find a potential correlation (Spearman coefficient
of 0.83 £ 0.07 with a p-value of 0.01) between bulk speed and peak flux of
our modelled ejecta, where brighter ejecta tend to have higher speeds. This
correlation is consistent with what was seen in H1743-322, where higher bulk
ejecta speeds corresponded to higher radio luminosity measurements (Corbel

et al. 2005; Miller-Jones et al. 2012).

The factors that govern jet speed in BHXBs are not well understood, but our
measurements of surprisingly slow speeds, which can vary between sequential
jet ejection events, suggest that the properties of the compact object (i.e.,
black hole mass) or peak luminosity of the outburst are likely not the dominant

factors that affect jet speed.

Additionally, given the varying bulk speeds between the ejection events, it is

plausible that later, faster ejections could catch up to earlier, slower ejections.

6T here is also evidence of jet speeds varying in neutron star XBs, most notably, Sco X-1
(Fomalont et al., 2001b,a) and Cir X-1 (Tudose et al., 2008).
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Such a collision between ejecta may result in a shock that could be as bright
or even brighter than the initial ejections, and in turn produce a flaring profile
that could mimic a new ejection event. While including ejecta collisions in our
model is beyond the scope of this work, we briefly consider the possibility here
by examining the bulk motion of all of the ejections. We find that a collision
between ejection 3 and ejection 2 would occur at ~ 11:30 (if they were ejected
at the same PA), which is very close to the predicted ejection time of ejection
4. Moreover, ejection 4 has a bulk speed which is in between the bulk speeds of
ejection 2 and 3, as we might expect for the bulk motion of the plasmon after
such a collision. However, given that the jet appears to be rapidly precessing in
V404 Cyg (Miller-Jones et al. 2018, in prep., also see Chapter 7 of this thesis),
ejection 2 and ejection 3 are launched at very different inclination angles, which
would prevent such a collision from occurring. Therefore, given the precessing

jet, we find this collision scenario unlikely.

5.5.2 Jet Energetics, Mass Loss, and Particle Accelera-

tion

In our model we assumed that the radiating electrons follow a power-law en-
ergy distribution. The power-law index of this distribution, p, informs us about
the population of accelerated electrons initially injected into each discrete jet
component, where the value of this energy index is governed by the electron
acceleration mechanism. Fermi acceleration by a single shock can produce val-
ues of p ~ 2 — 3, which are typically found in XBs (Blandford & Eichler, 1987;
Bell, 1978; Markoff et al., 2001). However, the energy index can take on a wider
range of values under certain conditions, where for example, lower values of p
(which result in a more asymmetric flare profile) can be produced if the acceler-
ation occurs in multiple shocks (Melrose & Pope, 1993), or if the electrons carry

away kinetic power from the shock (Drury & Volk, 1981), and higher values
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of p could be produced in the presence of oblique shocks (although this case
requires highly relativistic shocks to produce large p values; Ballard & Heavens
1992). Distributions with values of p > 4 are nearly indistinguishable from a
thermal (Maxwellian) distribution, which in the shock acceleration paradigm,
implies very little acceleration has occurred (a shock essentially takes an in-
put thermal distribution of electrons and builds a power-law distribution up
over time). Magnetic reconnection in a relativistic plasma is another viable
mechanism that can accelerate electrons into distributions with similar p val-
ues to shock acceleration. In this case, smaller p values can be produced in
the case of a strongly magnetized plasma (o > 10; where 0 = B?/4mnmc?
represents the magnetization parameter), and larger p values can be produced
in a weakly magnetized plasma (o ~ 1; Sironi & Spitkovsky 2014; Guo et al.
2014; Sironi et al. 2016). In either theory of particle acceleration, we would
expect a link between the speed (for shock acceleration) or magnetization (for

magnetic reconnection), and the energy index, p.

The energy indices of our modelled ejecta appear to vary between sequential
ejection events, with 1.4 < p < 5.6 (where we find no clear correlation between
p values and jet speed). These p values could be produced by shock acceleration
or magnetic reconnection (under the right conditions), although we would need
to invoke different mechanisms to produce distributions in both the very low
and very high p regimes (e.g., 1.4 in ejection 7, and 5.7 in ejection 2), which
is not entirely physical for a single source. Further, this significant range seen
in our energy indices suggests that our model may not be capturing all of
the complexities of these ejection events, where the more extreme values of the
energy index could be mimicking the effect of physics that has not been included
in our model. For instance, the vdLL model assumes equipartition, but as the
plasmons expand they must do work, which will result in some of the magnetic
field dissipating into kinetic or thermal pressure, and in turn, the assumption of

equipartition may break down. Simplifications in our model such as this could
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also explain the lack of expected correlation between our energy indices and the
speed of the ejecta. A more rigorous treatment, which, for example, calculates
the full synchrotron flux (and does not rely on the equipartition assumption),
is beyond the scope of this work, but will be considered in future iterations of

this model.

For synchrotron emitting clouds of plasma injected with our measured elec-
tron distributions, we estimate that the minimum energy'” needed to pro-
duce each of our modelled ejection events range from 5.0 x 10%° < B, <
3.5 x 10® erg, with minimum energy magnetic fields'® on the order of a few
Gauss (1 < Bpin < 35 G). Taking into account the duration of each event, these
energies correspond to a mean power into each event ranging from 4.0 x 103? <
Poin < 2.5 x 10 ergs™t. Due to the slow bulk speeds of the ejecta, includ-
ing the kinetic energy from the bulk motion (in an electron-positron plasma
Fxg = ([ — 1)Ewy) yields only slightly higher values of 4.1 x 103 < Py <
2.6 x 10*° ergs~!. The minimum energy and power released within each of our
modelled ejection events is comparatively lower than estimated for other major
ejection events in BHXBs (B, ~ 1 x 10¥erg; e.g., Fender et al. 1999a and
Pt ~ 103 —10% ergs~!; e.g., Fender et al. 1999a; Brocksopp et al. 2007; Cur-
ran et al. 2014). This difference is dominated by the difference in the estimated
size of the emitting region, where the radii of our modelled ejecta are smaller
than is normally estimated for major ejection events, and the low bulk speeds,
which result in a much smaller kinetic energy contribution. Considering that

the flaring activity in V404 Cyg lasted ~ 2 weeks (and assuming our obser-

1"Tn our minimum energy calculations, we perform the full calculations outlined in Longair
(2011), where we integrate the electron energy distribution from vy, = 150 MHz to vimax =
666 GHz. The minimum frequency represents the lowest radio detection with LOFAR on
June 23 & 24 (Broderick et al., 2015), and the maximum frequency represents our highest
frequency sub-mm detection. When we consider an electron-proton plasma, we assume the
ratio of the energy in the protons over that of the electrons is Z—’e’ =1.

18We note that while these calculation assume equipartition, the system could be far from
equipartition. In this case the magnetic field would not necessarily be equivalent to the
minimum energy field, but rather could be either much higher or much lower.
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vations to be representative of this entire period), we estimate that the the
total (minimum) energy (radiative + kinetic) released into jet ejections over
the full flaring period is ~ 3.2 x 10%° erg, which is more on par with typical
energies estimated for major ejection events in BHXBs. This total energy is

also comparable to that carried by the accretion disc wind (~ 10* erg)!?.

If we assume that the jet ejecta contain some baryonic content, in the form
of one cold proton for every electron, we calculate that the mean power into each
event (including the kinetic energy from bulk motion) ranges from 6.2 x 103 <
Pt < 3.8 x 10% ergs~t. In this baryonic case, we estimate a total mass lost
through the jet in our observation period of 9.4 x 10713 M, (corresponding to
7.2 x 107 My, over the 2 week flaring period). To compare this jet mass loss to
the mass accreted onto the black hole, we follow a procedure similar to Munoz-
Darias et al. (2016), using simultaneous INTEGRAL X-ray observations (only
including the harder ISGRI bands, ranging from 25-200 keV) to calculate the
total energy radiated (integrated X-ray luminosity) during our observations.
To do this we convert the count rate into flux in the 10-1000 keV band using a
power law model with photon index I'), ~ 1—2, and approximating the integral
as a sum ([ Lydt ~ >, L;6t = LAT, where L is the weighted mean, dt is size
of the time bins, and AT is the total observation time). Assuming an accretion
efficiency of 0.1, we calculate a total mass accreted during our observations of
Macepn = 3.4 x 10711 — 7.8 x 107" M. Therefore, the mass lost in the jet
is a small fraction of the total mass accreted, Mie; = (1 — 3) x 1072 Myeepn
and much less than the mass estimated to be lost in the accretion disc wind

(~ 1000 M yee pu; Munioz-Darias et al. 2016).

YA rough estimate of the energy lost in the accretion disc wind is equivalent to Eying ~
(1/2) Myingv2,,q- Using Mying ~ 1078 Mg and vying ~ 1000 kms™" (Mufloz-Darias et al.,
2016), we estimate Eying ~ 10*! erg.
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5.5.3 Jet Geometry and Ejecta Size Scale

Measurements of jet geometry in BHXBs, in particular the observed opening
angle, only exist for a handful of systems, where all but one are upper lim-
its (e.g., see Table 1 in Miller-Jones et al. 2006, as well as Yang et al. 2010
and Rushton et al. 2017 for recent measurements in XTE J1752-223 and XTE
J1908+094). Our simultaneous light curve modelling technique allows us to di-
rectly derive the first measurements of the jet geometry in V404 Cyg, where we
model observed jet opening angles of 4.06 < ¢ops < 9.86°. These measurements
are consistent with the opening angle estimates for the other BHXB systems

with constraints, where the majority show ¢gps < 10°.

With the opening angles, we can estimate the level of confinement of the jets
in V404 Cyg by solving for the intrinsic expansion speed (using Equation 5.11;
see last column of Table 5.2) of our modelled ejecta (Bexpc = 7 indicates freely
expanding components, where \/ig represents the speed of sound in a relativistic
gas). We find intrinsic expansion speeds of 0.01 < fex, < 0.1 ¢, indicating a
highly confined jet in V404 Cyg. There are many possible mechanisms that
could be responsible for confining the jets in V404 Cyg. In particular: the jet
could be inertially confined (Icke et al., 1992), where the ram pressure of the
strong accretion disc wind detected in V404 Cyg (Munoz-Darias et al., 2016)
could inhibit the jet ejecta expansion?’; the jet could be magnetically confined
by a toroidal magnetic field (Eichler, 1993); the jet could contain cold protons,
which may impede the jet ejecta expansion (Miller-Jones et al., 2006); or a

combination of these different mechanisms could be at work.

Further, as we alluded to in the previous section, the initial radii of the

jet ejecta (i.e., the radii of the ejecta at the time the sub-mm emission peaks)

20 Although, we note that if the confinement is external, this would suggest that a very
large amount of pressure surrounds the ejections. If this is supplied solely by the ram pressure
from an accretion disc wind, then the mass-loss rate (proportional to the velocity ratio of
the ejections to the wind) would be unrealistically large (i.e., greater then the mass accretion
rate).
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estimated by our model are noticeably smaller than those typically estimated
for major ejection events in other BHXBs. This is likely a result of the much
slower expansion velocities (fexp, << 1) we find for the V404 Cyg ejecta. In
particular, we infer a range of initial radii for our ejecta ranging from (0.6 —
1.3) x 102 cm. These radii appear to remain similar (to within a factor of 2)

between ejection events.

5.5.4 Underlying Compact Jet

In addition to the jet ejecta component, we observe an extra constant flux com-
ponent in our light curves, which varies with frequency. Due to the shape of
our estimated spectrum of this emission (see Figure 5.2) and the strong com-
pact core jet present throughout the span of our simultaneous VLBA imaging
(Miller-Jones et al. 2018, in prep., also see Chapter 7 of this thesis), we in-
terpret this extra flux term as emission from an underlying compact jet. We
believe that this compact jet was switched on during the launching of the mul-
tiple discrete ejection events. In our best fit model, this compact jet emission
is characterized by a single power-law spectrum, with an optically thin spectral
index of a = —0.46703.

Our suggestion of a compact jet, that has not been fully quenched, is in
agreement with the findings of Sdnchez-Ferndndez et al. (2017), who show that
V404 Cyg never fully reached a soft accretion state (where we would likely
expect strong quenching of the compact jet; e.g., Rushton et al. 2016), but
rather remained in either a harder intermediate or very high state during our
observations. Under this interpretation, based on our lowest radio frequency
measurement, we place limits on the optically thick to thin jet spectral break
frequency of v, < 5.25 GHz, and flux at the spectral break of S, > 318
mJy. However, we note that simultaneous VLITE observations (Kassim et al.,

2015) detect V404 Cyg at a total time-averaged flux density of 186 + 6 mJy

at 341 MHz. Given that our best fit model predicts a maximum jet ejecta flux
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component of ~ 100 mJy at 341 MHz, it is clear that the 341 MHz compact
jet component cannot lie along the single power-law stated above. As such, the
spectral break would therefore occur within the range of 0.341 < 1, < 5.25
GHz, which is significantly lower than previous estimates for V404 Cyg made
during the hard accretion state (1, = 1.82 + 0.27 x 10° GHz; Russell et al.
2013b,c). This evolution in the location of the spectral break is consistent with
the pattern suggested by recent observations (e.g., Corbel et al. 2013; van der
Horst et al. 2013; Russell et al. 2014) and MHD simulations (Polko et al., 2014),
where, as the mass accretion rate increases during softer accretion states of
BHXB outbursts (which usually occur at high luminosities; Koljonen et al.
2015), the jet spectral break moves toward lower radio frequencies prior to the

jet switching off (or at least fading below our detection limits).

Up to now we have only considered the compact jet and the ejection events
as separate entities. In the presence of explosive, energetic ejection events,
we might expect a compact jet to be disrupted. In particular, as the ejecta
collide with the pre-existing compact jet, a shock would likely develop, due
to the difference in bulk speeds between the two. In this situation, if the
compact jet rapidly re-establishes itself after being destroyed by ejecta (before
the ejecta propagate far enough away from the black hole to be resolved), we
would observe a compact core jet which appears to never shut off. Therefore,
we believe it is plausible that a compact jet is being repeatedly destroyed
and re-established (on rapid timescales) following ejection events in V404 Cyeg.
Further, the emission from such a shock interaction could display an optically
thin spectrum (similar to the interaction between the discrete ejecta and the
surrounding ISM; e.g., Corbel et al. 2004), like the one we observe for our
baseline emission component. Thus, while we interpreted the baseline emission
in our light curves as originating only from a compact jet, emission from a
possible interaction of the jet ejecta with this compact jet, and/or continuous

lower-level, fainter jet ejecta that never get resolved, could also be contributing
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to the baseline flux level we observe.

Moreover, in our model we have assumed that the compact jet flux com-
ponent is constant in time. However, as the accretion rate (and in turn the
jet power) changes, the flux of a compact jet is expected to change as well
(Russell et al., 2014). If we consider the erratic X-ray behaviour observed in
the source (which presumably traces a rapidly changing accretion rate), it is
plausible that the compact jet component could in fact be variable as well.
Exploring the possibility of a variable compact jet component in our model is

left for future work.

5.5.5 Ejecta Time Lags

Our model predicts that the intrinsic time lag (in the source frame) between a

certain frequency (v) and the reference frequency (1), is represented by,

by e — ( ;jjp) {(—) _ 1} (5.15)

where the observed time lag can be obtained through the transformation,

tvfr/o,src

o

ty—vg,0bs =

Figure 5.7 shows the observed time lags, predicted by our model, between
each frequency band and the ejection time, for the approaching (top panel)
and receding (bottom panel) components. The time lags are clearly variable
between different ejection events (e.g., ~ 10 — 30 min between the ejection
and our reference frequency, 230 GHz), which is a result of the varying ejecta
properties (i.e., Bexp, Ps Ro)-

Further, it is interesting to note that, for a different flaring event that
occurred ~ 2 days after our data set, Shahbaz et al. (2016) measured a time
lag of 2.0 hours & 3.8 hours between the predicted ejection time (indicated by
an r’-band polarization flare, which these authors suggest could be the signature

of the launching of a major jet ejection event) and the flare peaks at 16 GHz
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Figure 5.7: Observed time lag, predicted by our model, between our sampled fre-
quency bands and the time of ejection, for the approaching (top panel) and receding
(bottom panel) components of each ejection event. The data points are coloured by
ejection time, where the colour bar indicates the ejection time of the event in MJD.

& 5 GHz, respectively. These lags are slightly higher than predicted for the
approaching components of our modelled ejection events, but appear to share

a similar slope across frequencies.

5.5.6 Comparison to GRS 19154105

GRS 19154105 is the only other BHXB in which a similar multi-frequency
variability pattern to that seen in V404 Cyg has been reported. While flaring
activity has been seen in other systems, it is often only detected in one fre-
quency band (e.g., V4641 Sgr in optical; Uemura et al. 2004), or the flares in
question evolved over much longer (days rather than minutes/hours) timescales
(e.g., 4U 1630-47 in radio/X-ray; Hjellming et al. 1999). GRS 1915+105 has
displayed some correlated radio, sub-mm, and IR flares (with lower frequency

emission delayed from higher frequency emission), which repeated every ~ 20
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minutes for a > 10 day period (Fender & Pooley, 2000). While no discrete com-
ponents were resolved with VLBI during the events, the similar rise and decay
times of flares at different frequencies suggest that adiabatic energy losses,
likely during the expansion of discrete components, played a key role in deter-
mining the flaring profiles of these events. In fact, Mirabel et al. (1998) found
that the timing of the radio emission during these events was consistent with
synchrotron emission from adiabatically expanding plasma clouds, where each
event required an energy input of ~ 103 erg, and carried an estimated mass
of ~ 10'® g. Many studies of these jet ejection events suggest that they occur
as a result of instabilities causing the repeated ejection and refilling of the in-
ner accretion disc or coronal flow (e.g., Belloni et al. 1997; Nandi et al. 2001;

Vadawale et al. 2001).

In V404 Cyg our modelled ejection times appear to occur on a similar rapid
timescale as seen in GRS 19154105, where we observe groups of 2-4 ejections
(separated by at most ~ 20 minutes), followed by longer periods of up to
~ 1 hour between groups (see Figure 5.8). Each group of ejections seems to
correspond to a large flaring event in the light curves. Our estimates of the
energetics and mass-loss of the V404 Cyg events (§5.5.2) are also similar to
those estimated for the oscillation events in GRS 1915+105, where both are
consistent with being smaller-scale analogues of major ejection events seen in
other BHXBs. Further, Naik et al. (2001) suggested that multiple ejections in
GRS 19154105 could manifest as a single radio flare, similar to the ejection
groupings we see in V404 Cyg. However, a noticeable difference in the timing of
the V404 Cyg and GRS 19154105 events is that the V404 Cyg events are not as
quasi-periodic (i.e., they do not occur on as regular intervals) when compared
to the GRS 19154105 events, which occurred every ~ 20 min (Fender & Pooley,
2000). The absence of quasi-periodicity in the V404 Cyg events could indicate
that the jet production process is not as stable in V404 Cyg as it was during
the GRS 19154105 events.
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The similarity between the morphology, duration and energetics of the rapid
ejection periods in V404 Cyg and GRS 1915+105 suggests that the events may
have a common origin, possibly in the repeated ejection and refilling of some
reservoir in the inner accretion flow. This hypothesis is consistent with the
recent finding of Radhika et al. (2016), who report the non-detection of the
disc component in the X-ray spectra following major radio flares in V404 Cyg.
Although, given the large intrinsic absorption (Motta et al., 2017a) seen in
V404 Cyg during the outburst, it is conceivable that we may not have been
able to detect the soft disc component, even if it was present. Nevertheless,
as both V404 Cyg and GRS 1915+105 are long period systems, with large
accretion discs, a key ingredient in fuelling rapid, repeated ejection events may
be a large accretion disc (as suggested by Kimura et al. 2016; Munoz-Darias

et al. 2016).

5.5.7 Alternative Emission Models

Other than the vdLL model, an alternative emission model that has been used
to reproduce flaring light curves in XBs is the shock-in-jet model (Marscher &
Gear, 1985; Bjornsson & Aslaksen, 2000; Turler et al., 2000). This analytical
model, while traditionally favoured for extragalactic sources, has been success-
fully applied to flaring events in Cyg X-3 (Lindfors et al., 2007; Miller-Jones
et al., 2009), GRO J1655—40 (Stevens et al., 2003), and GRS 1915+105 (Turler
et al., 2004). The shock-in-jet model considers a shock wave travelling down-
stream in a jet flow as the source of each flare in the light curve. Each shock
wave will evolve through three different phases; (1) Compton losses dominate,
(2) synchrotron losses dominate, and (3) adiabatic losses dominate. The main
differences between the shock-in-jet model and the vdL model are that the
shock-in-jet model considers an initial phase where Compton losses dominate
over adiabatic losses, all shock wave events are self-similar, and the electron

energy scales differently when compared to the vdL. model (shock-in-jet flow
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expands in 2D, E oc R=?/3; vdL cloud expands in 3D, E oc R™"). These differ-
ences will result in a different flare profile between models, where for the same
electron population (i.e., same p value), the shock-in-jet model flares will show
a much shallower decay, and the peak fluxes at frequencies that are initially
optically thin (likely IR and above) will be smaller than predicted by the vdL

model (which will over predict peak fluxes at these frequencies).

As our adapted vdL model is able to reproduce all our light curves (at
7 different frequencies) remarkably well, and simultaneous VLBA imaging re-
solves multiple, discrete components (Miller-Jones et al. 2018, in prep., also
see Chapter 7 of this thesis), we favour the expanding plasmon model over the
shock-in-jet model for the V404 Cyg events (although we can not rule out the

shock-in-jet model).

However, for the GRS 19154105 oscillation events, the emission has been
shown to be consistent with both an expanding plasmon model (Mirabel et al.
1998; although we note that these authors only model a single flaring event, and
did not include any relativistic/projection effects in their model) and a shock-
in-jet model (Turler et al., 2004). If the GRS 19154105 events are in fact a
result of shock waves rather than expanding plasmons, this could explain the
notable differences to the V404 Cyg events, namely the quasi-periodicity and
the lack of VLBI resolved components?!. Additionally, as Turler et al. (2004)
point out, the shock-in-jet model is still consistent with the scenario that these
oscillation events originated with instabilities in the inner accretion disc, as
these instabilities could be the catalyst that leads to an increased injection

rate of material at the base of the jet, and in turn a downstream shock wave.

21 Although, we note that these GRS 19154105 oscillation events were only observed with
MERLIN (Fender et al., 1999a), which does not have the resolution to see ejection events of
a few mas in size (like those of V404 Cyg).
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5.5.8 Connection to X-ray & OIR

If the jet ejection events in V404 Cyg are linked to processes occurring in
the accretion flow, we might expect our predicted ejection times to correlate
well with X-ray/OIR emission. For instance, in GRS 19154105, IR and radio
flares (which are presumably tracers of the ejection events) followed an X-ray
peak and occurred during a period of spectral softening (dips in hard X-ray
emission). However, the connection is not as clear in V404 Cyg. Figure 5.8
displays our predicted ejection times on top of simultaneous X-ray*? (Rodriguez
et al., 2015) and OIR (Kimura et al., 2016) emission.

Flares in the OIR light curve appear to coincide with flares in the X-ray
light curves. However, an unfortunate gap in the OIR coverage makes it difficult
to confirm that such a pattern holds for the final X-ray flare. In terms of our
modelled ejection times, we may be able to tentatively match groups of ejections
with specific X-ray/OIR peaks, and possibly local dips in hardness (where the
start/end of a steep gradient in hardness appears to correspond to ejections).
But it is puzzling that the group which contains the largest number of ejections
and produces the largest sub-mm flares appears to be connected to the X-ray
flare with the smallest amplitude (although, if an X-ray flare is indicative of
a strong dissipative process, more energy dissipated in the X-ray implies less
energy would be available to the jets, and vice versa). Further, the second
X-ray flare appears to have no jet ejecta counterpart.

Given the extremely high intrinsic absorption during this time period (Motta
et al., 2017a), it is entirely possible that the flaring in the X-ray light curves
is not always dominated by intrinsic source variation, but rather dependent
on how much of the inner accretion flow is obscured. This effect was seen in
the 1989 outburst, where large changes in column density were determined to

be the origin of some of the extreme X-ray variability observed (Oosterbroek

22A1l X-ray data presented in this paper are taken from the INTEGRAL public data
products available at http://www.isdc.unige.ch/integral/analysis#QLAsources.
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et al., 1997; Zycki et al., 1999). Thus, even if the jet ejections are linked to
processes in the accretion flow, we may not expect to see a clear correlation
between our jet ejections and the X-ray/OIR emission. On the other hand,
if the high absorption reduced the X-ray flux artificially, we would expect the
high energy bands (60-200 keV) to be less affected than the lower energy bands
(5-10 keV), which does not seem to be the case here. Therefore, the nature of
the connection (if any) between our jet ejections and the X-ray/OIR emission

is still not fully understood.

5.5.9 The Critical Sub-mm Perspective

Traditionally XB jet studies have been dominated by radio frequency observa-
tions, such that there only exists a limited set of XBs that have been observed
at mm/sub-mm frequencies (e.g., Paredes et al. 2000; van der Horst et al. 2013;
Russell et al. 2013c; Fender et al. 2001; Tetarenko et al. 2015d). When consid-
ering time-resolved (< 1 day cadence) mm/sub-mm observations this number
decreases to two (i.e., GRS 1915+105; Pooley & Fender 1997, Cygnus X-3;
Baars et al. 1986; Fender et al. 1995). However, our work in this paper has
clearly shown the vital importance of high time resolution mm/sub-mm data
in XB jet studies. In particular, the mm/sub-mm bands can be used to iso-
late emission from different flaring events in the light curves, while the lower
frequency counterparts of these events tend to be smoothed out and blended
together. As such, we find that radio frequency observations alone can often
be misleading, especially in terms of identifying and pinpointing the timing of
individual rapidly variable flaring events. Including mm/sub-mm monitoring
during future XB outbursts will continue to add key insight to our understand-

ing of jet behaviour.
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Figure 5.8: The evolution of the emission properties of V404 Cyg on June 22. Top to
bottom the panels represent radio light curves, (sub)-mm light curves, optical light
curve (Kimura et al., 2016), soft and hard X-ray light curves, and the 10-15/5-10
keV and 60-100/25-60 keV hardness ratios (Rodriguez et al., 2015). Our modelled
ejection times are shown by the dotted vertical lines, where the uncertainties on the
ejection times are smaller than the line thickness.
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5.6 Summary

In this paper we present the results of our simultaneous radio through sub-mm
observations of the BHXB V404 Cyg during its June 2015 outburst, with the
VLA, SMA and JCMT. Our comprehensive data set, taken on 2015 June 22
(~ 1 week following the initial detection of the outburst), extends across 8
different frequency bands (5, 7, 21, 26, 220, 230, 350, and 666 GHz). Using
custom procedures developed by our team, we created high time resolution
light curves of V404 Cyg in all of our sampled frequency bands. In these
light curves, we detect extraordinary multi-frequency variability in the form of
multiple large amplitude flaring events, reaching Jy level fluxes.

Based on the overall morphology, we postulate that our light curves were
dominated by emission from a relativistic jet. To understand the source of
the emission we constructed a detailed jet model for V404 Cyg. Our model
is capable of reproducing emission from multiple, discrete, bi-polar plasma
ejection events, which travel at bulk relativistic speeds (along a jet axis inclined
to the line of sight), and evolve according to the van der Laan synchrotron
bubble model (van der Laan, 1966), on top of an underlying compact jet.
Through implementing a Bayesian MCMC technique to simultaneously fit all
of our multi-frequency light curves with our jet model, we find that a total of
8 bi-polar ejection events can reproduce the emission we observe in all of our
sampled frequency bands.

Using our best fit model to probe the intrinsic properties of the jet ejecta,

we draw the following conclusions about the ejection events in V404 Cyg:

e The intrinsic properties of the jet ejecta (i.e., speeds, peak fluxes, electron
energy distribution indices, opening angles) vary between different ejec-
tion events. This results in varying time lags between the flares produced

by each ejection at different frequencies.

e The ejecta require (minimum) energies on the order of 10%° — 103 erg.
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When taking into account the duration of each event, these energies cor-

respond to a mean power into the ejection events of 1032 — 103 ergs—*.

The ejecta carry very little mass (~ 1% Maccpu), especially when com-
pared to that carried by the other form of outflow detected in V404 Cyg,
the accretion disc wind (~ 1000 My gu). However, despite carrying much
less mass, we estimate that the ejecta carry similar energy to that of the

accretion disc winds.

We place the first constraints on jet geometry in V404 Cyg, where we
find that V404 Cyg contains a highly confined jet, with observed opening
angles of the ejecta ranging from 4.06 — 9.86°. While we can not pin
down the main jet confinement mechanism in V404 Cyg, it is possible
that the ram pressure of the strong accretion disc wind detected in V404
Cyg (Munoz-Darias et al., 2016) could contribute to inhibiting the jet
ejecta expansion, and thus be a key cause of the highly confined jet in

this system.

The ejecta travel at reasonably slow bulk speeds, that can vary sub-
stantially between events, on timescales as short as minutes to hours

(I'~1—13).
Brighter ejections tend to travel at faster bulk speeds.

Our modelled ejection events appear to occur in groups of 2-4 ejections
(separated by at most ~ 20 minutes), followed by longer periods of up to

~ 1 hour between groups.

The rapid timescale of the ejections is similar to the jet oscillation events
observed in GRS 1915+105. Although the V404 Cyg events do not occur
on as regular intervals as the GRS 19154105 events, possibly suggesting
the jet production process is not as stable in V404 Cyg.
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e We can tentatively match groups of ejections with peaks in simultaneous
X-ray/OIR emission. However, the nature of the connection (if any)
between our modelled ejection events and X-ray/OIR emission is still not

completely clear.

Based on these conclusions, it appears as though the V404 Cyg ejection
events are smaller-scale analogues of major ejection events, typically seen dur-
ing the hard to soft accretion state transition in BHXBs. Given the similar-
ity between these rapid ejection events in V404 Cyg and those seen in GRS
19154105, we postulate that the ejection events in both systems may have a
common origin, in the repeated ejection and refilling of some reservoir in the
inner accretion flow. This suggests that, in agreement with the findings of
Kimura et al. (2016) & Munoz-Darias et al. (2016), the presence of a large
accretion disc in both systems may be a key ingredient in producing these rare,
rapid ejection events.

Overall, the success of our modelling has shown that, multiple expanding
plasmons, on top of a compact jet, is a good match to the emission we observe
from V404 Cyg in multiple frequency bands. However, it is also apparent from
our results that some simplifications within our model may not fully capture all
of the physics of these ejection events (e.g., assuming equipartition, assuming
a constant flux from the compact jet), and future iterations of this model
will work to address these assumptions and explore their effect on the ejecta
properties.

In this work we have demonstrated that simultaneous multi-band photom-
etry of outbursting BHXBs can provide a powerful probe of jet speed, struc-
ture, energetics, and geometry. Additionally, our analysis has revealed that
the mm/sub-mm bands provide a critical new perspective on BHXB jets (es-
pecially in the time-domain) that can not be achieved with radio frequency
observations alone. Future high time resolution, multi-band observations of

more systems, including the mm/sub-mm bands, have the potential to provide
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invaluable insights into the underlying physics that drives jet behaviour, not

only in BHXBs but across the black hole mass and power scale.

5.7 Appendix

5.7.1 Image Weighting Scheme

As we are imaging the source on very short timescales, the uv-coverage in each
time-bin will be limited. While we do not need to worry about the lack of uv-
coverage affecting the fidelity of the images, as the source is point-like at the
VLA and SMA resolutions, the side-lobe levels may be a concern. In particular,
if the amplitude is changing significantly in each time bin, this implies that we
cannot deconvolve the side-lobes properly. As such, the choice of weighting
scheme used while imaging could affect the quality of the images, and in turn
the flux density measurements for each time bin. While the side-lobe level is
not much of a concern for the VLA, which has reasonably good instantaneous
uv-coverage, the SMA is only an 8-element interferometer. In this case, imaging
the source with a more uniform weighting scheme minimizes the side-lobe level,
and could improve the quality of the images in each time bin. On the other
hand, imaging with a natural weighting scheme would maximize sensitivity,
leading to lower rms noise levels. After testing different weighting schemes we
find that the choice of weighting had very little effect on the output SMA light
curves, where any differences in the flux measurements in each time bin were
well within the rms noise. We find that the natural weighting scheme led to
lower rms noise and slightly higher dynamic range in the majority of the time
bin images. Therefore, we opted to use natural weighting, as the side-lobe

level /rms noise trade-off appears to be optimized for natural weighting.
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5.7.2 Calibrator Light Curves

Given the large flux variations we detected in our data of V404 Cyg, we wished
to check the flux calibration accuracy of all of our observations on short time
scales, and ensure that the variations we observed in V404 Cyg are dominated
by intrinsic variations and not atmospheric or instrumental effects. Therefore,
we ran our custom procedures to extract high time resolution measurements
from our data (see §5.3 for details) on all of our calibrator sources. Figure 5.9
displays target & calibrator light curves at all frequencies.

We find that all of our interferometric calibrator sources and our JCMT 350
GHz calibrator display relatively constant fluxes throughout our observations,
with any variations (< 5%/< 10% of the average flux density at radio/(sub)-
mm frequencies) being a very small fraction of the variations we see in V404
Cyg. However, our JCMT 666 GHz calibrator scan shows noticeably larger
scale variations (~ 30% of its average flux level). While these larger variations
are not unexpected at this high frequency, as the atmosphere is much more
opaque, when combined with the fact that higher noise levels at this frequency
prevent us from sampling timescales shorter than 60 seconds, we choose to not
include the 666 GHz data set in our modelling (although see Appendix 5.7.3
below for a discussion of how well our best fit model agrees with the 666 GHz
data).

Overall, based on these results, we are confident that the high time resolu-
tion light curves of V404 Cyg used in our modelling are an accurate represen-

tation of the rapidly changing intrinsic flux of the source.
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Figure 5.10: JCMT light curve of V404 Cyg in the 666 GHz band on 2015 June 22.
The black solid line represents our predicted best fit model in the 666 GHz band.

5.7.3 JCMT SCUBA-2 666 GHz Model Comparison

While we did not include the JCMT SCUBA-2 666 GHz data in our model
fitting, it is still of interest to compare our best fit model prediction for the 666
GHz band to the data (see Figure 5.10). While our best fit model appears to
match the timing of the flares in the 666 GHz data quite well, the model tends
to over predict flux in some areas when compared to our data. It is possible that
the deviations between the best fit model and the data are dominated by the
higher flux calibration uncertainty in this band, especially when considering
such short timescales. On the other hand, our model (and the vdL model)
are only capable of predicting emission at frequencies which are initially self-
absorbed (i.e. optically thick). Thus the deviations between the best fit model
and the data could also suggest that the emission we observe from the jet ejecta

in the 666 GHz band is optically thin.

173



5.7.4 Systematic Errors

As described in §5.4.3, we estimated additional uncertainties on our best fit
parameters, to factor in how well our chosen model represents the data. Ta-
ble 5.3 displays these uncertainties (4 for upper confidence interval, — for lower

confidence interval) for each fitted parameter.
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5.7.5 Two-Parameter Correlations

With the multi-dimensional posterior distribution output from our MCMC
runs, we explored possible two-parameter correlations for our model. A sig-
nificant correlation between a pair of parameters, that is common to all of the
ejecta, could indicate a model degeneracy or a physical relationship between
the two parameters. Out of the possible two-parameter pairs, we find inter-
esting correlations involving the 2, ¢ons, Fp, and (3, parameters. Figure 5.11
displays the correlation plots, along with the one-dimensional histograms of
the parameters?®. The correlation between i and ¢ps (first column) indicates a
known degeneracy in the vdL model. The correlation between Fy and (3, (sec-
ond column) likely indicates a physical relationship between the parameters,
where faster ejecta tend to have brighter fluxes. We find the same relationship
when we look at the distribution of bulk speeds and fluxes across all the ejecta,
and this relationship has been seen in other sources (see §5.5.1 for details).
The final four correlations (columns 3 through 6) seem to indicate a degener-
acy between all four parameters (or at least a sub-set of them), where different
combinations of the four parameters could potentially produce similar flaring

profiles.

23We make use of the CORNER python module to make these correlation plots; https:
//github.com/dfm/corner.py
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Chapter 6

Tracking the variable jets of
V404 Cygni during its 2015

outburst

This chapter details the work submitted to the Monthly Notices of the Royal
Astronomical Society (MNRAS) journal as Tetarenko, A.J. et al. 2018, “Track-
ing the variable jets of V404 Cygni during its 2015 outburst”, describing a
multi-frequency photometric study of the variable jet emission from the black

hole X-ray binary V404 Cygni.

Abstract

We present multi-frequency monitoring observations of the black hole X-ray
binary V404 Cygni throughout its June 2015 outburst. Our data set includes
radio and mm/sub-mm photometry, taken with the Karl G. Jansky Very Large
Array, Arc-Minute MicroKelvin Imager Large Array, Sub-millimeter Array,
James Clerk Maxwell Telescope, and the Northern Extended Millimetre Array,
combined with publicly available infrared, optical, UV, and X-ray measure-
ments. With these data, we report detailed diagnostics of the spectral and

variability properties of the jet emission observed during different stages of this
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outburst. These diagnostics show that emission from discrete jet ejecta dom-
inated the jet emission during the brightest stages of the outburst. We find
that the ejecta became fainter, slower, less frequent, and less energetic, before
the emission transitioned (over 1-2 days) to being dominated by a compact jet,
as the outburst decayed toward quiescence. While the broad-band spectrum
of this compact jet showed very little evolution throughout the outburst decay
(with the optically thick to thin synchrotron jet spectral break residing in the
near-infrared /optical bands; ~ 2 — 5 x 10! Hz), the emission still remained
intermittently variable at mm/sub-mm frequencies. Additionally, we present
a comparison between the radio jet emission throughout the 2015 and previ-
ous 1989 outbursts, confirming that the radio emission in the 2015 outburst
decayed significantly faster than in 1989. Lastly, we detail our sub-mm obser-
vations taken during the December 2015 mini-outburst of V404 Cygni, which
demonstrate that, similar to the main outburst, the source was likely launching

jet ejecta during this short period of renewed activity.

6.1 Introduction

Black hole X-ray binaries (BHXBs) contain a stellar mass black hole accreting
matter from a companion star, where a portion of the accreted material can be
transported back outwards in the form of a relativistic jet. These systems are
typically transient in nature, evolving from periods of inactivity into a bright
out-bursting state lasting days to months. BHXB jet emission can span many
decades in frequency, and during these outbursts, the intensity, morphology,
spectral, and temporal properties of the jet emission are known to vary with
accretion state (Fender et al., 2004a; Belloni, 2010).

In quiescence and the hard accretion state, there exists a steady, compact
synchrotron-emitting jet, which primarily emits at radio, sub-mm, and opti-

cal/infrared (OIR) frequencies (Fender, 2001; Corbel & Fender, 2002; Chaty

179



et al., 2011; Russell et al., 2006; Tetarenko et al., 2015d; Gallo et al., 2005a;
Russell et al., 2013c¢; Plotkin et al., 2013, 2015, 2016). This compact jet displays
a characteristic flat to slightly-inverted broad-band spectrum (a > 0, f, o v®;
Blandford & Koénigl 1979; Falcke & Biermann 1995; Fender 2001) extending up
to OIR frequencies (Corbel & Fender, 2002; Casella et al., 2010; Chaty et al.,
2011), where it breaks to an optically thin spectrum (a ~ —0.7; Russell et al.
2013b). The location of the spectral break marks the most compact region of
the jet, where particles are first accelerated to high energies (Markoff et al.,
2001, 2005; Chaty et al., 2011), and has only been directly observed in a few
BHXBSs (Vpreak ~ 10711 Hz; e.g. Russell et al. 2013b,c).

As the system evolves through the rising hard state, where the X-ray lu-
minosity (and, in turn the mass accretion rate) increases, the compact jet
spectrum also evolves. In particular, the location of the spectral break has
been observed to shift to lower frequencies (toward the radio regime), as the
source transitions into a softer accretion state (van der Horst et al., 2013;
Russell et al., 2014). This spectral evolution cannot be driven solely by optical
depth effects, which predict an opposite scaling for the spectral break frequency
(Vbreak < M?/3; Falcke & Biermann 1995). Alternatively, recent work (Koljo-
nen et al., 2015), which shows a correlation between the location of the spectral
break and the photon index of the X-ray spectrum, suggests that the particle
acceleration properties within jets (traced by the flux density and frequency of
the spectral break) may instead be connected to the properties of the plasma

close to the black hole.

During the transition between the hard and soft accretion state, the jet emis-
sion can switch from being dominated by a compact jet to arising from discrete
jet ejections (e.g., Mirabel & Rodriguez 1994; Hjellming & Rupen 1995; Kuulk-
ers et al. 1999; Corbel et al. 2002; Miller-Jones et al. 2012; Brocksopp et al. 2013;
Tetarenko et al. 2017). These ejecta have an optically thin spectrum (a < 0)

above the self-absorption /free-free absorption turnover frequency (Miller-Jones
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et al., 2004), display highly variable emission, and their expansion/bulk motion
can be resolved and tracked with Very Long Baseline Interferometry (VLBI;
e.g., Hjellming & Rupen 1995; Tingay et al. 1995; Miller-Jones et al. 2004).
Once the source reaches the soft state, jet emission is believed to be quenched
altogether (or faint enough to be below the detection thresholds of current in-
struments; Fender et al. 1999b; Corbel et al. 2001; Russell et al. 2011; Coriat
et al. 2011b; Rushton et al. 2016), with any residual radio emission usually at-
tributed to an interaction between the jet ejecta and the surrounding medium

(e.g., Corbel et al. 2004).

By tracking spectral, temporal, and morphological changes in the jet emis-
sion over an outburst, physical conditions in the jet can be linked to the prop-
erties of the accretion flow (probed at X-ray frequencies), potentially revealing
which accretion flow properties govern the launching, evolution, and quenching
of jets (Russell et al., 2013c, 2014, 2015). Therefore, multi-frequency studies
of these jets during outburst, which track jet emission properties at different
physical scales along the jet axis, are essential in understanding the mecha-
nisms that govern BHXB jet behaviour. Within the BHXB population, V404
Cygni (aka GS 2023+338; hereafter referred to as V404 Cyg) is an optimal
candidate for multi-frequency jet studies due to its proximity (2.39 4+ 0.14 kpc;
Miller-Jones et al. 2009), low extinction (E(B —V') = 1.3; Casares et al. 1993),
and high X-ray luminosity levels in outburst (Lx ~ 1 x 103 ergs™; Motta
et al. 2017b) and quiescence (Ly ~ 1 x 1033 ergs™!; Corbel et al. 2008).

V404 Cyg was first discovered in outburst in 1989 (Makino, 1989), after
which it remained in a low-luminosity quiescent state for ~ 26 years. During
this prolonged quiescent state, V404 Cyg displayed a spectrum that was mea-
sured to be flat across the radio band (o = —0.05 4 0.15, where f, o< v* and
v = 1.4 — 8.4 GHz), likely extending up to IR frequencies, where it breaks to
an optically thin spectrum (o < 0; Hynes et al. 2009). This radio spectrum

is consistent with originating from a partially self-absorbed synchrotron jet
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(Blandford & Konigl, 1979). While optical and UV emission in the quiescent
spectrum of V404 Cyg are well described by blackbody emission from the known
KOIV companion star, Muno & Mauerhan (2006) report a mid-IR (4.5um and
8um) excess above the level expected from the companion star. This mid-IR
excess could originate from the accretion disc (Muno & Mauerhan, 2006; Hynes
et al., 2009), the compact jet (Gallo et al., 2007), or a combination of the two.
The average radio flux density of the jet in quiescence is ~ 0.3 mJy (Gallo et al.,
2003), although the emission is known to be highly variable (Hynes et al. 2009;
Plotkin et al. in prep.), reaching up to ~ 1.5 mJy (Hjellming et al., 2000a).
The quiescent jet of V404 Cyg is unresolved with the global VLBI array, but
Miller-Jones et al. (2009) placed an upper limit on the compact jet size scale

of < 1.4 AU at 22 GHz.

During its discovery outburst in 1989, V404 Cyg displayed bright X-ray flar-
ing activity. This highly variable emission was found to not always be intrinsic
to the source, but at times be caused by large changes in column density, where
the accretion flow became obscured (Terada et al., 1994; Oosterbroek et al.,
1997; Zycki et al., 1999). V404 Cyg displayed a variety of radio behaviour dur-
ing this outburst (Han & Hjellming, 1992), where the radio spectrum evolved
from steep (o < 0) to inverted (a > 0) in a matter of days. Further, significant
radio flux variability on timescales as short as tens of minutes was observed,
and there were hints of coupled radio, optical, and X-ray emission. However,
the instruments available during this 1989 outburst did not have the capabil-
ities to perform the simultaneous, multi-frequency, time-resolved observations

needed to fully understand this rapidly evolving jet source.

In June 2015, V404 Cyg entered a new outburst (Barthelmy et al., 2015;
Negoro et al., 2015; Kuulkers et al., 2015; Bernardini et al., 2016b), providing a
unique opportunity to study the evolving jet with observational coverage that
was not possible during the 1989 outburst. During this new outburst, V404
Cyg exhibited bright multi-frequency variability, in the form of large-amplitude
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flaring events (e.g., Ferrigno et al. 2015b; Gandhi et al. 2015; Gazeas et al.
2015; Mooley et al. 2015; Motta et al. 2015a,b; Tetarenko et al. 2015a,b), for
a ~ 2 week period, before the flaring activity ceased at all wavelengths, and
the source began to decay (Sivakoff et al., 2015b,c; Plotkin et al., 2017) back
towards quiescence. Additionally, in late December 2015 V404 Cyg entered a
short mini-outburst period, during which it displayed renewed flaring activity
(e.g., Lipunov et al. 2015; Trushkin et al. 2015; Beardmore et al. 2015; Malyshev
et al. 2015; Tetarenko et al. 2016a; Motta et al. 2016; Munoz-Darias et al. 2017,
Kajava et al. 2018).

In this paper, we present multi-frequency monitoring of V404 Cyg during
this 2015 outburst, including radio and mm/sub-mm photometry, combined
with publicly available OIR, UV, and X-ray measurements. Radio frequency
data were taken with NSF’s Karl G. Jansky Very Large Array (VLA) and the
Arc-Minute MicroKelvin Imager Large Array (AMI-LA), while the mm /sub-
mm frequency data were taken with the Sub-millimeter Array (SMA), the Sub-
millimetre Common User Bolometric Array-2 instrument on the James Clerk
Maxwell Telescope (JCMT SCUBA-2), and the Institute de Radioastronomie
Millimétrique’s Northern Extended Millimetre Array (IRAM NOEMA). Our
observations span a time period from hours after the initial X-ray detection of
the outburst, until late in its decay back toward quiescence. While our team’s
earlier work (Tetarenko et al. 2017, also see Chapters 5 and 6 of this thesis)
probed the jet emission during a portion of the brightest flaring period (on 2015
June 22) of the outburst, this work aims to track the spectral and temporal
changes in the jet emission as the system transitioned away from the flaring
state and began to decay back into quiescence. In §6.2 we describe the data
collection and data reduction processes. In §6.3 we present multi-frequency
light curves and broad-band spectra. In §6.4, we use this series of observations
to discuss the jet properties in V404 Cyg, as well as draw comparisons to the

previous 1989 outburst, and the December 2015 mini-outburst. A summary of
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our work is presented in §6.5.

6.2 Observations and Data Analysis

6.2.1 VLA Radio Frequency Observations

We observed V404 Cyg with the VLA (project codes 15A-504 and 15A-509)
from 2015 July 02 to July 12 (MJD 57205 — 57215) in the L (1 — 2GHz),
C (4 — 8GHz), Ku (12 — 18 GHz), and K (18 — 26 GHz) bands. The array
was in its most extended A-configuration for all observations, where we split
the array into 2 or 3 sub-arrays to obtain strictly simultaneous observations
across multiple bands. All observations were made with the 8-bit samplers,
generating 2 base-bands, each with 8 spectral windows of 64 2 MHz channels,
giving a total bandwidth of 1.024 GHz per base-band (see Table 6.3 for a
summary of the array setup of all the observations). Flagging, calibration, and
imaging (with natural weighting chosen to maximize sensitivity) of the data
were carried out within the Common Astronomy Software Application package
(cAsA v4.3.1; McMullin et al. 2007) using standard procedures outlined in
the casA Guides! for VLA data reduction (i.e., a priori flagging, setting the
flux density scale, initial phase calibration, solving for antenna-based delays,
bandpass calibration, gain calibration, scaling the amplitude gains, and final
target flagging). We used J2025+3343 as a phase calibrator for all epochs, and
3C48 (0137+331) as a flux calibrator in all epochs but July 11 (MJD 57214),
where 3C147 (0542+4498) was used. When imaging the lower-frequency bands
(1 — 2GHz and 4 — 8 GHz), we placed outlier fields on other bright sources
within the primary beam to ensure that their side-lobes did not affect our flux
density measurement of V404 Cyg. Flux densities of the source were measured

by fitting a point source in the image plane (using the imfit task) and, as

"https://casaguides.nrao.edu
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is standard for VLA L/C/Ku/K band data, systematic errors of 1/1/3/3%
were added (Perley & Butler, 2017). All VLA flux density measurements are
reported in Table 6.6. Given the rapidly changing radio flux density observed
in this outburst, we also imaged the source on shorter timescales (less than
the full observation period), using our custom CASA variability measurement
scripts? (see §3.1 of Tetarenko et al. 2017 or Chapter 5 §5.3.1 of this thesis for

a detailed description of the capabilities of these scripts).

6.2.2 AMI-LA Radio Frequency Observations

V404 Cyg was observed with the AMI-LA (Zwart et al., 2008) radio telescope
throughout the 2015 outburst. Observations were carried out with the analogue
lag correlator using 6 frequency channels spanning 13.5-18.0 GHz. The raw
data were binned to 8x0.625 GHz channels and processed (RFI excision and
calibration) with a fully-automated pipeline, AMI-REDUCE (e.g. Davies et al.,
2009; Perrott et al., 2013). Daily measurements of 3C48 and 3C286 were used
for the absolute flux calibration, which is good to about 10%. The calibrated
and RFI-flagged data were then imported into CASA for imaging. In this paper,
we use a sub-set of the AMI-LA observations taken during this outburst (com-
plete data set will be published in Fender et al., in prep.). Our analysis includes
AMI-LA data that were taken simultaneously with our NOEMA mm/sub-mm
observations; from 2015 June 26-30 and July 11-12.

6.2.3 NOEMA (Sub)-mm Frequency Observations

We observed V404 Cyg with the NOEMA (project codes SI5DE and D15AB)
between 2015 June 26 and July 13 (MJD 57199 — 57216), in the 3mm (tuning
frequency of 97.5 GHz) and 2mm (tuning frequency of 140 GHz) bands. These

2These scripts are publicly available on github; https://github.com/Astroua/
AstroCompute_Scripts.
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observations were made with the WideX correlator, to yield 1 base-band, with
a total bandwidth of 3.6 GHz per polarization (see Table 6.4 for a summary
of the correlator and array setup of all the observations). We used J2023+336
as a phase calibrator, and MWC349 as a flux calibrator, in all epochs. The
bandpass calibrator varied between epochs; 3C273 (57199 at 3mm), 3C454.3
(57200/57203 at 2mm), J17494-096 (57202 at 3mm and 57200/57201 at 2mm)
and J20134-370 (57215/57216 at 2mm and 3mm). As CASA is unable to handle
NOEMA data in its original format, flagging and calibration of the data were
first performed in GILDAS? using standard procedures, then the data were ex-
ported to cAsA? for imaging (with natural weighting to maximize sensitivity).
Flux densities of the source were measured by fitting a point source in the image
plane (using the imfit task). All NOEMA flux density measurements can be
seen in Table 6.7. Given the rapidly changing (sub)-mm flux density observed
in this outburst, we also imaged the source on shorter timescales (less than
the full observation period), using our custom CASA variability measurement

scripts.

6.2.4 SMA (Sub)-mm Frequency Observations

We observed V404 Cyg with the SMA (project code 2015A-S026) between 2015
June 16 and July 02 (MJD 57189 — 57215). All of our observations utilized the
ASIC and/or SWARM correlators, tuned to an LO frequency of 224 GHz (see
Table 6.5 for a summary of the correlator and array setup of all the obser-
vations). We performed all flagging, calibration, and imaging (with natural
weighting to maximize sensitivity) of the data within CASA, using the same
procedures and calibrators outlined in §2.2 of Tetarenko et al. 2017 (Chapter

5 §5.2.2 in this thesis). Flux densities of the source were measured by fit-

3http://www.iram.fr/IRAMFR/GILDAS
4To convert a NOEMA data set for use in casa, we followed the procedures outlined at
https://www.iram.fr/IRAMFR/ARC/documents/filler/casa-gildas.pdf.
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ting a point source in the image plane (using the imfit task). All SMA flux
density measurements are reported in Table 6.7. Given the rapidly changing
(sub)-mm flux density observed in this outburst, we also imaged the source
on shorter timescales (less than the full observation period), using our custom

CASA variability measurement scripts.

6.2.5 JCMT SCUBA-2 (Sub)-mm Frequency Observa-

tions

We observed V404 Cyg with the JCMT (project code M15A154) on 2015 June
17 and July 02 (MJDs 57190 and 57205), in the 850um (350 GHz) and 450pm
(666 GHz) bands. On June 17 the observation consisted of five ~ 30 min scans
on target with the SCUBA-2 detector (Chapin et al., 2013; Holland et al.,
2013), from 11:13:12-14:19:05 UTC (MJD 57190.468 — 57190.597). On July 02
the observation consisted of eight ~ 30 min scans on target with the SCUBA-2
detector from 09:01:23-13:42:29 UTC (MJD 57205.376—57205.571). During the
observations on June 17 we were in the Grade 4 weather band with a 225 GHz
opacity of 0.1-0.2, while on July 02 we were in the Grade 3 weather band with
a 225 GHz opacity of 0.08-0.1. Data were reduced in the STARLINK package,
using the same procedures and calibrators outlined in §2.3 of Tetarenko et al.
2017 (Chapter 5 §5.2.3 in this thesis). JCMT flux densities of the source in
both epochs are reported in Table 6.7. We note that we only detect the source
at 350 GHz in these epochs; however, 30 upper limits in the 666 GHz band
are provided in the table. Given the rapidly changing (sub)-mm flux density
observed in this outburst, we also attempted to create maps of the source on
shorter timescales (less than the full observation period). To do this, we used
a custom procedure we developed to produce a data cube, containing multiple
maps of the target source region, at different time intervals throughout our

observation (see §3.2 of Tetarenko et al. 2017 or Chapter 5 §5.3.2 of this thesis
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for the details of this procedure). In both epochs we were only able to measure
the flux density on timescales as short as the 30 min scan timescale, as V404
Cyg was too faint, and the noise was too high to accurately measure the flux

density on shorter timescales.

6.2.5.1 December 2015/January 2016 Mini-outburst

As V404 Cyg displayed renewed activity in December 2015/January 2016, we
also observed V404 Cyg with the JCMT (project code M15BI036) on 2016 Jan-
uary 1 and 2 (MJDs 57388 and 57389). Each observation consisted of one ~ 30
min scan on target with the SCUBA-2 detector (using the daisy configuration),
from 19:48-20:20 UTC (MJD 57388.825-57388.847) on January 1, and 19:59-
20:32 UTC (MJD 57389.833-57389.856) on January 2. CRL2688 was used for
absolute flux calibration on January 1, and Mars was used on January 2. Dur-
ing both observations we were in the Grade 1 weather band, with a 225 GHz
opacity of 0.04/0.05 on January 1/2. These later epochs were also reduced
in the STARLINK package, following the same procedures as in §6.2.5. V404
Cyg transits during the daytime at this time of year, therefore, the JCMT was
operating in an specialized extended observing mode at the time of our obser-
vations. Given the rapidly changing (sub)-mm flux density observed in V404
Cyg, we searched for variability within the January 1 observation by splitting
the scan into two maps. The first half of the observation shows an average flux
density of 58 + 19mJy and the second half shows an average flux density of
38 £ 10mJy. The source was not bright enough, and the noise was too high
to accurately measure the flux density on shorter timescales. For the same
reasons we were unable to obtain flux density measurements on timescales less
than the 30 min scan timescale in the January 2 epoch. JCMT flux densities

of the source in these later epochs are also reported in Table 6.7.
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6.2.6 IR/Optical/UV /X-ray Observations

We have compiled publicly available OIR, UV, and X-ray (Chandra; Plotkin
et al. 2017, and Swift /XRT; Sivakoff et al. 2015¢) photometric observations that
were quasi-simultaneous with our radio through sub-mm observations (i.e., < 1
day separation from our observations). Observational details and flux densities
from these data are reported in Table 6.8, where data in this table have been de-
reddened (when required) using the prescription in Cardelli et al. (1989), with
an E(B —V) = 1.340.2 (Casares et al., 1993). Additionally, in our analysis
we include time-resolved OIR data from Kimura et al. 2016 and AAVSO?®, as
well as INTEGRAL X-ray data (5-10 keV and 60-200 keV bands; Rodriguez

et al. 2015)%, all occurring simultaneously with our radio/sub-mm data sets.

The Swift/XRT data were all taken in photon counting (PC) mode, and
we analyzed the data using the HEASOFT software package. We first repro-
cessed the data using xrtpipeline, and then we extracted source and back-
ground spectra using standard procedures in xselect. Due to the presence
of dust scattering halos around V404 Cyg in many of these observations (e.g.,
Beardmore et al. 2016; Heinz et al. 2016), background spectra were extracted
from regions where no halos were detected. We fit the 0.5-10 keV X-ray spec-
tra with an absorbed power-law (TBABS*PEGPWRLW); here we used abundances
from Wilms et al. (2000) and cross sections from Verner et al. (1996). We
tied the power-law photon index (I' = 1.8 + 0.3; 90% confidence interval)
together, but allowed the hydrogen absorption column to vary between obser-
vations (Ng ~ 0.5-3 x 10?2 cm™2). We report the flux densities arising from

these fits at 5 keV (1.21 x 10'® Hz).

’Kafka, S., 2018, Observations from the AAVSO International Database, https://www.
aavso.org

6All INTEGRAL X-ray data presented in this paper are taken from the INTE-
GRAL public data products available at http://www.isdc.unige.ch/integral/analysis#
QLAsources (Kuulkers 2015, PI: Rodriguez).
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6.3 Results

6.3.1 Light Curves

Daily timescale light curves of all of our radio through sub-mm observations
of V404 Cyg are presented in the top two panels of Figure 6.17. Throughout
our month long-monitoring of the source, we observe the radio/sub-mm flux
to vary by over 3 orders of magnitude, ranging from Jy levels at its brightest
to sub-mJy levels at its faintest. In the sub-mm bands, the emission in our
first epoch (taken hours after the first detection of the outburst in X-rays)
is relatively bright compared to the mm/sub-mm flux densities typically seen
in BHXBs (i.e., ~ 100 mJy vs < 50 mJy), but rapidly drops by an order of
magnitude within the next 24 hours. Following our first two detections, the
sub-mm flux likely continues to rise, approaching a peak on MJD 57195. The
source then begins to decay, where this decay is initially quite rapid (i.e., the
flux density drops at least an order of magnitude between MJD 57195 and
57199), before the emission appears to plateau for a few days around MJD
57204, and then proceeds to decay at a much slower rate as the source heads
towards quiescence. The radio emission tracks the sub-mm emission closely,
and both show a potential secondary peak in the light curves around MJD
57200.

The bottom panel of Figure 6.1 displays the radio through sub-mm spectral
indices (where a single power-law is fit across radio/sub-mm frequencies), for
epochs where at least 2 different bands were sampled. We find that the spectral
indices appear to vary between steep (o < 0) and inverted (« > 0) during the
MJD 57189-57204 period, but then remain flat to inverted for the rest of our

monitoring period.

"All the fluxes presented in this figure are measured through imaging the source over
the full observation period, except for the AMI 16 GHz data, where a weighted mean of
time-resolved measurements (100 sec time-bins) is taken.
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Figure 6.1: Day-timescale light curves of V404 Cyg during its June 2015 outburst.
The top panel displays the radio frequency bands, the middle panel displays the
(sub)-mm frequency bands, and the bottom panel displays the radio—sub-mm spec-
tral indices, in epochs where at least two different bands were sampled (using the
convention f, o v%, where a represents the spectral index; dotted line indicates
a = 0). The (un-)shaded regions represent time-periods where the jet emission was
likely dominated by jet ejecta or a compact jet (as labelled above the top panel).
The figures displaying time-resolved measurements of these data are indicated at the
top of the figure (T17 indicates Tetarenko et al. 2017 or Figure 5.1 in Chapter 5
of this thesis). Over our month long monitoring period of V404 Cyg, we find that
the jet emission is highly variable, where the radio through sub-mm fluxes vary by
~ 3 orders of magnitude, and the spectral index varies between steep (a < 0) and
inverted (a > 0).
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As V404 Cyg is known to be significantly variable regardless of its bright-
ness, these day-timescale light curves and spectral indices will only display
the overall average trend in the data. Therefore, we opted to also search for
intra-observation variability in our data. To do this, we created time-resolved
light curves (and simultaneous spectral index measurements) of all of our radio
through sub-mm observations. These time-resolved light curves, along with
simultaneous optical and X-ray data (when available), are displayed in Fig-
ures 6.2, 6.3, 6.4, and 6.5. To ensure that any short timescale variations we
observe from V404 Cyg are dominated by intrinsic variations, and not atmo-
spheric or instrumental effects, we extracted high time resolution measurements
from our calibrator sources as well. We find that the majority of our calibrator
observations show relatively constant fluxes (variations < 10% of the average
flux density), except for the SMA data taken on MJD 57189 (see discussion
below).

To characterize the amplitude of any intra-observation variability and com-
pare between epochs, we use the fractional RMS statistic,
5’2 _ 5—2

Fvar = 72 = (61)

where Z represents the weighted mean of the flux measurements, the sample

2

. 2 1 N _
variance S° = w5 > ;_1(z; — ), and the mean square measurement error

o2 = % sz\il Ueer,i (Vaughan et al., 2003). For this paper, we consider Fy,, <

20% as not significantly variable, 20% < Fyu < 50% as mildly variable, and
Fiar > 50% as highly variable.

In our first epoch on MJD 57189, the sub-mm emission is highly variable
over the short ~ 1.5 hour observation, with a Fy,, = 71.0 £ 1.4% at 224 GHz.
Although, we note that this variability appears to be very stochastic (especially
when compared to the next epoch taken ~ 24 hours later), rather than showing

smooth or structured variations that we might expect to see from this high
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frequency emission probing close to the jet base (e.g., see Tetarenko et al. 2017
and Chapter 5 of this thesis). Upon examining the calibrator light curve for
this observation, we noticed that the calibrator source shows an atypically high
level of variability within the first half of the observation (i.e., prior to ~18:00
UT), likely due in large part to the very low elevations of these observations
(as low as 15 degrees). Therefore, all of the V404 Cyg variability observed
in this epoch may not be intrinsic to the source. Less than a day later, the
variability amplitude decreases, along with the average flux level, to just above
mildly variable at Fi,, = 51.9 £ 0.8% at 224 GHz. While we are only able to
sample the sub-mm spectral index in two time bins on MJD 57190, both show
a steep spectral index in this epoch, consistent with that observed from the

daily average data (see Figures 6.1 and 6.2).

Our next epoch, taken approximately a week later (MJD 57195), displayed
large scale, structured flaring activity, with lower frequency emission appearing
as a smoothed and delayed version of high frequency emission. We have shown
that this emission can be well modelled by a series of bi-polar, adiabatically
expanding jet ejections (details of this data set are reported in Tetarenko et al.
2017 and Chapter 5 of this thesis). This structured flaring activity (tracing
repeated jet ejection events) likely continued intermittently up to MJD 57199,
where we sample a final, large radio flare (peaking at ~ 200 mJy), coinciding
with rapid flaring activity at optical and X-ray frequencies (see Figure 6.3).
Following this large flare, the radio through optical emission remains highly
variable for another 1-2 days (Fi., = 71.6 £ 0.2% at 140 GHz on MJD 57200),
displaying multiple smaller amplitude flaring events, before the flaring activity
ceases, and the variability amplitude drops to mildly variable (Fy., = 39.0 +
0.2% at 140 GHz on MJD 57202/57203). The spectral indices during the flaring
activity between MJD 57199-57201 oscillate between steep and inverted on
hourly timescales, consistent with the evolving optical depth of adiabatically

expanding jet ejecta. After the flaring activity had ceased, the spectral index
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is much more stable over time, and close to flat.

In the following two days, the sub-mm variability amplitude once again
increases to highly variable with F,,, = 85 4+ 5% at 224 GHz on MJD 57204,
before declining to the point where any variance in the data is much less than
the measurement errors on MJD 57205 (see Figure 6.4). The optical and X-
ray emission at this time are not significantly variable (Fy, < 10%), while
the spectral index is stable, and remains inverted across radio through sub-mm
bands. While small scale variability is seen in the soft X-ray light curves during
these epochs, the variations are not seen in the hard X-rays. Therefore, these
soft X-ray variations are likely due to the highly variable absorption (Motta
et al., 2017a), and not intrinsic source variations. A week later (MJD 57213),
both the radio and sub-mm flux has dropped by another order of magnitude,
while the X-ray flux has remained relatively constant since MJD 57201 (see
Figure 6.5). All the radio bands are not significantly variable, displaying Fy,, <
20% (similar to that observed in later radio observations taken in late July and
early August; Plotkin et al. 2017), and the sub-mm variability amplitude is
similar to that seen on MJD 57202/57203. The spectral indices remain flat to
slightly inverted during the MJD 57213-57216 period.
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Figure 6.2: Time-resolved light curves and spectral indices of V404 Cyg during
the first two days of our monitoring of the outburst (June 16 and 17, MJD 57189
and 57190). The data shown have varying time-bin sizes; 224 GHz (5/2 min June
16/17), 350 GHz (30 min), Optical R band (75 sec; Kimura et al. 2016). Here
we have combined the two SMA sidebands (cyan data points), in order to gain a
higher signal to noise in our time-resolved light curves. The horizontal error bars on
the JCMT measurements (magenta data points) represent the time range of the 30
minute SCUBA-2 scans. The dotted line in the bottom panel indicates a spectral
index of a = 0. In less than 24 hours, between these two epochs, both the sub-mm
flux levels and variability amplitude change dramatically.
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Figure 6.3: Time-resolved light curves and spectral indices of V404 Cyg between
June 26 and 30 (MJD 57199-57203). The data shown have varying time-bin sizes; 15
GHz (100 sec), 97-140 GHz (45 sec), Optical I, R, B,V bands (75 sec; Kimura et al.
2016), INTEGRAL 5-10 keV (64 sec), INTEGRAL 60-200 keV (64 sec). The dotted
line in the bottom panel indicates a spectral index of o = 0. We initially detect
rapid flaring activity at radio through X-ray frequencies, which drops in amplitude,
becomes less frequent, and eventually stops all together, over this four day period.
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Figure 6.4: Time-resolved light curves and spectral indices of V404 Cyg on July
01 and 02 (MJDs 57204 and 57205). The data shown have varying time-bin sizes;
5-26 GHz (2 min), 224 GHz (10/30 min on July 1/2), 350 GHz (30 min), Optical
I band (100/75 sec on July 01/02; AAVSO/ Kimura et al. 2016), INTEGRAL 5-10
keV (15 min), INTEGRAL 60-200 keV (5 min). Here we have combined the two
SMA sidebands, in order to reduce the noise in our short timescale light curves.
The horizontal error bars on the JCMT measurements represent the range of the 30
minute SCUBA-2 scans. The dotted line in the bottom panel indicates a spectral
index of @ = 0. While no structured flaring activity is observed, the sub-mm emission
remains highly variable on July 01, before becoming much more stable a day later.
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Figure 6.5: Time-resolved light curves and spectral indices of V404 Cyg between
July 10 and 13 (MJD 57213-57216). The data shown have varying time-bin sizes;
1.5 GHz (10 min), 5-17 GHz (2 min), 97-140 GHz (5 min), INTEGRAL 5-10 keV
(3 min), INTEGRAL 60-200 keV (1.5 min). The dotted line in the bottom panel
indicates a spectral index of o = 0. The radio through sub-mm flux densities are
much more constant in these epochs, when compared to our observations one week
earlier (see Figure 6.4).
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6.3.2 Modelling the Flaring Activity

Out of all the time resolved light curves shown in Figures 6.2 — 6.5, the radio
and sub-mm light curves between MJD 57199 and 57201 show a distinct mor-
phology. During these days we observe rapid, multi-frequency flaring activity
(with the lower frequency emission appearing to be a smoothed, delayed version
of the higher frequency emission; see Figure 6.3). Given the striking similarity
between these data and our earlier work on multi-frequency flaring activity
from MJD 57195 (Tetarenko et al. 2017 and Chapter 5 of this thesis), we opted
to apply the jet model we developed for that data set to the MJD 57199-57201
light curves.

While a detailed description of our jet model is provided in §4.2 of Tetarenko
et al. (2017) (and Chapter 5 §5.4.2), we provide a brief summary here. Our
V404 Cyg jet model reproduces emission from multiple, discrete, ballistically
moving jet ejection events, on top of a constant compact jet component with a
power-law spectrum. Each of the ejection events consists of the simultaneous
launching of identical bi-polar plasma clouds, both of which evolve under the
van der Laan (van der Laan, 1966) synchrotron bubble formalism. Addition-
ally, our model folds in both projection and relativistic effects (e.g., relativistic
beaming, geometric time delays) for each ejection event.

Here we use the same modelling process detailed in §4.3 of Tetarenko et al.
2017 (and Chapter 5 §5.4.3), where we implement a Markov-Chain Monte Carlo
(MCMC) algorithm to fit our light curves on MJD 57200/57201 (Foreman-
Mackey et al., 2013). The best fit parameters and their uncertainties® for this
fit are shown in Table 6.1, and Figure 6.6 displays the best fit model overlaid
on our light curves (see also Figure 6.11). With our best fit model, we find that

8The uncertainties reported in Table 6.1 are purely statistical, only representing confidence
intervals on our parameters under the assumption that our model completely represents the
data. However, given the residuals with respect to our best-fit model, it is possible that there
are physical/instrumental effects in the data that cannot be reproduced by our model. See
§4.3 of Tetarenko et al. (2017) (and Chapter 5 §5.4.3) for a more detailed discussion on this
point.
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a total of 5 bi-polar ejection events can reproduce the overall morphology and
flux densities of the emission we observe in the June 27/28 (MJD 57200/57201)
epoch. Further, our modelling suggests that the inclination angle of the jet axis
changes by up to ~ 40 degrees during this series of ejections, which is consistent
with the magnitude of jet axis precession independently estimated from a series
of resolved jet ejecta observed in an earlier epoch with the VLBA (Miller-Jones
et al. 2018, in prep., also see Chapter 7 of this thesis). Therefore, overall
our modelling shows that the flaring emission observed on June 27/28 (MJD
57200/57201) is consistent with emission originating from multiple, discrete
jet ejection events. While we also observe multi-frequency flaring in the 2015
June 26/27 (MJD 57199/57200) epoch, there is limited overlap between the
mm /sub-mm and radio observations, which makes it difficult to reliably fit this

data set with our model.
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Figure 6.6: Radio (AMI 16 GHz) and mm/sub-mm (NOEMA 140 GHz) light curves
of V404 Cyg on 2015 June 27/28 (MJD 57200/57201). In the top panel, we have
overlaid our predicted best fit jet model at each frequency on the light curves (black
lines, where our model contains contributions from both approaching and receding
components for each ejection event). The residuals are shown in the bottom panel,
where residual=(data—model) /(observational errors). Our best fit model, which con-
tains a total of 5 bi-polar ejection events, can reproduce the overall morphology and
flux levels of the emission we observe from V404 Cyg, indicating that this flaring
emission is consistent with emission originating from multiple, discrete jet ejection
events. Note that we do not attempt to model all of the peaks and wiggles in the
mm /sub-mm emission past 02:00 UT, as we do not have the radio frequency coverage
to constrain any additional components in the model past this point. See Figure 6.11
for a version of this figure where we decompose the full model into individual ap-
proaching and receding components.
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6.3.3 Cross-correlation analysis

To search for time lags between different frequency bands, we computed cross-
correlation functions (CCFs) of our time-resolved light curves in all epochs,
using the z-transformed discrete correlation function (ZDCF; Alexander 1997,
2013, this technique was also used in Chapter 4 of this thesis). We chose to
use the ZDCF algorithm, as this method has been shown to provide a more
robust estimate of the CCF's for sparse, unevenly sampled light curves, when
compared to the classic discrete correlation function (DCF; Edelson & Krolik
1988) or the interpolation method (Gaskell & Peterson, 1987). To obtain an
estimate of the CCF peak (indicating the strongest positive correlation, and
thus the best estimate of any time-lag between the light curves from different
frequency bands), with corresponding uncertainties, we utilize the maximum
likelihood method? described in Alexander (2013). Additionally, to estimate
the significance level of any peak in the CCF, we perform a set of simulations
(as described in Chapter 4 §4.3.2), allowing us to quantify the probability of
false detections in our CCFs, by accounting for stochastic fluctuations and
intrinsic, uncorrelated variability within each radio light curve.

While we performed the above CCF analysis for all of the radio through
X-ray data sets for which we had overlapping, time-resolved data, we only
find clear evidence of time lags during the July 02 (MJD 57205) epoch (see
Figure 6.7). In particular, we measure a time lag between the 26 GHz radio
band and the 5 GHz radio band of 12.073"7 minutes. However, the measured
time lags between the 26 GHz band and the 7/21 GHz bands are consistent
with a zero lag within the uncertainty limits (where the 1 o upper limits for the

26 GHz to 7/21 GHz lags are < 10 min and < 5 min, respectively). Further, the

9This method estimates a fiducial interval rather than the traditional confidence interval.
The approach taken here is similar to Bayesian statistics, where the normalized likelihood
function (fiducial distribution) is interpreted as expressing the degree of belief in the esti-
mated parameter, and the 68% interval around the likelihood function’s maximum represents
the fiducial interval (68% of the likelihood-weighted ensemble of all possible CCF's reach their
peaks within this interval).
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optical I band flaring activity observed in this epoch (see Figure 6.4) is unlikely
to be correlated with this radio emission, as a simple jet model (zy x 1/v, where
zp represents the distance down the jet axis from the black hole) paired with
our our detected radio lag predicts a ~ 15 min lag between the I band and
5 GHz, rather than the hours between the optical and radio flaring observed
in the light curves (see Figures 6.4 and 6.7). However, as the radio and I
band light curves do not overlap in this epoch, we can not conclusively rule
out a correlation between the two. Therefore, we are unable to conclusively
determine if a trend with frequency, where the lower frequency bands always
lag the higher frequency bands (and the lag increases as the frequency decreases
in the comparison band), exists in our CCFs. Such a trend is expected from
emission originating in a compact jet, as lower frequency emission is expected
to originate from a region further down the jet axis from the black hole, and
these time lags between radio bands could trace the propagation of material
downstream along the jet (Malzac et al., 2003; Casella et al., 2010; Gandhi
et al., 2017; Vincentelli et al., 2018).

As the jet model we used in §6.3.2 can predict lags between different fre-
quency bands for each jet ejection event, it is of interest to compare the model
predicted lags from data on MJD 57200/57201 and the CCF predicted lags
from data on MJD 57205. In particular, our best-fit jet model from MJD
57200/57201 predicts time lags between 26 and 5 GHz of 24-59 min, between
26 and 7 GHz of 17-44 min, and between 26 and 21 GHz of 2-5 min, for dif-
ferent ejection events. Therefore, the jet model predicted lags between 26 and
5 GHz are all larger than our CCF measured lag. These differing lags likely
indicate varying jet properties at different phases of the outburst (i.e., decline
from a major flare vs. flat-spectrum compact jet emission at a much lower
level), such as bulk speed, inclination angle, opening angle, or electron energy

distributions, between the MJD 57200 and 57205 epochs.

204



"8R[ OI0Z [)IM JUSISISUOD oIe SpuR( (JYSLI W0330q) ZHY) 1g / (9]pprid wo330q) zHX) L 93 PUR ZHL) 9g 9Y) UsaM)o( ST POINSLIT IO
‘1osomoy ‘(urur . m L0°CT o] woypoq) spueq zI[y) G pue Z[D) 9g Y} UdOM)d( Se[ oW} Te9[d © 9AISO 9A\ “pueq Aduonbory 1oysSiy oy
puryeq s8e] purq Aouonboly 10mo[ o1} JeI) sojRIIpUl Sef owil) oAlYIsod Y * D)) Yore Jo yead o1} SUIPUNOLINS UOLSAI O} JO MIIA POUIOOZ
' Ae[dsip [oued toeo Ul sjosul o], ‘(S[Ieop I0J £'¢'9§ 09S) SOUI| Pajjop U9dI3 PueR Pol oY) AQ PoYRIIPUIL S[OAD] 9OURIYIUSIS JUSIDPIP
pue ‘uordar Ao18 poprys 9} AQ PIJedIPUl [RAISIUI SOUSPYUOD [RIONPY 0489 9Y) YIIM OUI PIIOP IOR[Q 9y} AQ UMOYS ST (UOTIR[DLIOD
oA1y1sod 9se8uoI)s o) Suryedipur) J0H0) Yoes Jo sead oy, (G0ZLS ALIN) 0 AM[ UO spueq Adouenbalj opel YA oY) Usamjoq (spoued
wo390q ‘S;0))) SUOIOUN] UOIJR[9II0D-SSOI) pue (sjoued doj ‘F'Q oINSl JO SUOISIOA Ul PAUIOOZ) SOAIMD US| OIpRY  :L'Q °InSIq

(segnurua) Seryouily,

00T 0 01 o 001 0 W= ¢o-Q
: 5
| 70— | 7 iiT o
tutj i w..}{.%f:&& mn
. i 100+ h xxa 00 8
i g 0 ST—. om G o T
e =d T e }ﬂ; 470 .--b.g.l..&aﬁ& T P40 m
S . ui W s B [+ diaiilio ] B
=d | N
R0 = T Olgg L MR SRR HO i R 2.
(ININ - HH) oW1,
AR IO IR NI A IR N AT I I N\ AT IR I A IS IR I N
SOPESONISOIFOPEORONIFS R DT RIFIN KGOV O O Y Y OV NN N R
S S E S LS %&%%&%%&%%&3

L ! ! <+‘N

L3
@
—*&"‘
L2
.
..
%
.

e
=
-
:}
= -
NG
. N
“:
. =
—-—’_._: =
-} 'i
£
<
~ ,,:
1:*
-éf*
R
e
=
%
_—srf'_
O
L
(Apur) Ayisua g XN g

‘
R #4 % ¢ mowe 4 1g [t +: + + moL ¢ g - .. 7D ¢ 4G
WO ¢ WO ¢ 21D 9¢ +

205



6.3.4 Broad-band Spectra

In the epochs following the structured flaring activity (MJD 57203-57216),
where the emission is much more constant (showing minimal flux variability
within an observation), we constructed broad-band spectra to track the spectral
evolution of the jet emission as V404 Cyg decayed towards quiescence (includ-
ing additional radio data from the Giant Metrewave Radio Telescope reported
in Chandra & Kanekar 2017, to add lower frequency coverage at 0.235, 0.610,
and 1.280 GHz). We fit these radio through optical/UV broad-band spec-
tra with a phenomenological multi-component model, consisting of a broken
power law (representing compact jet emission), a black-body (R, = 5.71Rg,
T, = 0.7847, representing the known companion star; Gallo et al. 2007),
and in two epochs, an additional single power law (representing emission from
fading jet ejecta). To fit these spectra we use a MCMC algorithm (Foreman-
Mackey et al., 2013), where the best fit result is taken as the median of the
one-dimensional posterior distributions, and the uncertainties are reported as
the range between the median and the 15th percentile (-), and the 85th per-
centile and the median (+), corresponding approximately to 1o errors. These
broad-band spectra are displayed in Figure 6.8, and the best-fit model param-
eters are reported in Table 6.2. We note that while accretion disc emission has
been known to contribute to the optical/UV emission in broad-band spectra of
BHXBs (Khargharia et al. 2010 estimate < 3% accretion disc contamination
during quiescence for V404 Cyg, although the accretion disc is much brighter
in outburst than in quiescence; Bernardini et al. 2016b), we do not include
an accretion disc component in our model presented here (e.g., Hynes et al.
2002a; Hynes 2005). While we could reasonably reproduce the optical/UV
emission in our broad-band spectra with a cool (T" ~ 3000 K), highly trun-
cated (R ~ 10* R,), viscous disc (where irradiation is not necessary to describe
the spectral shape), the integrated flux over this disc emission implies a physi-

cally improbable mass transfer rate (e.g., on MJD 57205 ~ 2 x 1072 M /yr—1)
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through the disc for this scenario. Therefore, we favour a model where the jet

dominates the optical/UV emission in our broad-band spectra.

The broad-band spectra constructed from data on MJD 57202-57205, are
well fit by a broken power-law, where we detect the spectral break in the
near-IR bands. The OIR emission from the companion star is fainter than
the jet emission on MJDs 57204 and 57205, contributing little to the overall
broad-band spectra (although the jet and companion star show similar flux
levels in the OIR on MJD 57202/57203). However, on MJDs 57202/57203, and
57204, we require an additional power-law component, to account for the excess
emission at radio frequencies!’. The broken power-law emission is characteristic
of a compact jet, while the additional power-law component could originate in
emission from fading jet ejecta, potentially launched during the flaring period
2-3 days prior to these epochs. Further, while we see very little evolution in
the location of the spectral break across these three broad-band spectra, the
optically thin spectral index may steepen over time, while the optically thick
spectral index may flatten over time (although, given the large uncertainties in
some epochs, it is difficult to determine if we see an evolutionary trend in this
spectral index; e.g., MJD 57204, where we only sample the optically thick part

of the spectrum in two closely placed sub-mm bands).

The broad-band spectra constructed from data on MJD 57213-57216, are
also well fit by a broken power-law, where we detect the spectral break at
frequencies as high as the optical bands. This indicates that the spectral break
has moved to higher frequencies over the ~ 1 week timescale between these
epochs and the previous three epochs. Further, during these later epochs, the
jet emission has faded by ~ an order of magnitude, and thus the emission

from the companion star contributes much more to the overall spectral shape

10Note that we have fixed the spectral index of this jet ejecta component to a typical value
of —0.7 in the MJD 57202/57203 epoch, as we only have a single radio data point to constrain
this component. However, as we have three radio data points in the MJD 57204 epoch, we
allow this parameter to vary in the fit for that epoch.
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in these broad-band spectra.

We note that all of the above conclusions are dependent upon the assump-
tion that other emission sources (e.g., accretion disc emission, irradiation of the
companion star by X-rays), are not significantly contaminating the OIR/UV
bands in our broad-band spectra. For instance, X-rays emitted during the final
major flaring event of the outburst (occurring a few days prior to the spec-
tra presented in this work) could have potentially caused the emission from
the companion star to be much brighter than normal (through the irradiation
process), and in turn contribute more to the OIR/UV part of the broad-band
spectrum. In this case, we would expect a smaller jet contribution to the
OIR/UV emission. In fact, this scenario may explain the larger deviations
between the radio/sub-mm data and our best-fit model on MJD 57213. The
presence of a hotter companion star component, producing more OIR/UV flux,
would allow for a flatter jet spectrum at lower frequencies, that would be more
representative of the radio/sub-mm data in this epoch.

Further, given the high spectral break frequency measured here, it is of in-
terest to explore whether the synchrotron jet emission could be dominating the
emission in the X-ray bands during our sampled epochs. To test this scenario,
we have also included the available quasi-simultaneous Swift XRT/Chandra X-
ray flux measurements (in the 0.5-10 keV band) within our broad-band spectra
(Figure 6.8 and Table 6.8). Simply extrapolating the optically thin part of the
jet spectrum to the X-ray bands in the X-ray sampled epochs (blue dotted lines
on Jun 29/30 & July 02, and gray shading representing a range of expected
optically thin spectral indexes between o = —0.6 and o = —0.8 on July 10 &
11) clearly over-predicts the X-ray flux. Therefore, we consider the possibility
where a second break, representing a synchrotron cooling break!! (due to the

highest-energy electrons losing their energy through radiation on timescales

1We note that to the best of our knowledge the synchrotron cooling break has only been
detected in the broad-band spectra of one BHXB so far (MAXI 1836-194), where the cooling
break was found in the optical bands between (3 — 4.5) x 104 Hz (Russell et al., 2014).
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faster than the dynamical time scale; Sari et al. 1998; Pe’er & Markoff 2012;
Russell et al. 2013b, 2014), occurs between the UV and X-ray bands in the syn-
chrotron spectrum. To place constraints on the location of the cooling break in
this case, we consider the July 02 (MJD 57205) epoch, as this is the only epoch
in which we have data sampling the optically thin part of the jet spectrum,
no contribution from jet ejecta, and an X-ray measurement. Through refitting
the July 02 spectrum, including the X-ray data point, adding a cooling break
(where the spectral index after the cooling break is steeper by Aa = 0.5; Sari
et al. 1998; Russell et al. 2014) in the model, and keeping all other parameters
fixed at the original best-fit values, we find Vegomr = (1.570%) x 1016 Hz (where
the cooling break version of the model is displayed as a red dot-dashed line in
the middle-left panel of Figure 6.8). Given this cooling break measurement,
and estimates of the optically thin spectral index (we assume spectral indexes
between o = —0.6 and o = —0.8 in epochs where we have no constraint on this
parameter), we also extrapolate the synchrotron spectrum to the X-ray bands
in the June 29/30, as well as the July 10 & 11 epochs (displayed as red shading
in the top-left, middle-right, and bottom-left panels of Figure 6.8). Overall,
we find that the jet synchrotron emission could reasonably be producing a sig-
nificant fraction of the X-ray flux in these epochs. Further discussion of the

plausibility of this scenario is presented in §6.4.2.
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Figure 6.8: Broad-band spectra of V404 Cyg during the decay of the 2015 outburst.
The top panel in each broad-band spectra displays the broad-band photometric data
(black markers), and the best-fit model (where the Swift/XRT and Chandra X-ray
data points are not included in these fits), in each epoch. The solid purple line repre-
sents the total model, and the dotted lines represent the model components (green is
the companion star component, dark blue is the compact jet component, and cyan is
the fading jet ejecta component). The orange bars/arrows represent constraints on
the location of the spectral break. The dash-dotted red line and shaded red/gray re-
gions represent constraints on the synchrotron jet contribution to the X-ray emission
(where our jet model over-predicts X-ray flux unless a sychrotron cooling break is
considered in the spectrum; see §6.3.4 for details). The bottom panel of each broad-
band spectra represents the residuals, where residual=(data-model)/(observational
errors). The emission in these broad-band spectra is consistent with being domi-

nated by emission from a compact jet, with a spectral break in the near-IR and
optical frequency bands.
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6.4 Discussion

Throughout the June 2015 outburst of V404 Cyg, the jet emission we ob-
serve displays a wide range of intensities (spanning over 3 orders of magnitude
between the brightest and faintest epochs), and the spectral and variability
properties of the jet emission change dramatically throughout the outburst
(on timescales of minutes to days). In this work, we have presented detailed
diagnostics of this jet emission, and in the following sections we discuss jet
properties and evolution in V404 Cyg, as well as draw comparisons to the jet
emission observed in the 1989 outburst, and the December 2015/ January 2016

mini-outburst.

6.4.1 Jet ejecta behaviour

For the first ~ 13 days of the June 2015 outburst, the jet emission from V404
Cyg appears to be dominated by emission from discrete jet ejections, as evi-
denced by the structured multi-frequency flaring activity in the light curves,
and the rapidly oscillating radio through sub-mm spectral indices (consistent
with the evolving optical depth of these expanding ejecta; see Figure 6.1 &
6.3). In recent work (Tetarenko et al. 2017 and Chapter 5 of this thesis), we
developed a jet ejecta model for V404 Cyg that could reproduce the brightest
multi-frequency flaring emission detected during the outburst (on MJD 57195),
and in turn allow us to probe jet speeds, energetics, and geometry. To exam-
ine how the jet ejecta properties could evolve throughout the outburst, in this
paper we have presented model fits to another multi-frequency flaring data
set, occurring 5 days following the brightest epoch. We find that these later
multi-frequency flaring episodes can also be well represented by emission from a
series of jet ejections (Figure 6.6). Upon comparing the jet ejecta properties be-
tween our modelled data sets, the later epochs tend to show fainter ejecta (tens

to hundreds of mJy, rather than thousands of mJy), with lower bulk speeds
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(< 0.1¢), and longer periods between ejections (on the order of hours, rather
than minutes). This suggests that the ejecta properties changed throughout
the flaring period, becoming slower, less energetic, and less frequent as the
outburst progressed, before the discrete jet ejections stopped all together.

If the jet ejecta launched from V404 Cyg are powered by the accretion flow,
then the radio/sub-mm emission we observe should be correlated with the
optical/X-ray emission. In particular, we might expect to observe optical/X-
ray flaring counterparts preceding our radio/sub-mm flares. Interestingly, the
beginning of the optical flaring complex observed on June 27 at ~ 23:00 UT
coincides with the predicted ejection time for the largest mm/sub-mm flare
observed in this epoch. Further, while we were unable to model the radio/sub-
mm flaring on June 26, if we assume similar delay timescales (~ 10 — 40 min
between mm /sub-mm and optical/X-ray) from our modelled epoch, it seems
plausible that the rapid optical/X-ray activity on June 26 could also be related
to the radio/sub-mm flaring we observe during this epoch (see Figure 6.3).
Therefore, these observations provide hints of a possible correlation between

radio/sub-mm and optical/X-ray emission during jet ejection events in V404

Cyg.

6.4.2 Compact jet behaviour

Following the flaring period, the jet emission from V404 Cyg switches to being
dominated by a compact jet, as evidenced by the flat/inverted (radio through
sub-mm) spectral indices, and the absence of large-scale flaring activity in the
time-resolved light curves in all bands (see Figures 6.4 & 6.5).

Through applying a phenomenological model to the broad-band emission
at this stage in the outburst, we find that the compact jet is the dominant
source of emission in V404 Cyg from the radio through optical/UV bands (see
Figure 6.8, where the broad-band spectra can be well fit by a broken power

law, characteristic of compact jet emission). With this modelling, we initially
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directly detect the optically thick to thin synchrotron jet spectral break in the
near-IR bands (~ 2 — 3 x 10" Hz), and find that the spectral break could
reach as high as the optical bands in our final epochs (4.48 x 10* Hz). This
high spectral break frequency is atypical for BHXBs (typical values for the
spectral break in BHXBs are 1074 Hz; Russell et al. 2013b), but consistent
with data from the 1989 outburst, which also display a high spectral break
frequency (~ 1.8 x 10" Hz; Russell et al. 2013b). These results are also in
agreement with the recent work of Maitra et al. (2017), who present several
lines of evidence to suggest that the optical emission was dominated by the
compact jet on MJD 57200, and theorize the spectral break lies above the
optical V band at this time (~ 5.5 x 10'* Hz). As the spectral break probes the
jet base (where jet particles are first accelerated to high energies), Maitra et al.
(2017) suggest that a spectral break at such a high frequency suggests the jet
base was very compact and energetic at this point in the outburst. If this is
the case, our spectral break measurements suggest these conditions persisted

as the system faded toward quiescence.

Measuring a spectral break in the optical bands in the V404 Cyg jet spec-
trum could also have important implications regarding the jet contribution to
the X-ray emission in this system. In particular, with such a high spectral
break frequency, the optically thin synchrotron emission from the jet could be
dominating the emission in the X-ray bands (e.g., in XTE J1550-564 the jet
has been shown to dominate the X-ray bands during the outburst decay; Rus-
sell et al. 2010). In §6.3.4 and Figure 6.8 we have shown that a synchrotron
spectrum (with a cooling break between the UV and X-ray bands) extrapolated
to the X-ray bands can reasonably reproduce the X-ray fluxes observed dur-
ing the decay of this V404 Cyg outburst. This indicates that the jet could be
producing a large portion of the X-ray flux at this point in the outburst. How-
ever, to confirm this theory, a more detailed X-ray analysis (possibly examining

hard /soft lags, reflection features, or the presence of iron lines) would need to
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be performed to verify that the X-ray emission is indeed more consistent with
synchrotron from a jet rather than Comptonization in a hot inner flow. Such
an X-ray analysis is beyond the scope of this work. However, we note that
X-ray spectral studies (Motta et al., 2017b) of this stage of the outburst find
photon indexes (I" ~ 1.5—1.7) consistent with our estimated optically thin syn-
chrotron spectral indices (o« ~ —0.6— — 0.8, where I' = 1 — a). This suggests
that the X-ray spectrum may show a similar slope to the optically thin part of
the compact jet spectrum, and thus be indicative of a synchrotron origin for

this X-ray emission.

Further, we see limited evidence for evolution in the broad-band spectra
across our sampled epochs during the outburst decay. For instance, the op-
tically thin spectral index stays relatively constant (within error) across the
epochs where it is measured, the optically thick spectral index may only flat-
ten slightly over time, and the spectral break resides in the near-IR/optical
bands across all of our sampled epochs (see Table 6.2). Additional radio ob-
servations occurring after our sampled epochs (in late July and early August)
also show a similar trend, where the shape of the radio spectrum (i.e., spectral
index) remains relatively constant over time (Plotkin et al., 2017). Limited jet
spectral evolution may suggest the jet properties are not changing significantly
as the jet emission fades during these epochs (e.g., the jet spectral shape can
be sensitive to many parameters, such as the magnetic field strength at the
base of the jet, jet geometry, inclination of the system, the particle accelera-
tion process, and the electron energy distribution injected into the jets; Pe’er
& Casella 2009; Kaiser 2006; Jamil et al. 2010; Malzac 2014). Interestingly,
Chandra & Kanekar (2017) have reported the detection of a spectral break
in the radio band at ek = 1.8 GHz on MJD 57199/57200. This finding
is consistent with our previous work (Tetarenko et al. 2017 and Chapter 5
§5.5.4 of this thesis), where we found evidence of a compact jet with a spectral

break between 0.341 < Vpreax < 5.25 GHz on MJD 57195. Therefore, while we
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observe little spectral break evolution in broad-band spectra sampling epochs
later than MJD 57202 in this work, combining these two results may suggest
that the spectral break rapidly shifted from the radio to near-IR bands over
the span of a few days (between MJD 57199-57202).

Moreover, we find that the compact jet emission during the outburst decay
can also be highly variable (on minute to hour timescales), similar to the condi-
tions observed in the quiescent V404 Cyg jet. While the variability amplitude
at radio/sub-mm frequencies appears to follow an average trend, where the
variability amplitude decreases as the intensity of the jet emission decreases,
interestingly we also find that the variability amplitude can sporadically in-
crease in certain time periods. For example, on MJD 57204 the sub-mm emis-
sion displays a large variability amplitude of Fi,, ~ 85%, while the epochs
taken ~ 24 hours prior to and following the MJD 57204 epoch, show little to
no variability (see Figure 6.4). Maitra et al. (2017) have suggested that strong
optical frequency variability (also probing the jet base region, but closer to the
black hole than probed by sub-mm frequencies) occurring a few days earlier on
MJD 57200, could be caused by a disruption in the feeding of the jet. In this
situation, the mass outflow rate changes sporadically in response to a change
in the mass inflow rate through the disc. Alternatively, the high variability
amplitude detected on MJD 57204 could be tracing the re-establishment of the
compact jet, following the last major flaring episodes occurring a few days ear-
lier. In either case, if the jet flow was unstable in the MJD 57204 epoch, this
could also explain the origin of the time lags we detect between the radio bands
in the MJD 57205 epoch. In particular, these time lags could be tracking a dis-
turbance in the jet flow, that was injected into the jet base sometime between
the MJD 57204 /57205 epochs, and has since propagated downstream (to lower

frequencies) in the jet.
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6.4.3 Comparison to the 1989 Outburst

V404 Cyg underwent three outbursts prior to 2015: 1938 (when the optical
counterpart was observed and originally identified as Nova Cygni; Wagner
et al. 1989), 1956 (as discovered on photographic plates; Richter 1989), and
1989 (when the transient X-ray counterpart was first identified by the Ginga
satellite; Makino 1989). The 1989 outburst was monitored at multiple fre-
quencies, including X-ray, optical, and radio frequencies (Han & Hjellming,
1992). While both the 1989 and 2015 outburst have been shown to exhibit
similar X-ray behaviour (e.g., bright X-ray flaring activity that is not always
intrinsic to the source), a detailed comparison between the radio jet behaviour
during these different outbursts has not yet been presented. Radio frequencies
offer the distinct advantage of providing a cleaner view of the system, when
compared to the X-ray regime, as the high column density/external obscura-
tion effects (Motta et al., 2017a) do not apply in the radio regime. As such,
given our well-sampled radio coverage, in this section we compare the radio jet
behaviour between the 1989 and 2015 outbursts (see Figure 6.9 for the radio
frequency light curves and radio spectral indices for both outbursts).

The radio jet behaviour in the 1989 and 2015 outbursts display many sim-
ilarities; both outbursts reach similar peak intensities (~ 1 Jy), the spectral
indices show similar evolution (progresses from steep, to flat, to inverted, in
~ 20 days), both outbursts spend ~ 15 days in a high luminosity flaring ac-
cretion state before transitioning into a hard accretion state (where the jet
emission is dominated by a compact jet; red and blue shading in Figure 6.9),
the radio emission remained variable throughout the outburst (regardless of
flux level), and there are hints of coupling between radio, optical, and X-ray
emission (Han & Hjellming 1992; Tetarenko et al. 2017; Plotkin et al. 2017,
and Chapter 5 §5.5.8 of this thesis). However, the radio emission in the 2015
outburst decays significantly faster than the radio emission in the 1989 out-

burst (~ 30 days in 2015 vs. ~ 300 days in 1989, to reach sub-mJy levels), and
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no mini-outburst is observed at radio frequencies in 1989 (Mufioz-Darias et al.,
2017). However, given the duration of the 2015 mini-outburst, and the sam-
pling timescale between the 1989 radio epochs, it is entirely possible that such
a mini-outburst was simply missed in 1989. Interestingly, the 2015 outburst
also decayed much more quickly in X-rays when compared to the 1989 outburst
(~ 60 days in 2015 vs ~ 160 days in 1989; Terada et al. 1994; Oosterbroek et al.
1997; Zycki et al. 1999; Plotkin et al. 2017).

Several works (Gallo et al., 2003; Corbel et al., 2008; Gallo et al., 2014;
Plotkin et al., 2017; Gallo et al., 2018) have shown that the radio luminosity of
V404 Cyg is linked to the X-ray luminosity through a robust disc-jet coupling
relationship (radio luminosity is proportional to the X-ray luminosity, Lg o
Li, where 5 ~ 0.54 for V404 Cyg; see also Chapters 2 and 3 of this thesis
for a detailed discussion on this correlation). This relationship was shown to
hold across a wide range of X-ray luminosities (Ly ~ 1032 — 1037 ergs™!), and
is valid for both the 1989 and 2015 outbursts (Plotkin et al., 2017). Therefore,
as the X-ray luminosity can be thought of a proxy for mass accretion rate,
the more rapid drop in radio luminosity in the 2015 outburst could be the
result of a more rapid drop in the average mass accretion rate after the peak
of the outburst, when compared to the 1989 outburst. Munoz-Darias et al.
(2016) have suggested that the strong accretion disc wind detected during the
2015 outburst may be a factor that regulates outburst duration, as these winds
can significantly deplete the mass in the accretion disc (and potentially cause
drastic and rapid changes in mass accretion rate). As such, it is possible that
the faster decay seen in our radio light curves in the 2015 outburst indicates
that the mass loss rate in the winds was much higher in the 2015 outburst,
leaving less matter in the disc to fuel the jets. Along the same lines, the length
of the quiescent period prior to each outburst may also be a contributing factor
to the more rapid radio decay. In particular, as the quiescent period prior to the

1989 outburst was longer than the quiescent period prior to the 2015 outburst
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(33 vs 26 years), the system had more time to build up mass in the disc (to
fuel the jets) before the 1989 outburst.
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Figure 6.9: Radio frequency light curves of the 1989 (gray-scale data points) and 2015
(coloured data points) outbursts of V404 Cyg. The 1989 radio frequency data is taken
from Han & Hjellming (1992) (HH92), and we supplement our 2015 radio frequency
coverage with the measurements reported in Plotkin et al. (2017) (P17). The top
and bottom panels indicate the radio spectral indices (in epochs where at least two
radio bands were observed) in 1989 and 2015, respectively. The shaded regions in the
top and bottom panels represent the time periods in which the radio emission was
likely dominated by jet ejecta emission (red; o < 0) or compact jet emission (blue;
a > 0). We also include our JCMT sub-mm coverage of the 2015 mini-outburst-burst
in this plot, where the yellow shading in the middle panel indicates the duration of
the 2015 mini-outburst period (MJD 57377-57413; Munoz-Darias et al. 2017). While
both outbursts reach similar peak intensities and show similar radio spectral index
evolution, the radio emission from the 2015 outburst appears to decay much faster
than in the 1989 outburst.
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6.4.4 The December 2015 Mini-outburst

Following the June 2015 outburst of V404 Cyg, renewed X-ray activity was
detected from the system in December 2015 (MJD 57377, ~ 189 days after
the first detection of the June outburst; Lipunov et al. 2015; Trushkin et al.
2015; Beardmore et al. 2015; Malyshev et al. 2015; Motta et al. 2016). Recent
work (Munoz-Darias et al., 2017; Kajava et al., 2018) has shown that while
this “mini-outburst” was in general fainter across all sampled frequencies when
compared to the June outburst, it showed similar phenomenology; strong flaring
activity, fast accretion disc wind, highly variable column density.

This mini-outburst phenomenon has been seen in other BHXB sources fol-
lowing bright outbursts (e.g., GRO J0422+32, XTE J1650-500, MAXI J1659-
152, GRS 1739-278; Yan & Yu 2017 and references within). However, with
the exception of one source (Swift J1753.5-0127; Plotkin et al. 2017), these
mini-outbursts have only been monitored at X-ray and optical frequencies.

Munoz-Darias et al. (2017) present AMI radio monitoring of this mini-
outburst period, where they detect flaring radio emission for a 10 day period
following the mini-outburst detection. This flaring period ended with a large
radio flaring episode on December 31/January 1, after which the radio emis-
sion began to decay (similar to the final radio flare on June 26 in the main
outburst). We obtained JCMT SCUBA-2 sub-mm observations on January 1
and 2, in which we observe a decreasing flux density trend in both the time-
resolved measurements on January 1 and between the two JCMT epochs (see
Figure 6.10). This trend, combined with the timing of our measurements near
the large radio flare, suggests that we may have caught the tail end of a brighter
flare in our JCMT observations. Radio and sub-mm flaring accompanied re-
peated jet ejection events during the main June outburst (Chapter 5 of this
thesis and Figure 6.3). Therefore, our measurements corroborate the theory
suggested by Munoz-Darias et al. (2017), that despite the fainter nature of the

mini-outburst, V404 Cyg was still launching discrete jet ejecta during this time
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Figure 6.10: JCMT sub-mm light curves of V404 Cyg during the December 2015
mini-outburst. The vertical dotted line indicates the start of the mini-outburst on
MJD 57377, while the shaded grey region indicates the most active flaring phase of
the mini-outburst (MJD 57386.5-57389; as identified by Munoz-Darias et al. 2017).
The right panel displays a time-resolved analysis of the 2016 January 1 (MJD 57388)
observation, where we split the 30 minute scan into two segments. The decreasing flux
trend observed in the daily light curve (main panel) and time resolved measurements
(right panel), as well as the timing of our measurements near the end of the active
flaring period, suggests that we may have caught the tail end of a brighter flare in
these JCMT sub-mm observations.

period, and in turn, jet ejecta are not exclusive to the highest luminosity states

in V404 Cyg.

6.5 Summary

In this paper, we present the results of our multi-frequency monitoring obser-
vations of the 2015 outburst of the BHXB V404 Cyg. We observed the source
at radio and mm/sub-mm frequencies, with the VLA, AMI, SMA, JCMT, and
NOEMA, and collected publicly available OIR, UV, and X-ray measurements to
supplement our coverage. With this well-sampled data set, we created detailed
diagnostics of the jet emission in V404 Cyg, tracking the spectral and variability
properties throughout different stages of the outburst (e.g., time-resolved light

curves and spectral indices, broad-band spectra, CCFs, variability amplitude
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measurements).

Using these diagnostics we find that the jet emission was originally domi-
nated by emission from discrete jet ejecta during the brightest stages of the out-
burst. These ejecta appeared to become fainter, slower, less frequent, and less
energetic, before the emission abruptly (over 1-2 days) transitioned to being
dominated by a compact jet. While the broad-band spectrum of this compact
jet showed very little evolution throughout the outburst decay (despite the in-
tensity of the jet emission fading by an order of magnitude), the emission still
remained intermittently variable at mm/sub-mm frequencies. Further, through
phenomenological modelling of the broad-band emission from this compact jet,
we directly detect the optically thick to thin synchrotron jet spectral break in
the near-IR and optical bands (~ 2 — 5 x 10* Hz), and postulate that the
compact jet could have been significantly contributing to the X-ray emission

observed during the outburst decay.

Additionally, we compared the radio jet emission throughout the 2015 and
previous 1989 outbursts. While the radio jet emission in both outbursts show
many similarities (e.g., peak flux, spectral index evolution), we show that the
radio emission in the 2015 outburst decayed significantly (~ 10 times) faster
than in the 1989 outburst. We postulate that, given the robust disc-jet coupling
relationship found between these two outbursts (Plotkin et al., 2017), this dif-
ference could indicate that the average mass accretion rate dropped (possibly
due to the strong accretion disc wind) much quicker following the peak of the

2015 outburst, when compared to the 1989 outburst.

Lastly, we report on sub-mm observations during the December 2015 mini-
outburst of V404 Cyg. These sub-mm observations display a decreasing flux
trend, that most likely samples the tail end of a larger flaring episode. As
sub-mm flaring coincided with jet ejection episodes during the main outburst,
these observations support previous claims (Munoz-Darias et al., 2017) that,

similar to the main outburst, the source was most likely launching powerful jet
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ejecta during this period of renewed activity.
Overall, our work here has demonstrated the importance of simultaneous,
multi-frequency, time-resolved observations, to fully understand the rapidly

evolving jet sources in BHXBs.

6.6 Appendix

6.6.1 Observation Setup

In this section we provide details on the correlator and array setup of all of
our radio through mm/sub-mm interferometric observations; VLA (Table 6.3),

NOEMA (Table 6.4), SMA (Table 6.5).

6.6.2 Observational Data

In this section we provide data tables of all the day-timescale multi-frequency
photometry measurements presented in this work; radio (Table 6.6), mm /sub-

mm (Table 6.7), and OIR/UV/X-ray (Table 6.8).

224



“AeLIe-(NS SIY} 10§ USR] SeM BIRP OU PUR SUIAIISO SULINP PILINI0 I0LID [RIIUYDRY Y 4
‘Keire-qns o) Aq POAISSO dIaM SPUR( S} YOIYM 1M ddusnbas Teroduws) a1y}
$9)ROIPUT UWIN[0D ST} Ul A1YUd o1} ‘Juasald ore spueq o[dI)[NUI USYAN ‘ARIIR-qNS YO M PIAISSO Spue(q Aduanbalj oY) S03edIpul UWN0d SIYT, 4

3 ny ... D
6 9] 04-TO-€T-C0:€0:CT d
8 T C9-10-€T-C0:70:2T Vv GTcLS 1 Amp
6 3y 0V LC¥T-CG:LE€ET D
8 9) 0V:LCV1-CG:8T€ET d
6 T 0V-LC¥1-CG6C€T v v1cLS T &g
6 3 09:T0-€T-¢0:¢0:aT D
6 T ¢S 10:€T-¢0: 7021 d
8 D 0G-TO-€T-C0:€0:CT v €TcLS 0T Amp
€1 M-D-M CETOVI-PI:G0:0T d
4! 03D GE 10V T-¥1:¢0:0T Vv G0cLS 0 Amp
seuuojuUy (Ob1N) (g102)
Jo zoquInp] »(s)pueg sueog Leire-qng arn are(

1SINqINo G1(g o) Surmp eyep 840 FOFA INO Jo ATRWWNS SUOIIRAISSAO VTA €9 9[qR],

225



9 wur ¢ 60:¢T:c0—6T:GV-€C bag 9TTLG/S1ELS er/er mr
9 wuw ¢ €C'C9:CG—LC€0:CC b9 GTCLS ¢l mr
9 wu g 01:64:¢c0-19:¥71:00 bag €0cLS 0¢ unr
9 wur ¢ L¥:¢0:€¢-04-€T-¢C bag ¢0cLSG 6¢ unf
9 ww ¢ 7€:60:60-LE LT EC ¢1d+€0d-Pa9 102.S/002LS 8¢/ Lg ung
9 ww ¢ 1¢:¢y-¢c0—-GE:GT1:00 ¢1d+€0d-Pa9 00cLS Lc unf
9 wur ¢ 8G:¢1:6¢—07C:CC ¢1d+€0d-Pa9 661.LG 9¢ unr
seuuLjuy (Ob1N) (e102)
Jo zoqun N pueg suedg ‘Sguo) Aeary Arn ore(q

1SINQINO GT(F O3 SuLmp ejyep 340 FOFA INO Jo Arewrwuns suoljeAlosqo VINHON :F°9 9[qe],

226



‘spouueyd ZHN 0G3'€ ¢E UM SMopulm [erjoads IoT10 oY) DRl 0} S[OUURYD 99y} podeloar A[[eI1joods

oM ‘Yons Sy s[UURD ZHIN €00 ¢TG ‘UOIYeAIdsqO SI} UL UOINOSAI [e1309ds 1013y & M dn 30s oIom SMOPUIM [e1309dS fz Y} JO 9911 T, ,
e WU VMS PUe DISY 9UIqUIOD 07 Ialsed 11 oyeul 0} ‘(smopulm [e1poads HISY oY) Ul SPUURYD JO ISqUIN o) Sulyojeur)

smopurm Ter)dads WY YAS Y10q Ul sppuueyd zHIN €1 T PRIA 0} ‘Sursersar [rijoods pouriojiod om ‘SUOIJRAISS(O 9S9([] JO 9IN)RU WNNUIIUOD
9} USAIY) MOpUIM [e1109ds N VS [ore 10} s[puueyd ¢R¢9T Yim ‘[euueyd 1od zZH¥ 9'TOT JO UOIN[OSAI POXY © PRy I0JR[DLIOD N VMS oUL »
"SpUR(-oPIS 0M} OT[} JO DD I0] ‘YIPIM [QUURD PUR ‘S[QUURYD JO IOQUWINU ‘SMOPULM [e1}09ds Jo Toqumu :dnjas 104e[PLI0d AY], ,

"oIoY Uoos sdnjes I0JR[OIIOD JO A)OLIRA OPIM 9Y) UL S NSOI YoIM ‘sureidord

SUIAISS(O YN IO IogJR 10 910Jo( A[O)RIPAIWII UNLI U3JO ST WIeIS01d INO ‘SUOIJRAIOSO INO JO SINJRU WNNUIITOD S} 0} dNP ‘DI0JOIOY ],
"SOTHIIOR] I9J0 M SUOIJRAISS(O SNOJURINUIIS UIRIGO 0} PIPIdU ‘SoWIl] LIRS PAUIRIISU0D ATUSIy Y ‘wreisord O)QT, ® st jefoxd yNS O ,

9 p(06T°¢ ‘T€ ‘7T) DISV 967G Tr0eF1-2G:92:60  wedwod  6OZLS g0 AMmf
9 (0sz¢ ‘z¢ ‘0c) DISV 080°C €G:8T:LT-82:06:20 joeduod v0TLS TO Amf
9 (GZ18°0 ‘871 ‘8F) DISV 2667 PT:€0LT-F0:6g:€T  pordwoo-qus  (OGTLG LT unp
L (€1 ‘821 ‘2) + (S218°0 ‘STT ‘8¥) INMVMSHDISY ze'8 CP0F:8T-€€:gg: LT jordwoo-qus  G8TLG 9T unf
seuuouIy J(ZHIN 1V ON “%N) (zHD) (OxNn) (e102)
Jo Jaquun N »,dNjeg J0je[eII0) I0je[alIo))  Ujpimpuryq [eI0L, sueoqg ‘Syuo) Aeaay (LN °red

1SINQINO GT(OZ 92 SuLmp ejep L) FOF A IO jo Arewrwuns suoljeAIasq() VIS :G'9 9[qe],

227



Table 6.6: Flux densities of V404 Cyg at radio frequencies

Telescope Date MJD Freq. Flux Density®
(2015) (GHz) (mJy)
VLA June 22 57195 5.25 514.5 + 5.1
VLA June 22 57195 7.45 516.9 + 5.2
VLA June 22 57195 20.8 803.5 £18.1
VLA June 22 57195 25.9 827.7 £18.3

AMI June 26/27 57199/57200 16.0 190.23 £ 0.03
AMI June 27/28 57200/57201 16.0 38.44 £ 0.03
AMI June 29/30 57202/57203 16.0 7.88 +0.02

GMRTT  July 01 57204 1.280 6.39 4 0.67
GMRTT  July 01 57204 0.610 8.88 4+ 0.94
GMRT' July 01 57204 0.235 13.4+24
VLA July 02 57205 5.25 3.99 4 0.06
VLA July 02 57205 7.45 3.8740.05
VLA July 02 57205 20.8 5.10 £0.16
VLA July 02 57205 25.9 4.9940.15
VLA July 10 57213 1.52 0.96 4 0.09
VLA July 10 57213 5.24 0.97 4 0.09
VLA July 10 57213 7.45 1.13 £0.08
VLA July 10 57213 13.5 1.13 £0.05
VLA July 10 57213 17.4 1.10 £ 0.05
AMI July 10 57213 16.0 1.14 £0.07
GMRTT  July 11 57214 1.280 0.52+£0.14
GMRTT  July 11 57214 0.610 < 0.6
GMRTT  July 11 57214 0.235 0.66 4 0.24
VLA July 11 57214 1.52 0.73 4+ 0.05
VLA July 11 57214 5.24 0.76 +0.16
VLA July 11 57214 7.45 1.12 4 0.10
VLA July 11 57214 13.5 1.46 £0.07
VLA July 11 57214 17.4 1.13 £0.07
AMI July 11 57214 16.0 1.08 £0.07
GMRTT  July 12 57215 1.280 < 4.7
GMRTT  July 12 57215 0.610 0.52 4+ 0.12
GMRTT  July 12 57215 0.235 0.50 +0.19
VLA July 12 57215 1.52 0.63 4 0.04
VLA July 12 57215 5.24 0.74 £ 0.11
VLA July 12 57215 7.45 0.96 +0.10
VLA July 12* 57215 13.5
VLA July 12* 57215 17.4

¢ The VLA measurements include the standard VLA systematic errors.
* A technical error occurred during observing, and thus no data was taken for this sub-array.
t Giant Metrewave Radio Telescope (GMRT) data is taken from Chandra & Kanekar (2017).
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Table 6.7: Flux densities of V404 Cyg at mm/sub-mm frequencies

Telescope Date MJID Freq. Flux Density
(2015) (GHz) (mJy)
SMA June 16 57189 220.25 102.0£1.6
SMA June 16 57189 230.25 729415
SMA June 17 57190 220.25 17.5+ 0.6
SMA June 17 57190 230.25 15.7£0.6
JCMT June 17 57190 350 79+21
JCMT June 17 57190 666* < 122
SMA June 22 57195 220.25 878.0 +£32.0
SMA June 22 57195 230.25 872.0 £ 32.0
JCMT June 22 57195 350 932.8£6.9
JCMT June 22 57195 666 988.6 £+ 30.0

NOEMA  June 26/27 57199/57200 97.5 70.16 + 0.09
NOEMA  June 26/27 57199/57200 140 48.62 £ 0.07
NOEMA  June 27/28 57200/57201 140 16.80 +0.05
NOEMA  June 29/30 57202/57203 97.5 5.32+£0.09
NOEMA  June 29/30 57202/57203 140 5.87 £ 0.07

SMA July 01 57204 220.25 52+1.2
SMA July 01 57204 230.25 58+1.2
SMA July 02 57205 220.25 8.9+22
SMA July 02 57205 230.25 5.5+2.5
JCMT July 02 57205 350 10.0+1.4
JCMT July 02 57205 666* <80

NOEMA  July 12/13 57215/57216 97.5 1.38 £0.09
NOEMA  July 12/13 57215/57216 140 1.44+0.12

JCMT January 01} 57388 350 41+7
JCMT January 01} 57388 666* < 140
JCMT January 02} 57389 350 T+2
JCMT January 027 57389 666* < 82

* Note that data in the 666 GHz (450pm) band was obtained simultaneously with the 350 GHz (850 pum)
band, but the source was not always significantly detected at 666 GHz. The values reported here represent
30 upper limits.

1 These data were taken during the late December 2015 mini-outburst of V404 Cyg.
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Table 6.8: Flux densities of V404 Cyg at OIR/UV/X-ray frequencies

Band® Date MJD Freq. Flux Density Ref.?
(2015) (GHz) (mJy)

R June 16 57189 4.56x10° 212.2 £ 22.9 5]
J June 26/27  57199/57200  2.45x105 46.6 + 4.9 1]
H June 26/27  57199/57200  1.84x10° 50.5 4 5.0 [
K June 26/27  57199/57200  1.37x105 37.6 +2.9 1]
U June 26/27  57199/57200  8.65x10° 25.7+1.0 2]
J June 27/28  57200/57201  2.45x105 98.7 £ 8.6 3]
H June 27/28  57200/57201  1.84x10° 77.9+85 3]
K June 27/28  57200/57201  1.37x10° 67.4+6.6 3]
v June 27/28  57200/57201  5.48x10° 19.141.9 2]
B June 27/28  57200/57201  6.82x105 16.1 + 2.4 2]
Uv1 June 27/28  57200/57201  1.15x106 22491 2]
J June 29/30  57202/57203  2.45x10° 30.7+0.6 [4]
H June 29/30  57202/57203  1.84x10° 25.84 0.6 4]
K June 29/30  57202/57203  1.37x10° 22.3+0.5 [4]

I June 29/30  57202/57203  3.72x10° 30.9+2.7 5]
A% June 29/30  57202/57203  5.48x10° 19.9 £ 2.0 2]
B June 29/30  57202/57203  6.82x105 18.4+2.4 2]
U June 29/30  57202/57203  8.65x10° 11.4+2.3 2]
Uv1 June 29/30  57202/57203  1.15x106 12.7+10.7 2]
Uv2 June 29/30  57202/57203  1.55x106 2.9 +35.2 2]
XRT June 30 57203 1.21x10°  (6.6753) x 1073 6]
\Y% July 1 57204 5.48x10° 29.8 4+ 1.7 2]
B July 1 57204 6.82x10° 20441.9 2]
U July 1 57204 8.65x10° 13.8 +£2.3 [2]
Uv1 July 1 57204 1.15x108 5.7+7.9 2]
Uv2 July 1 57204 1.55x 109 41.0 £+ 33.3 2]
J July 2 57205 2.45%10° 29.9 4 2.6 1]
H July 2 57205 1.84x105 31.842.9 [1]
K July 2 57205 1.37x105 24.3 4+ 2.1 1]

1 July 2 57205 3.72x10° 42.54+4.0 [5]
v July 2 57205 5.48x10° 19.6 £2.1 2]
B July 2 57205 6.82x10° 18.9+24 2]
U July 2 57205 8.65x10° 14.5 £ 3.1 2]
Uv1 July 2 57205 1.15x108 7.349.7 2]
XRT July 2 57205 1.21x10°  (4.7753) x 1073 6]
I July 10 57213 3.72x10° 22.342.0 8]
R July 10 57213 4.56x10° 23.440.4 8]
% July 10 57213 5.48x10° 14.8+0.8 8]
U July 10 57213 8.65x10° 5.14+0.6 2]
Uv1 July 10 57213 1.15x108 6.1+1.3 2]
XRT July 10 57213 1.21x10°  (1.0192) x 1073 6]
I July 11 57214 3.72x10° 22.342.0 8]
R July 11 57214 4.56x10° 21.1+1.1 8]
v July 11 57214 5.48x10° 15.0 + 0.4 8]
Chandra  July 11 57214 1.21x10°  (1.273:9%) x 103 [7]
I July 12 57214 3.72x10° 20.141.0 8]
R July 12 57214 4.56x10° 17.6 +1.6 8]
A% July 12 57214 5.48 x10° 13.74+0.8 8]

@ Filters/instruments used for each observation; U (UVOT U band), B (UVOT B band), V (UVOT/Optical
V band), UV1 (UVOT UVW1 band), UV2 (UVOT UVW2 band), R (optical R band), I (optical I band), J
(infrared J band), H (infrared H band), K (infrared K band), Swift X-ray Telescope (XRT; 0.5-10 keV),
Chandra (0.5-10 keV). Data shown in this table have been de-reddened (when required) using the
prescription in Cardelli et al. (1989), with an E(B — V) = 1.3+ 0.2 (Casares et al., 1993).

b References: [1] Arkharov et al. 2015; [2] Oates et al. 2015; [3] Shaw 2015; [4] Carrasco et al. 2015; [5]
Kimura et al. 2016; [6] Sivakoff et al. 2015¢; [7] Plotkin et al. 2017; [8] AAVSO; Kafka, S., 2018,
Observations from the AAVSO International Database, https://www.aavso.org.
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6.6.3 Jet Modelling Results

In this section we display an alternate version of Figure 6.6 (Figure 6.11), in

which we decompose the total jet model into the individual approaching and

receding components.

100}

Flux Density (mJy)

b N N S s : : : : :
Time on 2015 June 27/28 (HH : MM)

Figure 6.11: Radio (AMI 16 GHz) and mm/sub-mm (NOEMA 140 GHz) light curves
of V404 Cyg on 2015 June 27/28 (MJD 57200/57201). In both panels, the black lines
represents our predicted best fit jet model at each frequency, and the dotted lines
indicate the approaching (cyan) and receding (red) components of the individual
ejection events. The arrows at the top of each panel (cyan for approaching, red for
receding) identify which flares correspond to which ejection number from Table 6.1.
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Chapter 7

Rapidly-precessing relativistic
jets from the stellar-mass black

hole V404 Cygni

This chapter is based on a manuscript in preparation, to be submitted to the
Nature journal as Miller-Jones, J.C.A., Tetarenko, A.J. et al. 2018, “Rapidly-
precessing relativistic jets from the stellar-mass black hole V404 Cygni”, de-
scribing a high angular resolution radio imaging study of the jets launched from

the black hole X-ray binary V404 Cygni.

Abstract

We present Very Long Baseline Array (VLBA) radio frequency observations of
the black hole X-ray binary V404 Cygni, taken during its June 2015 outburst.
With these data, we create a series of high angular resolution images of the jets
in V404 Cygni, in which we detect and track the motion of multiple discrete
jet ejection events launched from the system. The orientation of the jet axis
during these events varies on timescales as short as minutes, indicating that the
jet is rapidly precessing in V404 Cygni. We show that this jet precession could

originate from Lense-Thirring precession of a vertically-extended accretion disc,
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arising from a super-Eddington accretion rate in V404 Cygni. Ultimately, our
findings demonstrate that the dynamics of a precessing inner accretion disc can
play a key role in either directly launching or redirecting jets within the inner

few hundred gravitational radii of the black hole.

7.1 Introduction

Accreting black holes are known to launch powerful relativistic jets, however, we
still lack a fundamental understanding of the mechanisms involved in launching
these jets and their bulk properties. While jets are thought to be launched on
size scales comparable to the black hole event horizon and magnetic fields are
expected to play a key role in accelerating and collimating the jets, the reservoir
from which energy is extracted to power the jets (e.g., rotational energy of the
accretion disc; Blandford & Payne 1982, or the spin energy of the black hole;
Blandford & Znajek 1977; Punsly & Coroniti 1990) and the sequence of events
leading to jet launching, are not well understood.

In accreting systems that harbor a stellar-mass black hole (black hole X-
ray binaries or BHXBs), both the jet launching region and the the accretion
flow cannot be directly imaged. However, X-ray variability studies of BHXBs
can provide an alternative means of understanding the conditions in these re-
gions. For instance, X-ray variability properties have provided evidence that
the inner accretion flow can precess in BHXBs (Ingram et al., 2016). In the
situation where the black hole spin axis is misaligned with the orbital plane
of the binary (Martin et al., 2008; Maccarone, 2002), frame-dragging around
the black hole causes material out of the equatorial plane to precess (Lense &
Thirring, 1918), thereby enhancing the amplitude of X-ray variability at the
precession period (detected in the form of quasi-periodic oscillations). Recent
magneto-hydrodynamic (MHD) simulations suggest that jets launched from or

redirected by the accretion flow should be significantly affected by this pre-
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cession (Liska et al., 2018), however, the interplay between the dynamics of
the accretion flow and the launching of these jets has not been well-studied

observationally.

High resolution radio imaging studies of BHXBs with Very Long Baseline
Interferometry (VLBI) can be used to directly measure jet properties (e.g.,
speed, geometry, and structure; Dhawan et al. 2000; Stirling et al. 2001; Miller-
Jones et al. 2009), and probe the connection between jet launching and the
accretion flow (e.g., Miller-Jones et al. 2012; van der Horst et al. 2013; Russell
et al. 2014). In particular, VLBI can image the jets launched from BHXBs
down to AU size scales, allowing us to directly resolve compact jets along the
axial direction and jet ejecta launched from these systems. The unique ability
of this VLBI technique to resolve the jet ejecta, presents the opportunity to
track and model the motion of the ejecta in VLBI images, and in turn pinpoint
the moment of jet ejection. Therefore, VLLBI studies have a distinct advantage
over photometric studies (which can only track changes in brightness of a flare
accompanying the ejection) when attempting to connect the moment of jet

ejection to conditions in the accretion flow.

On 2015 June 15, a new outburst of the BHXB V404 Cygni (hereafter
V404 Cyg) was detected (Barthelmy et al., 2015; Negoro et al., 2015; Kuulkers
et al., 2015). This particular BHXB system is an ideal laboratory for VLBI
studies, due to its close proximity (2.3940.14 kpc; Miller-Jones et al. 2009) and
bright jet emission (showing mJy level fluxes in quiescence and Jy level fluxes in
outburst; Han & Hjellming 1992; Gallo et al. 2003; Hynes et al. 2009; Hjellming
et al. 2000a; Tetarenko et al. 2017). During its 2015 outburst, V404 Cyg was
observed to undergo two weeks of multi-frequency flaring activity, where the
radio emission was consistent with originating from a series of bi-polar, discrete
jet ejection events (see Chapters 5 and 6 of this thesis). My team triggered
high-angular resolution radio frequency VLBI observations with the Very Long
Baseline Array (VLBA) amid this period of intense flaring, with the goal of
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detecting and tracking the motion of the jet ejection events launched from V404
Cyg. Through tracking the motion of these jet ejecta, we aimed to study the
sequence of events that lead to jet launching and work to link conditions in the
accretion flow to the jet launching process.

In §7.2 we describe details of the VLBA observations, as well as the data
reduction and imaging procedures. In §7.3 we present a sequence of high res-
olution radio frequency images of the source, in which we resolve multiple jet
ejecta components whose brightness and morphology vary with time. Through
detailed modelling of the bulk motion of these jet ejecta (accounting for at-
mospheric and instrumental effects), we measure proper motions and ejection
times for each component, as well as infer jet speeds and the orientation of the
jet axis during the ejection events. We present a discussion and interpretation

of our results in §7.4.

7.2 VLBA observations, data reduction, and
imaging

We observed V404 Cyg with the VLBA between 2015 June 17 and July 11
in the 8.4, 15.2, and 22.4 GHz bands, for a total of 15 epochs (see Table 7.1
for a detailed log of all the observations). During the observations of duration
> 3 hours, we spent 30 min at the beginning and end of the runs observing a
selection of bright calibrator sources spread across the sky (i.e. geodetic blocks).
This enabled us to better account for unmodeled clock and tropospheric phase
errors, thereby improving the success of the phase calibration of the data.

All the VLBA data were reduced and calibrated using standard proce-
dures within the Astronomical Image Processing System (A1PS; Greisen 2003).
We first applied corrections for the updated Earth orientation parameters and
ionospheric effects, used the system temperatures at each antenna to calibrate

the amplitude scale, and derived instrumental phase solutions using the fringe
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finder source (either J1800+4-3858 or J2253+1608, depending on the individual
observation). Fringe fitting was then performed on a bright, nearby phase ref-
erence calibrator (J2025+3343), which was subjected to iterative imaging and
self-calibration. The final image of the phase reference calibrator was then used
as a model for bandpass calibration, before transferring bandpass, amplitude
and phase solutions to the target source. Following the calibration process, the

final calibrated data was written out for imaging.

My earlier work (Chapter 5 of this thesis and Tetarenko et al. 2017) showed
that V404 Cyg displayed high amplitude variability at radio frequencies during
the time of our VLBA observations. This variability complicates the imaging
process as it violates one of the fundamental assumptions of aperture synthe-
sis, namely that the target source should remain constant over the period of
imaging. Therefore, we broke the VLBA data down into shorter segments
for imaging, such that the overall amplitude would not change by more than
10% in each segment. This process equated to 103 scan-based segments (of
duration 70s) in the 15-GHz data from June 22 and two-scan segments (of
duration 310s) in the lower-frequency 8.4-GHz data from the other epochs.
However, the sparse uv-coverage in each individual segment introduces other
complexities into the imaging process, as we could not reliably image complex
structures in any individual snapshot segment. Therefore, we worked to mini-
mize the number of degrees of freedom during our deconvolution and imaging
process by performing uv-model fitting to create a source model (using the
DIrMAP software package; Shepherd 1997), rather than the standard clean al-
gorithm. With this approach, we modelled the source with a number (< 6) of
point source components in each snapshot segment, including one component
representing a strong core jet component, and multiple jet ejecta components.
Following multiple rounds of phase-only self-calibration and a final single round
of amplitude and phase self-calibration within DIFMAP, the final calibrated im-

age from each snapshot was written out as a FITS file.
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Since the DIFMAP package does not provide uncertainties on its fitted model
parameters, we converted the self-calibrated data to measurement sets, which
were then read in to the Common Astronomy Software Application package
(cAsA; McMullin et al. 2007). Within CASA, we performed the uv-model fitting
procedure again (with the UVMULTIFIT software tool; Marti-Vidal et al. 2014),
using the DIFMAP model fit results to define the number of point sources used
for each snapshot, and the initial guesses for the point source positions and
flux densities.

Further, we took additional steps to ensure the fidelity of our final images.
After all our snapshot segments of V404 Cyg had been imaged with the proce-
dure described above, we individually inspected them for consistency between
adjacent frames. Only a small minority of frames showed inconsistent struc-
ture, in which case we re-processed those frames taking into account our prior
knowledge of what the adjacent frames showed. In a few cases, we processed
longer chunks of data (10-15min) into a single image to assess the fidelity of
the structures with better uv-coverage.

Overall, we find that the flux densities and positions of our final set of source
components in each segment evolve smoothly with time (e.g., see Figures 7.1

and 7.7), giving us confidence in the fidelity of our images.
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Table 7.1: VLBA observing log of our observations during the 2015 outburst of V404

Cyg

¢ Times denote the on-source time and do not include the 30-min geodetic blocks at the

Date Time MJD Proposal Frequency
(UuTC)“ Code (GHz2)
2015 June 17  09:30-12:30 57190.46+£0.06 BM421A 8.4
2015 June 22 10:30-14:30 57195.524+0.08  BS249 15.2
2015 June 23 10:30-13:30 57196.50£0.06 BM421B 8.4
2015 June 24 10:30-13:30 57197.50+0.06 BM421C 8.4
2015 June 26  12:25-14:25 57199.56+£0.04 BM421D 8.4
2015 June 27 07:52-09:51 57200.37£0.04 BMA421E 8.4
2015 June 30 06:10-08:10 57203.30£0.04 BMA421F 8.4
2015 July 1 10:05-12:05 57204.464+0.04 BM421G 8.4
2015 July 2 09:32-11:32 57205.444+0.04 BM421H 8.4
2015 July 4  07:24-09:24 57207.35+0.04 BM421I 8.4
2015 July 5 07:00-09:00 57208.33£0.04 BM421J 8.4
2015 July 6 10:46-12:46 57209.49+0.04 BM421K 8.4
2015 July 7 06:12-10:12 57210.34£0.08 BM421L 22.4
2015 July 8  08:58-10:54 57211.41£0.04 BM421M 8.4
2015 July 11 04:28-07:26 57214.25+0.06 BM421N 4.9

start and end of the longer (> 3-hour) observations.

238



100 T T T T T T T I T T T T T T T T T T T T T

e C E n ¥ OS5
N1 T N & s6
O N2 X no s7 %tqb
8 n § =2 O Total
[

N4 S3 g ’
Focfims . W"q"“.:""a:&.

= e - ... '.~ 1 : Ef.. %
z | Sal Sl
2 101} Yo, g D, 2 |
_g o ‘ j f . .s [ ] ‘ ;
= o &P,
2 s O A

d’o o .. . 3 y % I; ; y A& f

> $ r R 8:" A
. 5
! z 3‘: ©

10-2 L L L L L 1 L L # L L I 1 I My il L L i

QQQ QO O O O O O © O ® S QQQQQQQ
bs")Q W"Jb“’)ﬁ\’lf")ﬁ")@ ’P"JB‘")Q N
*\9*\,xx«?’xww*@{»{”{”@'\fw@*@*@f’@xxxw“x“

Time (HH:MM on 22 June 2015)

Figure 7.1: Light curves of the individual source components detected in our images,
as a function of time on 2015 June 22. Colored markers represent the ejecta com-
ponents (where empty markers represent northern components and filled markers
represent southern components; N and S) and the solid black markers represent the
core component (C). The topmost curve of empty black circles indicates the total
integrated 15.4-GHz light curve of all the components. The light curves of all the
source components evolve smoothly with time, other than occasional jumps when a
new component appears or a blend of two components separates.
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7.3 Results

7.3.1 Jet morphology and orientation

We imaged the jets of V404 Cyg across fifteen different VLBA observations
(between 2015 June 17 and July 11; see Table 7.1) during its 2015 outburst.
Within this series of images we observe that both the morphology and bright-
ness of these jets vary on timescales as short as minutes.

Images made from the 2015 June 17, 23, 24, 26, 27, and 30 VLBA obser-
vations all revealed resolved jets that were extended on size scales of up to 5
mas, corresponding to a physical size scale of 12 AU at a distance of 2.39 kpc
(see Figure 7.2). As these epochs were taken at 8.4 GHz, the lower angular
resolution only allowed us to detect a single ejection event during each of these
observations. Images made from the 2015 July 1-July 11 observations (after
the flaring activity had ceased, see Chapter 6 of this thesis for details) only
revealed an unresolved core jet component and no jet ejecta components.

Further, a series of higher angular resolution images made from the 2015
June 22 observations (taken at 15.4 GHz) reveal that multiple jet ejecta were
launched from the system within a matter of hours during this epoch. These
ejecta appear to propagate ballistically away from the core, persisting for
several tens of minutes before fading below our detectability limits (see Fig-
ures 7.3-7.5, and see a movie of these VLBA images').

The orientation of the extended jets on the plane of the sky (i.e., position
angles or PAs) were observed to vary over time, ranging between —30.6 and
+5.9 degrees east of north (Figure 7.6 and Table 7.2). Further, within the
four-hour 2015 June 22 epoch, the series of ejecta we detected showed a similar
range of orientations as the extended jets, implying extremely rapid changes in

the orientation of the jet axis.

'https://www.dropbox.com/s/yfpep4qpmalt5uf/v404_movie.mp4?d1=0
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Figure 7.3: A sequence of time-resolved VLBA images of the V404 Cyg jet ejecta
observed on 2015 June 22. The images are spaced by 2 minutes (except for phase
calibration gaps), with the UTC time (in the format, HHMMSS) of each image given
in the top left corner of each panel. Also indicated on each image are the VLBA
synthesized beam shape (blue ellipse) and the size scale (white bar in the bottom
right corner). A strong central core jet component is always observed, along with
multiple jet ejecta which appear to propagate away from the core over time. Images
are continued in Figures 7.4 and 7.5.
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Figure 7.4: Figure 7.3 continued.
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Figure 7.5: Figure 7.3 and 7.4 continued.

244



30

NI & N6 & S6 10 4
O N2 ® s2 S7 - (b)
204 @ N3 m os3 @ sacHzviea § 07 e
N4 S5 > —-10 1 ]
S 201
10 & _30 A
— () . T T T
0 ° 7.5 10.0 12.5
o 0 8 Py Time
= (UT hrs on June 22)
(@)
3
=~ -10- o
< m
—20-
—30 1 ﬁ °
(a)
_40 T T T T T T
0 2 4 6 8 10 12 14

Time since 2015 June 17th, 00:00 UT (days)

Figure 7.6: Measured position angles of the V404 Cyg jets over the course of the
June 2015 outburst. In the main panel (a) the colored symbols indicate position
angle measurements of the individual ejecta detected in the 2015 June 22 epoch (see
§7.3.2), while the black symbols indicate the position angle measurements from all
the other 8.4 GHz epochs (see Table 7.2). The inset panel (b) displays a zoom-in
on the June 22 measurements. The grey shaded region in both panels indicates
the position angle of the quiescent V404 Cyg jet, inferred from the polarized radio
emission during the decay of the 1989 outburst (Han & Hjellming, 1992). While the
position angles can vary by up to ~ 40 degrees over different timescales, the central
position angles measured during this outburst are consistent with the quiescent jet
measurement.
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Table 7.2: Measured position angles on the plane of the sky for the 8.4-GHz VLBA
monitoring observations of V404 Cyg

Date Position angle
(degrees east of north)
2015 June 17 5.41 £0.80
2015 June 23 590+ 1.17
2015 June 24 —-0.32 +1.07
2015 June 26 1.94 +£0.91
2015 June 27 —30.61 £ 0.89
2015 June 30 —9.50+£0.75
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7.3.2 Tracking the bulk motion of the jet ejecta

The jet position angles only probe the jet orientation on the plane of the sky.
However, since V404 Cyg is one of the few BHXBs with an accurate parallax
distance measurement (2.39+0.14 kpe; Miller-Jones et al. 2009), we are able to
uniquely solve for both jet speed and the inclination angle of the jet axis to our
line of sight, thereby characterizing the full three-dimensional space motion of
the ejecta. To accomplish this, we need to be able to track the bulk motion of
the ejecta over time and accurately measure their proper motions.

The higher resolution of our observations on 2015 June 22 allows us to
separate and track the bulk motion of multiple ejecta components across a se-
quence of snapshot images. Further, the emission in this epoch is dominated
by a stationary core component, which provides a point of reference against
which to perform relative astrometry on the fainter ejecta. However, we no-
ticed low-level positional offsets between individual snapshot images in this
data set. These offsets are likely due to a combination of short-timescale tro-
pospheric phase variations, coupled with the propensity of self-calibration to
shift source positions by a small fraction of a synthesized beam. While such
offsets would normally be averaged out over the few-hour durations of typical
VLBI observations, they significantly affected the fitted component positions
in our snapshot images (2 min imaging timescales).

To properly fit for proper motions of the individual point source compo-
nents, we had to first determine the positional offsets in each snapshot. As-
suming that our ejecta undergo constant bulk motion, we construct a set of

linear equations with k£ ejecta components and ¢ images, such that,

RAzk = Hra,k (tz - Zfej,k) + Jra,i (71)

Decik = fldec,(ti — tej i) + Jdec, (7.2)

The first term in these equations describes the constant bulk motion of the
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ejecta, where, [irar and figec r Tepresent the proper motions, and ¢, represents
the ejection time, of the kth ejecta component. The second term contains the
jitter parameters (Jy,; and Jgec;), which represent an offset in position for each
1th image, allowing us to correct for the positional shift between images.

We simultaneously solved for the proper motions and ejection times of each
component, as well as the jitter parameters for each image. As our data con-
tains k = 12 ejecta components, and + = 103 images, this amounts to 24 linear
equations, and 242 free parameters. Given the scale of this problem, we took
a Bayesian approach for parameter estimation, by applying a Markov-Chain
Monte Carlo (MCMC) algorithm implemented with the EMCEE python pack-
age (Foreman-Mackey et al., 2013). This package utilizes Goodman & Weare’s
Affine Invariant MCMC Ensemble Sampler (Goodman & Weare, 2010), running
a modified version of the Metropolis-Hastings Algorithm, whereby it simulta-
neously evolves an ensemble of “walkers” through the parameter space. We
used 484 walkers (2x the number of dimensions in our model) for our MCMC
runs. To initialize the positions of the walkers in our parameter space, we
placed them in a tight ball around the best initial guess. Prior distributions
used for all of our parameters are listed in Table 7.3. Lastly, due to the large
number of rapidly-moving ejecta, in some images it can be more difficult to
distinguish between different components. We therefore assigned a confidence
flag to each component for each image prior to the fitting (H = high, M =
medium, L = low, and B = possible blended component), and weighted the
data points according to these flags (H=1, M=0.7, L=0.3, and B=0.1), so that

data points with lower confidence contributed less to the overall fit.
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We ran our MCMC by evolving the walkers over a series of steps (where the
first 500 step “burn in” period is not retained) until convergence was reached.
Our criterion for convergence required that the positions of the walkers were
no longer significantly evolving. We determined whether this criterion was
met by monitoring the chains of each of the walkers through the parameter
space and ensuring that, for each parameter, the intra-chain variance across
samples was consistent with the inter-chain variance for a given sample. Using
the multi-dimensional posterior distribution output from the converged MCMC
solution, we created one-dimensional histograms for each parameter. The best
fit result was taken as the median of these distributions, and the uncertainties
are reported as the range between the median and the 15th percentile (lower
bound), and the 85th percentile and the median (upper bound), corresponding
approximately to 1o errors. The best fitting proper motions and ejection times
for each component are reported in Table 7.4. The jitter corrected motion of
the components is displayed in Figure 7.7, the best-fit proper motions of the
components are displayed in Figure 7.8, and the position angles of the measured
components relative to the jitter corrected centroid position are displayed in
Figure 7.9. We find that the ejecta have proper motions ranging from 4.3 — 46.2
mas day~! (0.06-0.64c in projection?; Figure 7.10), and fitted position angles
between —28.6 and —0.2 degrees east of north.

Based on the similarities in ejection times and position angles, we identify
three likely approaching/receding pairs of ejecta: N2/S2, N3/S3, and N6/S6.
Assuming that these identifications were correct, we then re-fit the proper
motion of each pair of components, forcing the ejection times of each component
in a pair to be the same. These tied-ejection fits are also shown in Table 7.4,

and the results of these tied fits are used in all following analysis.

2Note that the fitted proper motions of our ejecta components are well within the bound-
aries of our priors.
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Table 7.4: Fitted component ejection times, proper motions, and position angles on

the plane of the sky for the 2015 June 22 VLBA observations of V404 Cyg

Component®?

Ejection time

Proper motion

Position angle

(UTC hours) (masday~1) (degrees east of north)

NT 6.46 + 0.04 23.02 £0.14 —14.45+0.19
N2 10.54 4 0.03 18.54 4 0.17 —0.36 +0.10
S2 10.36 4+ 0.03 7.8440.21 ~178.561058

N3 10.91 £ 0.03 17.09 & 0.24 ~12.31+0.38
S3 11.11 £ 0.02 10.37 £ 0.20 168.36 + 0.49
N4 11.73 £ 0.03 4.25 +0.08 —-20.18%5:03

S5 11.847+0.004  46.23+0.17 166.37 + 0.10
N6 10.6210 0% 9.91 £0.16 —28.617703

S6 12.26 4 0.027 6.28 4 0.09 153.46 +0.77
S7 12.62 + 0.02 33.86 + 0.84 173.47H0738

N2 10.799 £0.017  20.05+0.12 —0.17 £ 0.06
S2! 10.799 +0.017 12.18 4 0.29 ~178.60 & 0.15
N3t 11.128 + 0.010 19.43 £ 0.12 ~12.45+0.18
S3t 11.128 4+ 0.010 10.54 4 0.10 168.48 + 0.22
N6! 12.101 4 0.032 16.05 4 0.19 —28.6310 %%

S6! 12.101 4 0.032 5.79 4 0.08 153.39 +0.74

% N denotes north-moving ejecta, and S denotes south-moving ejecta.

b The tied-ejection fits of our ejecta pairs are denoted with the superscript?, and shown in

the second section of the table.
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Figure 7.7: Jitter-corrected positions of the observed components over time on 2015
June 22. Panel (a) displays the motion in Right Ascension and panel (b) displays
the motion in Declination. Empty coloured markers represent northern components,
filled coloured markers represent southern components, and the filled black circles
represent the core component. The best-fitting proper motions in both co-ordinates
are shown as dashed lines (northern components) and solid lines (southern compo-
nents), where the motion in declination is larger than that in right ascension for all
components. With the exception of components N8 and N9 (black plus signs and
crosses, respectively), all components show ballistic motion away from the core, and
the core does not move systematically over time.
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Figure 7.8: Best-fitting proper motions of the different ejecta components detected
on 2015 June 22 (shown as solid lines). Corresponding pairs of components (N2/S2,
N3/S3, N6/S6) are shown with the same color. The orientation of each line displays
the direction of motion, and the length of each line denotes the magnitude (distance
travelled in one day). Uncertainties are indicated by dotted lines (which, given the
small uncertainties, merge into the solid lines). Both the orientation and lifetime of
the detected ejecta clearly vary between events.
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Figure 7.9: Position angles of the measured components relative to the jitter-
corrected centroid position. Corresponding northern and southern component pairs
(N2/S2, N3/S3, N6/S6) are identified via their consistent position angles and ejection
times, and are shown with matching colors and marker shapes (empty markers for
northern components and filled markers for southern components). The mean posi-
tion angles of the components (as detailed in Table 7.4 and shown in Figure 7.6) are
shown as dashed and solid lines for northern and southern components, respectively.
The orientation of the VLBA synthesised beam is shown as the dotted black line.
Discrete jumps in the beam orientation correspond to antennas entering or leaving
the array (e.g., as V404 Cyg rises or sets at the different antennas). The measured
position angles of the components vary from —0.2 to —28.6 degrees east of north,
and do not align with the synthesized beam.
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Figure 7.10: Total angular separations from the core for all the ejected components,
as a function of time on 2015 June 22. Corresponding pairs of ejecta have matching
colors and marker shapes, with empty markers for northern components (N) and
filled markers for southern components (S). The best-fitting total proper motions
are shown for all components (with the exception of the non-ballistic components,
N8 and N9) as dashed lines for northern components and solid lines for southern
components. The different components show a range of proper motions, from 4.3 to
46.2 masday ! (N4 and S5, respectively).
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7.3.3 Jet ejecta properties

The approaching and receding proper motions of a pair of jet ejecta can be

represented as,

Bsinf ¢ [sinf

C
Napp - 1 —,BC08087 Hrec = 1 —f—ﬁ_COSQC_Z’ (73)

where f = v/c represents the jet speed, 6 represents the inclination angle of
the jet axis to the line of sight, ¢ is the speed of light, and d is the distance
to the source. Assuming intrinsically symmetric jets, we can rearrange these

equations to derive the following expressions,

: (7.4)
,U/app + Hrec c ,uapp — Mrec

With a known distance and the measured proper motions, these two equa-
tions can be uniquely solved for jet speed and inclination angle. Further, the
corresponding jet Lorentz factor, I' = (1 — 52)71/ > and the Doppler factors
Sapprec = L1 (1 F B cos 6)_1 can also be calculated. For unpaired ejecta, we
can use the known distance to solve for [§cosf, subject to an assumption on
whether the components are approaching or receding.

For the three pairs of jet ejecta we identified in the 2015 June 22 observa-
tions (N2/52, N3/S3, and N6/S6), we assume the northern component is the
approaching component, as it has a higher proper motion in all cases. Given
this constraint, Table 7.5 displays the inferred physical jet parameters for all
of our identified pairs of jet ejecta, and Figure 7.11 displays constraints on
the jet speed and inclination angle for both the paired and unpaired jet ejecta
detected on 2015 June 22. Our measurements here show that the jet speed
and inclination angle must be varying between ejection events on 2015 June
22, where the measured inclination angles from the three ejecta pairs all clearly

differ from the inclination of the binary orbital plane.
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Figure 7.11: Constraints on the jet speed and inclination angle to the line of sight
derived from the measured proper motions of the jet ejecta on 2015 June 22. In
the three cases (N2/S2, N3/S3, N6/S6) where corresponding ejecta pairs can be
identified, we can accurately determine both jet speed and inclination angle. For
other un-paired components, the measured proper motion and source distance are
used to constrain [ cos #, giving the plotted curves for both approaching (solid lines)
and receding (dashed lines) scenarios. The grey shading and black lines denote
the two sets of published constraints on the inclination of the binary orbital plane
(Shahbaz et al., 1994; Khargharia et al., 2010). Jet speeds and inclination angles
differ markedly between ejecta, and the three sets of paired ejecta give inclination
angles significantly different from that of the binary orbit.
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Table 7.5: Inferred physical parameters from our identified paired ejecta from 2015

June 22 VLBA observations of V404 Cyg

Ejecta pair® N2/S2 N3/S3 N6/S6
ftapp (masd™T) 20.054+0.12 19.43+0.12  16.05+ 0.19
firec (masd™1) 1218 40.29  10.54+0.10  5.79 4 0.08
Bcos 0.244+0.011  0.297 £ 0.005 0.470 + 0.007
3 0.321+0.019 0.351 £ 0.009 0.484 +0.007
0 (°) 40.6133 32.5+1.6 14.0+0.8
r 1.056 & 0.005 1.068 +£0.002  1.143 4 0.002
Sapp 1.2534+0.020 1.331+0.010 1.650 4 0.022
0.761 +0.008 0.722 4 0.003  0.595 + 0.003

rec

¢ Ejecta parameters are defined as follows: ftapp rec are the approaching and receding
proper motions, S is the jet speed as a fraction of the speed of light, 8 is the inclination
angle of the jet axis to the line of sight, I' is the jet bulk Lorentz factor, and Japp rec are the
approaching and receding jet Doppler factors. In all cases the northern component is
approaching and the southern component is receding.
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7.3.4 Comparison to light curve modelling results

In Chapter 5 and §7.3.3 above, we have used two independent methods (light
curve modelling and high resolution imaging) to measure the V404 Cyg jet
ejecta properties (e.g., ejection times, bulk speeds, inclination angle of the jet
axis). While a combined analysis of all of the photometric data from Chapter
5 and the VLBA data presented in this chapter will be the subject of future
work, it is of interest to briefly compare the results of these two methods here.

Upon comparing the jet ejecta properties derived from the light curve mod-
elling and VLBA imaging, we notice both similarities and differences. In partic-
ular, both methods yield a similar number of ejection events (8 for light curve
modelling, 7 for VLBA imaging), show similar low bulk speeds (the majority
of the ejecta show 5 < 0.6), show inclination angles that clearly vary between
events (by up to ~ 40 degrees) and differ from the estimates of the binary
orbit (Figure 7.11 & 7.12), and show a similar trend where the ejection times
appear to occur in three groupings (Figure 7.13). However, the VLBA imaging
suggests the presence of un-paired ejecta (where we assume only paired ejecta
in the light curve modelling), tend to show ejecta with lower inclination angles
when compared to the light curve modelling events, and show ejection times
that do not always coincide with light curve modelling ejection times.

Given these similarities and differences, a combined analysis including con-
straints from the VLBA imaging in the light curve modelling will give us an
unprecedented view of these ejection events and allow us to more accurately
constrain the jet ejecta properties. For instance, the VLBA 15 GHz light curve
can be included in the light curve modelling, providing more data to better con-
strain the total model. Further, VLBA constraints on the number of ejection
events, single-sided vs paired events, ejection times, bulk speeds, inclination
angles, and peak fluxes, can be included as priors in the light curve modelling
to further constrain the model parameters and possibly break some degeneracy

between parameters (see Chapter 5 §5.7.5 of this thesis).
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Figure 7.12: Updated version of Figure 7.11, where we include constraints on the
bulk speeds and inclination angles of the jet axis for the ejection events derived
from the light curve modelling work in Chapter 5 (green markers). The red markers
represent constraints from the paired ejection events observed with the VLBA, while
the coloured lines (following the same colour association as in Figure 7.11) represent
constraints from the un-paired ejection events observed with the VLBA. The black
box identifies a potential match between the light curve modelling and VLBA imaging
ejection events, showing similar jet speed and inclination angles (ejection 1 from
Table 5.2 and ejection pair N2/S2 from Table 7.5). Further, we may also observe
potential matches between our light curve modelled events and the un-paired ejecta
identified by the VLBA (for which we only have constraints on § cos#f, as shown by
the coloured lines).
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Figure 7.13: Updated version of Figure 5.8, where we include constraints on the
ejection times for the jet ejecta derived from the VLBA imaging (orange dotted
lines; see Table 7.4). Both the light curve modelling and VLBA imaging results show
three distinct groups of ejection events. Although, we only observe a potential match
in ejection times between the third group of ejection events at ~ 12:45, where the first
two groups of VLBA events seem to occur 30—45 min later than the corresponding
group of light curve modelling events.
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7.4 Discussion

In this work we have presented evidence that the orientation of the jet axis
differs from the inclination of the binary orbit, and is rapidly changing on
timescales as short as minutes during the 2015 outburst of V404 Cyg. The
most natural interpretation for the observed changes in the jet axis would be
jet precession. In the following sections, we discuss the origin of this jet pre-
cession and place constraints on the precession period, precession cone opening
angle, and the stability of the precession process. Additionally, we consider
the occurrence of jet precession in other sources, as well as the implications jet
precession has on the jet launching mechanism and the impact of these jets on

the surrounding environment.

7.4.1 Origin of jet precession

In BHXBs the binary orbital plane can be misaligned with the black hole spin
axis (e.g., due to formation of the black hole in an asymmetric supernova). In
this situation, relativistic frame dragging should lead to Lense-Thirring pre-
cession (Lense & Thirring, 1918) of particles misaligned with the black hole
equatorial plane. When considering geometrically thick accretion discs (i.e.,
slim discs), if the sound crossing timescale of the disc is sufficiently short, the
disc will precess as a rigid body (Fragile et al., 2007). However, viscosity in the
disc can act to damp the precession, leading to the alignment of the disc angu-
lar momentum axis to the black hole spin axis. Therefore, for this rigid body
precession to persist in slim discs, the viscosity should be sufficiently low that
the alignment timescale is longer than the precession period (thereby placing
an upper limit on the outer radius of the slim disc, known as the spherisation
radius; Motta et al. 2018).

In the case of V404 Cyg, since the black hole is believed to have been

formed with a natal kick from a supernova (Miller-Jones et al., 2009), a mis-
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alignment between the binary orbital plane and the black hole spin (Brandt &
Podsiadlowski, 1995) is expected. Additionally, during its 2015 outburst, the
mass accretion rate in V404 Cyg was believed to have been at, or even above,
the Eddington rate, resulting in the radiation pressure in the inner part of the
accretion flow creating a puffed up, geometrically thick (slim) accretion disc
configuration (Motta et al., 2017b). Therefore, during its 2015 outburst, V404
Cyg possessed all the ingredients needed for Lense-Thirring precession to be
occurring in a inner, geometrically thick, slim accretion disc. As this precession
causes the disc orientation to vary, if the jet and disc precess together (due to
the jet being directly launched from the accretion flow or spin-powered jets
being re-directed along the rotational axis of the disc), this presents a plausible

scenario for the origin of the jet precession in V404 Cyg.

7.4.2 Precession timescale, opening angle, and coher-

ence

To verify the plausibility of the precession scenario we have outlined, we need
to insure that the conditions in the accretion flow required to produce the
observed jet precession are consistent with those observed during this outburst
of V404 Cyg. In our precession scenario, the precession period and slim disc
radius will depend on the black hole spin and mass accretion rate (Fragile et al.,
2007; Middleton et al., 2018). In particular, the precession period for an inner
super-Eddington accretion disc, rotating as a solid body, can be represented

as,

 3a, 3 Tsph | T (Tsph/Tin)

p_ T GM ; [M] : (7.5)

Here M is the black hole mass, a, is the dimensionless black hole spin parameter
(a, = Jc/GM?, J represents angular momentum), ¢ is the speed of light, G is

the gravitational constant, and 7y, and rgpp, are the inner and outer (spherisation
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radius) radii of the slim disc?.

The inner radius of the super-Eddington accretion disc can be assumed to
be located at the innermost stable circular orbit (ISCO?), while the structure
of the outer part of a super-Eddington accretion disc is governed by the angular
momentum carried away by the accretion disc wind. Therefore, the spherisation
radius depends on the fraction of the radiation energy, €, used to launch the
accretion disc wind, and is given by (Poutanen et al., 2007),

Tsph / Tin

~ 1.34 — 0.4ey + 0.1€2 — (1.1 — 0.7e,, )23 (7.6)
m

Here m is the mass accretion rate in units of the Eddington accretion rate
(Leaa = 2.2 x 1077 Mg yr~" for V404 Cyg, where Megq = Leaa/n¢?, and 7
represents the accretion efficiency), and €y, = (1 + Lyaq/Lwing) ' represents the
wind efficiency, where the latter is dependent upon the radiative luminosity

(Lyaq) and the wind power (Lyinq)-

To estimate the jet precession period, we can use the range of jet position
angles observed within our VLBA observations (see Figure 7.6). The distri-
bution of position angles for a precessing jet will peak at the two extremes
(where the jet position angle is changing slowly). Therefore, even if each indi-
vidual ejecta component observed only samples the orientation of the jet axis
at the time of ejection, our observed range of position angles is most likely
representative of the entire range of position angles observed within a full pre-
cession period. Given the largest swing in position angle between two ejecta
pairs (~ 30 degrees between N2/S2 and N6/S6), we estimate a precession cone
half opening angle of ~ 15 degrees. As the difference between the best-fitting
ejection times of the N2/S2 and N6/S6 pairs is 1.3 hours, we place an upper

3All radii given here are in units of the gravitational radius, Ry = GM/c?.

4The innermost stable circular orbit (ISCO) represents the smallest orbit in which a test
particle can stably orbit the black hole, and thus the inner boundary for an accretion disc.
The radius of the ISCO is dependent upon the spin parameter, a,, where for a non-rotating
black hole Risco = 6R, (Frank et al., 2002).
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limit of 2.6 hours on the precession period. We estimate that the lower limit
for this precession period is on the order of seconds, based on the fact that we
observe discrete, point source like ejecta that have not been smeared out (over

the ejection timescale) in our VLBA images (see §7.4.3).

Substituting in the black hole mass of V404 Cygni (9.070¢My; Khargharia
et al. 2010), €, ~ 0.25 — 0.5 for the fraction of the radiation energy used to
launch the accretion disc wind (Jiang et al., 2014), a range of spin parameters®,
and possible jet precession timescales of < 2.6 hours, Equations 7.5 and 7.6
predict a mass accretion rate of a few tens of times the Eddington rate, and
a consequent spherisation radius of a few hundred gravitational radii (for a

precession period on the order of minutes; see Figure 7.14).

These estimates of mass accretion rate and spherisation radius needed to
produce precession timescales on the order of minutes, are in line with many of
the observed properties of V404 Cyg during the 2015 outburst. In particular, a
super-Eddington accretion rate matches the observed peak luminosities in V404
Cyg (Motta et al., 2017b) and the calculated mass-loss rates in the accretion
disc wind (1078-1075M,, over 15 days implies 1.2-1200 times the Eddington
accretion rate; Munioz-Darias et al. 2016). Additionally, the spherisation radii
we predict are roughly consistent with the estimated extent of the slim disc in
V404 Cyg (~ 10?R,; Motta et al. 2017b) and the maximum radius for rigid
body precession (set by the radius at which the alignment timescale of the
disc with the black hole spin becomes shorter than the precession timescale;
see Figure 8 in Motta et al. 2018). Further, a precessing accretion flow is
also consistent with the detection of low-frequency quasi-periodic oscillations

on similar timescales to a precession period of minutes (18 mHz — 1.03 Hz;

SWhile Walton et al. (2017) present a spin measurement of a, > 0.92 for V404 Cyg,
we note that the reported constraint on the black hole spin did not account for the slim
disc geometry, and assumed the disc inclination to be that of the binary orbit (which our
measurements show is not always the case). Therefore, the true spin could be lower than the
Walton et al. (2017) measurement.
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Figure 7.14: Calculated precession timescales (panel a) and spherisation radii (panel
b), as a function of mass accretion rate, rm (in units of the Eddington accretion
rate), and the dimensionless spin parameter, a. For this plot, we set €, = 0.2,
although we note that changing this parameter has little effect on the precession
timescales/spherisation radii relations shown here. The grey horizontal line in panel
a shows the frequency of an X-ray quasi-periodic oscillation (QPO) detected during
our VLBA observations on 2015 June 22 (Huppenkothen et al., 2017). For jet pre-
cession timescales of order minutes, we would need accretion rates of 10-100 times

the Eddington rate, corresponding to spherisation radii of 50-100R, in the V404
Cyg accretion flow.
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Huppenkothen et al. 2017). All of this complementary evidence suggests that
the precession scenario we have outlined here could be occurring in V404 Cyg.

Moreover, given the high mass accretion rate required to explain the ob-
served jet precession in V404 Cyg (tens of times the Eddington accretion rate),
it is unlikely that such an mass accretion rate could be sustained over the
duration of the outburst (the flaring/ejection period lasted approximately 15-
days, see Chapter 6 of this thesis for details). Alternatively, the mass accretion
rate is likely to have varied over the course of the outburst, which would alter
both the spherisation radius and the precession period. This implies that short
episodes of precession were occuring in V404 Cyg, corresponding to times of
enhanced mass accretion through the disc, rather than a long-term, stable pre-
cession over the full 15 day flaring period. However, Figure 7.6 shows that the
jet axis continues to vary over the full 2-week duration of our VLBA monitor-
ing. Therefore, the precession must continue with a relatively consistent cone
opening angle (presumably set by the misalignment between the axis of binary
orbital plane and the black hole spin axis), even if the precession timescale and

coherence vary.

7.4.3 Constraints on the jet launching timescale

The timescale over which jet ejecta are launched in BHXBs is not known. How-
ever, we can use constraints imposed by the precession timescale and estimates
of the ejecta size scale to place limits on this launching timescale in V404 Cyg.

During this outburst of V404 Cyg, Gandhi et al. (2017) suggest that the base
of the jet was located at a distance of 3 x 10° cm from the black hole, setting a
lower limit on the jet component size at ejection. Considering that the brightest
jet component detected in the 2015 June 22 VLBA epoch was unresolved to the
synthesized beam (and most likely substantially smaller than the VLBA beam),
the VLBA beam will set an upper limit on the jet component size at ejection of

1.3 x 10'3 em (beam size of 1.2 x 0.4mas? at 2.39 kpc). These size scales imply

267



light crossing times, and in turn launching timescales of 0.1s-5 min. However,
the launching timescale must be less than the precession timescale, in order
for us to observe discrete jet ejecta components in our VLBA images (that
are not smeared out). Therefore, the upper limit on the launching timescale is
likely to be less than a few minutes. Interestingly, my earlier work modelling the
multi-frequency light curves as emission from a sequence of expanding spherical
ejecta, suggested ejecta radii (at the peak of the sub-mm emission in each flare)
of 0.6-1.3x10'? cm (Tetarenko et al. 2017 and Chapter 5 in this thesis). This
implies light crossing times® of 20-40's, which while model-dependent, is in line

with our estimate here.

7.4.4 Constraints on the jet launching mechanism

The observed precession of the jet axis in V404 Cyg implies that the jets must
be launched within the precessing slim disc (i.e., within the inner few hundred
gravitational radii). This situation will naturally occur if the energy responsi-
ble for launching jets is extracted from the precessing slim disc (Blandford &
Payne, 1982). On the other hand, if jets are powered by extracting the spin
energy of the black hole (Blandford & Znajek, 1977), where the jets are ini-
tially aligned with the black hole spin axis, then they must be redirected by
the precessing inner accretion flow. Recent MHD simulations have suggested
that the later scenario may be plausible in BHXB systems (Liska et al., 2018).
However, we note that these simulations did not include the effects of radiation
pressure, and thus future, more detailed simulations are needed to validate such
a scenario. Overall, while our results do not allow us to distinguish between
the two competing jet launching scenarios, it is clear that the dynamics of the

inner accretion disc play a key role in the jet production process.

6As the sub-mm emission in this case does not come from the jet base itself, the ejection
timescale is most likely even shorter.
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7.4.5 Impact and implications of jet precession

In the case of V404 Cyg, we have shown that Eddington-rate accretion from
a reservoir whose angular momentum is misaligned with the black hole spin,
can drive a rapidly precessing accretion disc and jet system. A handful of
other Galactic XB systems have also been suggested to contain a precessing
jet, namely SS 433 (Margon, 1984; Hjellming & Johnson, 1981; Fabrika, 2004),
GRS 19154105 (Rodriguez & Mirabel, 1999; Rushton et al., 2010), V4641 Sgr
(Gallo et al., 2014), and Cygnus X-1 (Brocksopp et al., 1999). Many of these
systems share distinct simularities with V404 Cyg, such as super-Eddington
accretion rates, large accretion discs, and the tendency to display bright, multi-
frequency flaring activity accompanying powerful jet ejection episodes; however,
the precession timescale we measure in V404 Cyg is significantly more rapid
than these other systems (e.g., minutes in V404 Cyg versus hundreds of days in
SS 433 and Cyg X-1). For long precession periods (e.g., hundreds of days), the
Lense-Thiring precession of a thick disc would require a physically improbable
accretion rate (see Figure 7.14). Therefore, if a precessing accretion disc is
driving precessing jets in these other XB systems, different processes must
govern the disc precession dynamics (e.g., tidal forces from the companion star
in SS 433; Fabrika 2004).

Beyond the Galactic XB population, there are various other objects that
can undergo Eddington-rate accretion from a misaligned accretion flow (e.g.,
tidal disruption events; Komossa 2015, rapidly-accreting quasars in the early
Universe; Fan et al. 2003; Wu et al. 2015, and ultra-luminous X-ray sources;
Soria et al. 2010; Pakull et al. 2010; Cseh et al. 2012, 2014). As such, it is
possible that the precession mechanism we have presented here could be oper-
ating in these other objects, and in turn, the accretion conditions in systems
like V404 Cyg may be used to better understand the accretion flow dynamics
around such objects.

Regardless of the origin of precession, all systems that launch precessing
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jets will deposit their energy over larger solid angles of the surrounding medium
when compared to a more directed outflow. For example, the precessing jets in
SS 433 are known to have inflated a large scale-nebula surrounding the central
source (Dubner et al. 1998, see also Chapter 8 §8.5.5 for more details), and the
powerful jets launched from AGN are known to heat large areas of the intraclus-
ter medium (Yang & Reynolds, 2016; Vernaleo & Reynolds, 2006). Therefore,
we expect jet precession to significantly increase the impact of rapidly accret-
ing systems on their surrounding environment (see Chapter 8 of this thesis for

further discussion on the effect jet sources have on their local environments).
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Chapter 8

Mapping jet-ISM interactions in
X-ray binaries with ALMA: a

GRS 19154105 case study

This chapter details the work published in Tetarenko, A.J. et al. 2018, “Map-
ping jet-ISM interactions in X-ray binaries with ALMA: a GRS 1915+105 case
study”, MNRAS, 475, 448-468, whereby astro-chemistry is used to identify and
probe regions where the jets launched from the black hole X-ray binary GRS
19154105 are colliding with the surrounding medium.

Abstract

We present Atacama Large Millimetre/Sub-Millimetre Array (ALMA) obser-
vations of IRAS 19132+1035, a candidate jet-ISM interaction zone near the
black hole X-ray binary (BHXB) GRS 1915+105. With these ALMA observa-
tions (combining data from the 12 m array and the Atacama Compact Array),
we map the molecular line emission across the IRAS 1913241035 region. We
detect emission from the 2CO [J =2 — 1], ¥CO [v = 0, J = 2 — 1], C!80
[J =2—1], HoCO [J = 3p3—202), HoCO [J = 325—221], HoCO [J = 331 —25],
SiO v =0, J =5—4|, CH;OH [J =435 — 31|, and CS [v =0, J = 5 — 4]
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transitions. Given the morphological, spectral, and kinematic properties of
this molecular emission, we present several lines of evidence that support the
presence of a jet-ISM interaction at this site, including a jet-blown cavity in
the molecular gas. This compelling new evidence identifies this site as a jet-
ISM interaction zone, making GRS 19154105 the third Galactic BHXB with
at least one conclusive jet-ISM interaction zone. However, we find that this in-
teraction occurs on much smaller scales than was postulated by previous work,
where the BHXB jet does not appear to be dominantly powering the entire
IRAS 1913241035 region. Using estimates of the ISM conditions in the region,
we utilize the detected cavity as a calorimeter to estimate the time-averaged
power carried in the GRS 1915+105 jets of (8.47%7) x 1032 ergs™'. Overall,
our analysis demonstrates that molecular lines are excellent diagnostic tools to

identify and probe jet-ISM interaction zones near Galactic BHXBs.

8.1 Introduction

Relativistic jets launched from accreting black holes carry a significant amount
of energy and matter into their surrounding environment, and thus are im-
portant sources of galactic-scale feedback. For instance, jets launched from
super-massive black holes in Active Galactic Nuclei (AGN) are known to inter-
act with the intergalactic medium (IGM) on cluster scales, carving out huge
cavities in hot gas (e.g. McNamara & Nulsen 2007). These AGN jets are also
thought to play a major role in galaxy formation and evolution (e.g. Magor-
rian et al. 1998; Croton et al. 2006; McNamara et al. 2005). Similarly, the jets
launched from Galactic black hole X-ray binaries (BHXBs), the stellar-mass
analogues to AGN, also have an influence on their environment. These objects
release a significant portion of the liberated accretion power into their rela-
tivistic jets (Heinz & Grimm, 2005; Russell et al., 2010), injecting an estimated

1% of the time-averaged luminosity of supernovae into the surrounding ISM
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(Fender et al., 2005). This injected energy heats the ISM, generates interstel-
lar turbulence, produces high-energy cosmic rays, seeds the ISM with magnetic
fields, and possibly stimulates star formation (Heinz et al., 2008; Mirabel et al.,
2015).

Models of the jet-ISM interaction in BHXBs (e.g. Kaiser et al. 2004) predict
that as the jet impacts the ambient medium a strong radiative shock is likely
to develop. Jet particles will inflate a radio lobe, which will expand to form a
bubble of shock-compressed gas containing a population of relativistic electrons,
producing non-thermal emission. However, we may not see all of these predicted
features at every interaction site. Both the local environment and the BHXB
properties may affect how these jet-ISM interactions manifest themselves (e.g.
flux, morphology, chemistry). For example, since most BHXBs are thought to
propagate through a lower pressure and density environment (relative to jet
power) when compared to AGN (Heinz, 2002), a local density enhancement in
the surrounding medium is likely required for jet-blown lobes to form (e.g. in
Cygnus X-1 the jet is believed to be moving through the tail of a dense Hi1
region; Gallo et al. 2005b; Russell et al. 2007). Further, jets launched from
sources with lower peculiar velocities (relative to the local standard of rest) are
more likely to inflate jet-blown lobes at the interaction site, as these sources
have a more stable jet direction over time (Miller-Jones et al., 2007b). On the
other hand, sources with high peculiar velocities (> 100 km s~!) are more likely
to produce trails of radio plasma, rather then a radio lobe structure, as the
ram pressure of the ISM sweeps up the plasma released by the jet (Heinz et al.,

2008; Wiersema et al., 2009).

Valuable information on unknown jet properties, most notably, the total
jet power, radiative efficiency, jet speed, and the matter content are encoded
within the properties of jet-ISM interaction regions (e.g. McNamara & Nulsen
2007; Burbidge 1959; Castor et al. 1975; Heinz 2006). For instance, Gallo et al.
(2005b) used the jet-blown bubble as a calorimeter to estimate the total time-

273



averaged power in the Cygnus X-1 jets to be 9 x 10% < P, < 1037 ergs™,
by modelling the shell emission from the radio nebula as radiatively shocked
gas. Further work by Russell et al. (2007) and Sell et al. (2015) narrowed
these estimates using a more tightly constrained shock velocity in the region.
These works clearly demonstrate that such calculations are highly sensitive to
the properties of the shock and ISM (i.e. density, temperature, shock velocity).
Therefore, placing improved observational constraints on these parameters in

multiple jet-ISM interaction sites is crucial for such efforts.

As a jet-ISM interaction will create an environment with a unique chem-
istry, we expect to observe significant line emission from such a region. In
particular, molecular lines provide for excellent diagnostics of shock energetics
and ISM excitation as different species can trace the density (CO), temperature
(HoCO; Ginsburg et al. 2015), and presence of a shock in the gas (SiO, CS,
and CH3OH; Williams & Viti 2013 ). By mapping molecular line emission at
potential jet impact sites near BHXBs, we can develop several lines of evidence
to conclusively identify jet-ISM interaction regions, and accurately probe the

ISM conditions at these sites.

To date, there are only two BHXBs (SS 433; Dubner et al. 1998, and Cygnus
X-1; Gallo et al. 2005b) where confirmed jet-ISM interaction sites have been
detected (i.e. a jet-blown bubble/cavity and shock excited gas are observed).
However, a number of other potential jet-ISM interaction sites have been iden-
tified in the vicinity of BHXBs (1E1740-2942; Mirabel et al. 1992, GRS 1758-
258; Marti et al. 2002, GRS 1915+4105; Kaiser et al. 2004; Rodriguez & Mirabel
1998; Chaty et al. 2001, H1743-322;, Corbel et al. 2005, XTE J1550-564; Corbel
et al. 2002; Kaaret et al. 2003; Migliori et al. 2017, XTE J1748-288; Brocksopp
et al. 2007, GRO J1655-40; Hjellming & Rupen 1995; Hannikainen et al. 2000,
GX 339-4; Gallo et al. 2004, 4U 1755-33; Kaaret et al. 2006, XTE J1752-223;
Yang et al. 2010; Miller-Jones et al. 2011; Yang et al. 2011; Ratti et al. 2012,
XTE J1650-500; Corbel et al. 2004, XTE J1908+094; Rushton et al. 2017,
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GRS 1009-45; Russell et al. 2006, and LMC X-1; Cooke et al. 2007; Hyde et al.
2017) on the basis that their morphological or kinematic properties are consis-
tent with models of jet-ISM interactions in BHXBs. Out of all of these systems,
GRS 1915+105 is an ideal candidate with which to study jet-ISM interactions
through molecular tracers, as this system has been in a bright outburst period
for over 25 years, ejects some of the most powerful relativistic jets in the known
Galactic BHXB population (Fender & Belloni, 2004), and its candidate inter-
action zones have existing molecular line detections (Chaty et al., 2001). In
this paper, we report on our Atacama Large Millimetre/Sub-Millimetre Array
(ALMA) observations of the molecular line emission in IRAS 1913241035, one
of the candidate jet-ISM interaction zones near GRS 1915+105 (see Figure 8.1).

8.1.1 GRS 1915+105

GRS 1915+105 is a BHXB that was discovered in X-rays by the GRANAT
satellite in 1992 (Castro-Tirado et al., 1992). The radio counterpart to the X-
ray source was found shortly after with the Very Large Array (VLA; Mirabel
et al. 1993). Follow up radio-frequency observations (Mirabel & Rodriguez,
1994) revealed resolved jet components, traveling away from the central source
at apparent speeds that exceeded the speed of light, marking GRS 19154105
as the first superluminal source discovered in the Galaxy. Since its discovery,
this source has remained in a bright outburst state.

Recently, Reid et al. (2014a) obtained astrometric measurements of GRS
19154105 with the Very Long Baseline Array (VLBA), measuring a model-
independent parallax distance of 8.6138 kpc, as well as proper motions fi,, cos § =
—3.1940.03 mas yr ! and figec = —6.244:0.05 mas yr~!, which correspond to a
peculiar motion' with respect to a circular Galactic orbit of (U,V,W)=(19+3,

'Reid et al. (2014a) use the convention that U is towards Galactic centre at the location
of GRS 19154105, V is in the direction of Galactic rotation, and W is toward the north
Galactic pole.
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—10+24, 642) kms ™' (giving a total peculiar velocity of 22+24kms™"). Ad-
ditionally, during one of their VLBA observations, Reid et al. (2014a) tracked
the motion of a resolved jet component (travelling with a proper motion of
p = 23.6 + 0.5masd ™!, resulting in a measured bulk speed of 0.81 % 0.04c),
which when combined with their improved distance estimate, leads to an up-

dated inclination angle measurement of 60 £ 5°.

8.1.2 Candidate interaction zones near GRS 19154105

Rodriguez & Mirabel (1998) identified two sources of bright radio emission, co-
incident with IRAS sources, in the vicinity of GRS 19154105; IRAS 19124+1106
and IRAS 1913241035 (see left panel of Figure 8.1). Both sources are located
17 arcmin away from GRS 19154105 on the sky, which at a distance of 8.6 kpc,
corresponds to 42.5 pc. Based on their morphology and location, the authors
proposed that these sources may be potential interaction zones between the
GRS 19154105 jet and the surrounding ISM. However, despite several observ-
ing campaigns (e.g. Rodriguez & Mirabel 1998; Chaty et al. 2001; Miller-Jones
et al. 2007b), no definitive evidence has been presented that confirms that these
IRAS sources originated as a result of (or are dominantly powered by) jet-ISM
interactions. There is a plethora of circumstantial evidence both for and against
IRAS 1913241035 being a jet-ISM interaction: this source shares the same po-
sition angle as jet ejections from GRS 19154105 observed at radio wavelengths
(~130-151°, see Table 2 in Reid et al. 2014a); there is a non-thermal linear
radio emission feature that is spatially coincident with the inner edge of IRAS
1913241035 and aligned with the jet axis in GRS 19154105 (see right panel
of Figure 8.1); the highest densities in IRAS 1913241035 are located on the
side nearest to the central BHXB (Chaty et al., 2001); and a bow-shock like
structure may be located on the side of IRAS 1913241035 farthest from the
central BHXB (Rodriguez & Mirabel, 1998). Furthermore, the recent parallax
distance determination to GRS 19154105 (8.638 kpc; Reid et al. 2014a) brings
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Figure 8.1: (left) A map of the region surrounding the BHXB GRS 1915+105, taken
with the Herschel PACS continuum instrument at 70um. This map spans the extent
of the previous VLA radio observations (Rodriguez & Mirabel, 1998), with which
the two candidate interaction zones (IRAS 1913241035 and IRAS 19124+4-1106) were
first identified. Notable sources of emission are marked, including GRS 1915+105
(magenta plus sign), the position angle of the observed relativistic ejecta (solid-head
arrows), the two candidate interaction zones (black squares), and a nearby compact
Hii1 region (G45.46+0.06). Our target source, IRAS 1913241035, is southeast of GRS
1915+105. (right) VLA (C-configuration) radio continuum map of IRAS 1913241035
in the 4-8 GHz band, with a schematic sketch of the XB jet-ISM interaction model
(the schematic model is reproduced here to match Figure 2 in Kaiser et al. 2004).
The contour levels are 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJy bm~*. The non-thermal
radio jet feature is clearly labelled (shaded grey region), and dashed lines show model
features that are not directly observed in the radio continuum image.
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this BHXB closer to the inferred distance of IRAS 19132+1035 (6.04 1.4 kpc?;
Rodriguez & Mirabel 1998). On the other hand, no high-velocity shock feature
was seen in previous spectral line data (Chaty et al., 2001), no high-energy
X-ray emission was detected at the suspected impact site (Miller-Jones et al.,
2007b), and the luminosity and morphology of the region are consistent with a

high mass star forming region, dominantly powered by one or more hot stars

(Rodriguez & Mirabel, 1998).

To resolve this long-standing question we obtained ALMA observations to
map the molecular line emission in IRAS 1913241035, constrain ISM proper-
ties in this region, and in turn determine if there is sufficient evidence to call
IRAS 1913241035 the third conclusive site of a BHXB jet-ISM interaction in
our Galaxy. In §8.2 we describe the data collection and reduction process. In
§8.3 we describe our custom imaging procedure. In §8.4 we present maps of the
radio/sub-mm continuum and molecular line emission in the IRAS 1913241035
region (density tracer, CO; temperature tracer, HoCO; and shock tracers, SiO,
CS, CH30H, NyD+), outline the morphological, spectral, and kinematic prop-
erties of this emission, and present constraints on the temperature, density,
and column density across the region. In §8.5, we discuss the ISM conditions
in the IRAS 1913241035 region, and what these conditions reveal about the
presence of a jet-ISM interaction at this site. We also present a comparison
between IRAS 1913241035, and other jet-ISM interaction zones. A summary

of our work is presented in §8.6.

2This is a kinematic distance, while the GRS 1915+105 distance is a model-independent
geometric parallax distance. As kinematic distances are known to be less accurate than
parallax distances (Reid et al., 2014b), for all remaining calculations involving distance we
will use the parallax distance, but see §8.5.7 for a discussion on the effect of distance estimates
on our results.
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8.2 Observations and Data Analysis

8.2.1 ALMA sub-mm observations

We observed IRAS 1913241035 (Project Code: 2015.1.00976.S, PI: A. Tetarenko)
using the ALMA 12 m array (2016 Jan 14), as well as the Atacama Compact
Array (ACA) 7 m (2016 May 13, 22, and 23) and total power arrays (execu-
tions between 2016 Mar 21-2016 April 16), with the Band 6 receiver (211-275
GHz)3. During our observations, the 12 m array was in the most compact C36-
1 configuration (with 43 antennas), and spent 34.2 min on source. We observed
a 75 arcsec x 60 arcsec rectangular field centred on the coordinates (J2000) RA
19:15:39.1300, Dec 10:41:17.100 (peak of the radio continuum measured from
previous VLA observations; Table 1 in Chaty et al. 2001), which consisted of
33 pointings with the 12 m array and 14 pointings with the 7 m array (see
Appendix 8.7.1 for details on our choice of mosaic field). The correlator was
set up to yield 4 x 2 GHz wide base-bands, within which we defined 9 individual
spectral windows centred on our target molecular lines (see Table 8.1 for the
central frequencies, bandwidth, and resolution of these spectral windows). All
of the data were reduced and imaged (see §8.3 for imaging details) within the
Common Astronomy Software Application package (CASA, v4.7.2; McMullin
et al. 2007). Flagging and calibration of the 12 m and total power data were
performed with the ALMA pipelines, while flagging and calibration of the 7 m
data were performed manually using standard procedures. For the 12 m array,
we used J17514-0939 as a bandpass calibrator, Pallas as a flux calibrator, and
J19224-1530 as a phase calibrator. For the 7 m array, we used J1924-2914 as
a bandpass calibrator, J175140939 as a flux calibrator, and J1922+1530 as a

phase calibrator.

3 Although GRS 19154105 is a variable source, the evidence for jet-ISM interactions that
we are exploring is not strongly variable on the timescales separating the different ALMA
array observations.
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8.2.2 VLA radio continuum observations

We downloaded and reduced public archival VLA observations of IRAS 1913241035
(Project Code: 14B-482, PI: F. Mirabel). These observations were taken on
2014 Dec 06, and consisted of scans on source from 22:02:34.0-22:57:52.0 UTC
(MJD 56997.9184-56997.9569), in the C (4-8 GHz) band. The array was in its
C configuration during the observations. All observations were made with a 3-
bit sampler, comprised of 2 base-bands, each with 16 spectral windows of 64 x 2
MHz channels, giving a total bandwidth of 2.048 GHz per base-band. Flagging,
calibration, and imaging of the data were carried out within CASA using stan-
dard procedures. J0137+43309 was used as a flux calibrator, and J1922+1530
was used as a phase calibrator. No self-calibration was performed. We imaged
the source with two Taylor terms to account for the wide bandwidth, Briggs
weighting with a robust parameter of 0.5 to balance sensitivity and angular res-
olution, and the multi-scale clean algorithm (scales of [0, 5,20, 50]x the pixel
size of 0.7 arcsec) to effectively deconvolve extended emission. Flux densities

from these observations are reported in Table 8.2, and are discussed in §8.4.1.

8.2.3 Other multi-wavelength observations

We compiled observations of the IRAS 1913241035 region at other wavelengths
(spanning 1.11mm — 2.73pum), taken with various instruments/surveys, includ-
ing Caltech Sub-millimeter Observatory Bolocam (CSO; 1.11 mm; Ginsburg
et al. 2013), Herschel Spectral and Photometric Imaging Reciever (SPIRE; 500,
350, 250 pm; Molinari et al. 2010; Griffin et al. 2010), Herschel Photometric
Array Camera and Spectrometer (PACS; 70 pm; Poglitsch et al. 2010), NASA
Wide-field Infrared Survey Explorer (WISE; 22 pym; Wright et al. 2010), Spitzer
Galactic Legacy Infrared Mid-Plane Survey Extraordinare (GLIMPSE; 8.0 pm;
Benjamin et al. 2003; Churchwell et al. 2009), and United Kingdom Infrared
Telescope Infrared Deep Sky Survey (UKIRT UKIDSS; 2.37um; Lawrence et al.
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Table 8.2: Continuum Emission Properties of IRAS 1913241035

Band v A Fpeak Finteg
(GHz) (um)  (mJybm™')° (mJy)
Radio 6.0 5ed 2.19+0.11 64.8+3.3
Radio NT* 6.0 5ed 0.66 + 0.05 3.8+04
Sub-mm? 232.0 1290 1.23 £0.15 117 £ 15
Sub-mm 270.1 1110 554 + 31 (1.74+0.1) x 103
mid-IR 599.6 500  (10.4+0.1) x 103 (42.3 £0.7) x 103
mid-TR 856.5 350 (17.6+£0.4) x 103 (87.8 £ 2.6) x 103
mid-TR 1199.2 250  (26.1+£1.1) x 10> (168.5 &+ 8.4) x 10?
mid-IR 4282.0 70  (21.841.9) x 10> (186 £ 18) x 103
mid-TR 1.4e4 22 0.48 £ 0.02 6.4 4 0.2
NIR/Opt 3.7ed 8 13.8 4 0.8 69.1 +4.9
Opt/UV l.le5  2.73 64.9+5.3 (1.5 +0.1) x 103

¢ Fluxes reported in this row are measured over the linear non-thermal emission region
only (see right panel of Figure 8.1).

b Fluxes reported in this row are measured from our new ALMA observations.

¢ The approximate beam sizes for these images are 3.7, 1.4, 33, 37, 25, 18, 6.5, 10.8, 2.5,
and 0.4 arcsec at 5e4, 1290, 1110, 500, 350, 250, 70, 22, 8, and 2.73 pum.

2007; Casili et al. 2007). Flux densities from these observations are reported

in Table 8.2, and are discussed in §8.4.1.

8.3 ALMA imaging process

8.3.1 Spectral line imaging

We use a custom procedure, which combines the 12 m, 7 m, and total power
array data, to image all of our spectral lines. First, we split out the respective
spectral windows of the line being imaged in the 12 m and 7 m data, using the
CASA split task. Since the 7 m data were taken in 3 different executions, with
the spectral windows slightly offset in frequency between executions, we use the
mstransform task to combine the 7 m spectral windows, for each line, from

each execution. We then create a template 12 m + 7 m image by running the
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clean task with both of the 12 m and 7 m split measurement sets as input, and
a single clean iteration. The accompanying single dish image for the spectral
window (i.e. the total power array image output from the ALMA pipeline) is
re-gridded to this template image using the imregrid task. We ensure that
this re-gridded single dish image has the same primary beam response (i.e.
lower in the outskirts of the image) as the 12 m + 7 m template by multiplying
the re-gridded image by the primary beam template image (i.e. *.flux image in
CASA). Using the imtrans task , we rearrange the stokes axis of the re-gridded
image to be compatible with the CASA clean task. We then run the clean
task with both of the 12 m and 7 m split measurement sets as input, and the
re-gridded single dish image as a model image. Following this, we take the
positive-only interferometer components from the clean model, smooth them
to the synthesized beam using the imsmooth task, and combine the smoothed
interferometer component image with the re-gridded single dish image, using
the feather task. Lastly, we run the clean task again with both of the 12 m
and 7 m split measurement sets as input, and the feathered single dish image
as a model image. All imaging is done with natural weighting to maximize
sensitivity, a pixel size of 0.2 arcsec, and the multi-scale algorithm (scales of
[0,1,5,10,15]x the pixel size). See Appendix 8.7.1 (Figure 8.15) for a primary
beam noise map of the region. We also tested the combination of single-dish and
interferometer data directly through weighted averaging in the Fourier plane
using the feather task in CASA only, and did not find any clear improvements

in image quality.

8.3.2 Continuum imaging

To image the ALMA continuum emission, we split out the continuum spectral
window in the 12 m and 7 m data, using the CASA split task, and then used
the mstransform task to combine the 7 m continuum spectral windows from

each execution. We then flag the channels with clear line emission in this
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spectral window (determined by examining the data in plotms), and use the
clean task to perform multi-frequency synthesis imaging on the combined 12
m + 7 m data. In this imaging process, we used natural weighting to maximize
sensitivity, and two Taylor terms to account for the wider bandwidth. Note
that the single dish data from the total power array does not have a continuum

component.

8.4 Results

8.4.1 Continuum Emission from IRAS 1913241035

The top panels of Figure 8.2 display radio continuum, radio spectral index, and
sub-mm continuum emission maps of the IRAS 19132+1035 region; Figure 8.4
displays IR through UV continuum emission from the IRAS 1913241035 region.

The radio continuum emission is mainly extended over a 43 arcsec x 41
arcsec region, and displays a unique morphology; a linear feature (dimensions
of 8 arcsec x 11 arcsec) extending in the direction of the central BHXB, and
a sharp edge on the opposite side of the region. The emission from the lin-
ear feature shows a steep spectral index (o ~ —0.7, where f, o< v*) that
is distinct from the flat (av ~ 0) spectral index observed in the rest of the
region. This suggests that the emission in these two zones originates from
different processes. In particular, the steep spectral index is consistent with
non-thermal synchrotron emission from a relativistic plasma, commonly ob-
served from BHXB jets (Fender, 2006), while the flat-spectrum emission is
consistent with thermal bremsstrahlung emission from ionized hydrogen gas.
Previous work (Rodriguez & Mirabel, 1998; Kaiser et al., 2004) estimated the
temperature of the ionized hydrogen gas, using the width of a hydrogen recom-
bination line (H92«) detected in this region, to be 1.2 x 10* K. The sharp edge
seen in the radio continuum emission, on the side of the IRAS 1913241035

region furthest from the central BHXB, has previously been associated with a
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potential bow-shock feature created by a jet-ISM interaction, or the ionization
front from an Hir region (Chaty et al., 2001).

At sub-mm frequencies, the continuum emission in TRAS 19132+1035 is
confined to two regions, which are much more compact when compared with
the extent of the radio continuum feature. One of these sub-mm continuum
regions is consistent with the location of the peak flux density in the radio
continuum (dimensions of ~ 11 arcsec x13 arcsec), and the other is located to
the north of the radio continuum peak (dimensions of ~ 19 arcsec x 18 arcsec).
We do not detect sub-mm emission from the linear radio jet feature. This
non-detection is expected, given that an extrapolation of the steep synchrotron
spectrum to sub-mm frequencies predicts a flux density (~ 54uJy) below our

ALMA detection limits (~ 130uJy).
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The bulk of the emission at mid-IR frequencies (i.e. 22-500um) in IRAS
1913241035 is extended, and centred on the thermal radio continuum feature.
Given the integrated fluxes reported in Table 8.2, both the sub-mm and IR
continuum emission likely originate from thermal dust emission. This thermal

dust emission is best modelled as a modified black-body, represented by,

2h13 Ky Xmol

2
“ (oo fw] 1)

where we use the opacity law (Beckwith et al., 1990),

I, =

(8.1)

ky, = 0.1 em? g7t (v/1 THz)”,

[ represents the emissivity index, Ty.s represents the dust temperature, and
Ymol Tepresents the molecular gas surface density implied by the dust emission.
Note that this value of the dust opacity includes a gas-to-dust ratio of 100 by
mass.

To estimate the physical properties of the dust emission region, we fit (us-
ing a Markov Chain Monte Carlo (MCMC) algorithm) the broad-band sub-
mm through IR (22-1110 ym; see Table 8.2) spectrum, with the modified
black-body function of Equation 8.1. The best-fit parameters are displayed
in Table 8.3, and the broad-band spectrum (with the best-fit dust model over-
plotted), is shown in Figure 8.3. We do not include our ALMA sub-mm contin-
uum flux density measurement in the fit, as we lack single dish continuum data
(we only have continuum data from the 12 m & 7 m arrays). Therefore, we do
not recover all the flux from the region in these ALMA continuum observations,
which leads to a lower overall integrated flux density measurement.

In the UV /optical/NIR bands (i.e. A < 8um), the emission from the IRAS
19132+1035 region is dominated by compact point sources, the brightest of
which coincides with the peak of the radio continuum emission. Therefore,

emission in these bands appears to be mainly stellar emission.
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Figure 8.3: Broad-band spectrum of the continuum emission from IRAS

1913241035. The blue points indicate the integrated flux densities from Table 8.2,
and the grey dotted line indicates a modified blackbody fit to the 22-1110 um data
points (see text in §8.4.1 for details). Different emission processes (highlighted colour
bands labeled on plot) dominate the IRAS 1913241035 continuum emission in dif-
ferent frequency ranges.

Table 8.3: Best-fit parameters for dust emission in IRAS 19132+1035

Parameter Best-fit value
Tdust 2901t8%§ K
¥ ol 450.07 115 Mg pe?
0.03
B 1.4479 063
690
M o) 1200:150 Mg

¢ The mass of the molecular medium derived from the dust emission is not a fitted
parameter, but found using the expression Mol = Lmoif2D?. To properly account for
uncertainties in distance (D) and surface density (Xm01) we performed Monte Carlo
simulations, sampling from the posterior distribution of ¥, output from the fitting
procedure, and the known geometric parallax distance distribution (Reid et al., 2014a).
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Figure 8.4: Multi-wavelength continuum observations of the IRAS 19132+1035
region. Fach panel is labeled with the wavelength (top left), and the instru-
ment/telescope/survey (top right) for that specific image. The contours in all panels
are the VLA radio frequency contours, as seen in Figure 8.2; 0.2, 0.3, 0.4, 0.5, 0.75, 1,
2, and 3 mJy bm™!. The colour bars indicate the flux density in units of mJy bm™!,
except for the top left panel which has units of Jybm™ . These multi-wavelength
images display the extent of the contributions from other continuum emission sources
in the region, namely dust (top row) and stellar emission (bottom row).
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8.4.2 CO line emission from IRAS 1913241035

Integrated intensity maps of the 2CO, ¥CO, and C'®O emission across the
IRAS 1913241035 region are shown in the bottom panels of Figure 8.2. In
these maps, we detect bright emission from the different isotopologues of CO,
coincident with the radio continuum feature. However, we see very little emis-
sion to the south of the radio continuum feature (other than in >CO).

As the CO emission tracks where most of the molecular gas is located, we
expect signatures of a jet-ISM interaction to appear best within the CO emis-
sion morphology. In particular, in the framework of the jet-ISM interaction
model presented in Kaiser et al. (2004), the radio continuum feature is housed
inside a jet-blown bubble in the molecular cloud, and the entire IRAS source
is thought to represent shock-heated ISM material located near the jet im-
pact zone. The key morphological features we then anticipate to observe are
a cavity structure surrounding the linear non-thermal emission feature (possi-
bly extending towards the peak of the radio continuum), a ring-like bow shock
feature hugging the sharp southern edge of the entire radio continuum, and
shocked molecular gas to the south of the radio continuum feature (see Fig-
ure 8.1 right). However, we see none of these expected features within the CO
emission. While this does not rule out a jet-ISM interaction in this region,
it strongly suggests that the entire IRAS 1913241035 region (or at least the
flat-spectrum radio continuum feature) is not predominantly shaped by such
an interaction.

To investigate the possibility of a jet-ISM interaction on smaller scales (i.e.
smaller than the extent of the radio continuum feature), we examined the CO
emission properties, namely spectra and line ratios, across different regions of
interest in the imaged field; the base of the non-thermal jet feature (A), the
radio peak of the non-thermal jet-feature (B), the peak of the radio continuum
(C), and an off position well away from the radio continuum feature (D; shown

in Figure 8.5 left). To characterize the spectral line properties, we fit each
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detected line with one or more Gaussian components, where we have estimated
the uncertainties on the spectral data points for each line by taking the median
absolute deviation of spectral data points well away from the line emission (see
Table 8.4).

The line profiles and intensities of the CO emission clearly vary across the
IRAS 1913241035 region (see Figure 8.5 right). Regions A and B display CO
lines with double peaked, more asymmetric profiles, when compared to regions
C and D. The peak intensities also differ between regions, where the brightest
emission from all the isotopologues occurs in region C, coincident with the peak
of the radio continuum emission.

In a previous molecular line study of this region conducted with the IRAM
30m telescope (which had lower sensitivity, as well as lower spectral and angu-
lar resolution, when compared to our ALMA observations), Chaty et al. (2001)
detected the '2CO (J =2 — 1) and ¥CO (J = 2 — 1) transitions at multiple
positions along a slice through the radio jet feature. Our new spectral mea-
surements of the CO emission in the IRAS 1913241035 region are consistent
with those reported in this previous study, in terms of the central velocities
and peak intensities of the '2CO and *CO lines (~ 67 kms™' and ~ 20, 11
K, respectively), as well as the asymmetric line profiles observed near the jet
feature.

The CO line ratios also vary substantially across the TRAS 1913241035
region (see Figure 8.6%). In particular, region A displays an atypical ratio of
12C0/CO~ 1. This line ratio indicates the presence of optically thick (likely
very dense) gas, preferentially located in the region coincident with the base of

the non-thermal jet feature.

4To create this ratio map, we use the '*CO as a template to find the velocity channel
with the maximum intensity in each pixel, then compute the line ratio for each pixel using
the intensity in the matching velocity channel of the *2CO spectrum. This procedure ensures
that we are not comparing emission at different velocities.
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Table 8.4: CO line emission properties from Gaussian fits to IRAS 1913241035 sub-

mm emission

Reg. Line # of

Comp.?

T,’
(K)

FWHM
(kms™1)

V.°©
(kms™1)

A BCO 2

BCo 2
C180 2
B 1200 2
BCo 2
C180 2

c  12co 1
BCo 1
C180 1

D 2¢O 1
13CO
Cr0

—_ =

10.6070-03
16231000
10.317016
7451007
2.051902
3.7570 05

10.1610 02
19.751003
9.56 000
3.49702
BB
3214002

+0.02
22.1019:92
+0.01
15.2510:01
0.01
5.2510701

+0.007
3'0270.006

+0.009
0‘25—0.009

0.009
11.05%0 007

+0.01
2.68 2001
+0.02
1 '85_0‘02

+0.03
2.1075:93

0.03
0.90 g3
+0.03
2.10%003

2.767003

2731001
2.4315:01
2774083
1.637054
1.320-30
1.98% 505

+0.004
3.707 ) 004

+0.002
2'83—0.002

+0.003
1.8870'003

+0.002
2.89_0'003

+0.005
2.0370.004

+0.08
2.0470:08

65.73700
68.5470:91
66.321001
68.2770:02
66.0470-91
67.5970-01

65.5470:91
68.430 005
66.9170:02
68.6119:92
66.2270-07
67.617003

0.002
67-37:).002
0.001
66.9170 001
0.001
67.0770 001
0.002
675610005
0.04
67.7270 04

0.001
67.4070 001

“Number of Gaussian components needed to fit the line.

Peak intensity of Gaussian components.

¢Central velocity of Gaussian components.
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Figure 8.6: 12C0O/'3CO isotopologue ratio map of the IRAS 1913241035 region.
The colour bar indicates the line ratio values. The contours represent the VLA
radio frequency contours; levels of 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJybm™!
(see Figure 8.2). Regions where the *CO emission is < 5 K are masked. The
region located at the base of the radio jet feature displays an atypical line ratio,
12C0/13CO~ 1, signifying very optically thick (dense) gas in this zone.

To examine the kinematics of the molecular gas near our regions of interest,
we created Position-Velocity (PV) diagrams of 12CO, ¥CO, and C'¥0, from a
slice through the linear non-thermal jet feature (see Figure 8.7 right). Within
these diagrams, we observe a distinct hole in the ¥*CO and C'®0O molecular
emission, spatially coincident with the location of the non-thermal jet feature.
Additionally, we observe an elongated lobe, extended towards lower velocities,
located at the inner edge of the jet feature. These PV features are unique to the
jet feature region (i.e. they do not appear in the shifted PV slices; see Figure 8.7
left), and indicate not only that the gas is being spatially displaced away from
the linear jet feature region, but also that this displaced gas is being pushed
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Figure 8.7: Kinematic analysis of the CO emission in the IRAS 1913241035 region,
over a slice through the radio jet feature (solid blue rectangle) and a slice offset from
the radio jet feature (dotted blue rectangle). The left and right panels display the
PV diagrams of 2CO (top), 13CO (middle), and C'8O (bottom) from the respective
slices. Contours are 5.0, 10.0, 15.0, 17.5, and 20.0 K for 2CO, 5.0, 6.5, 8.0, 10.0,
11.0, and 12.5 K for 3CO, and 1.0, 2.5, 3.5, and 4.0 K for C'80 in both the left and
right panels. The middle panel displays the location of the slices through the CO
cubes, where the contours represent the VLA radio frequency contours; levels of 0.2,
0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJy bm ™! (see Figure 8.2). The purple shading in the
right and middle panels indicate the spatial location of the radio jet feature. The
red ticks in the middle panel correspond to the offset along the slices, in increments
of 10 arcsec (from the lower left; 0, 10, 20, 30, 40, 50, 60, 70 arcsec). Kinematic
features unique to the radio jet feature region (i.e. a distinct hole in the 3CO and
C'80 emission, and an elongated lobe extended towards lower velocities), suggest
that the gas in this region is being punched from behind (the direction of the BHXB
jet), resulting in the excavation of a jet-blown cavity.
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Table 8.5: Shock tracing line emission properties from Gaussian fits to IRAS
1913241035 sub-mm emission

Line # of Ty’ FWHM V.
Comp.* (K) (kms™') (kms™1)
CH30H 1 0.0870005 2637019 67.007007

SiO North 1 0.1179:92 1014924 66.660:19
SiO South 1 0.047000% 10.017088 65.56703]
CS Northd 1 0.05%9%3 2707987 66.73794]
CS South 1 0128000 212798 67.03703

“Number of Gaussian components needed to fit the line.
bPeak intensity of Gaussian components.
¢Central velocity of Gaussian components.

4Note that an additional constant baseline flux component was required when fitting this

o . +0.002
line; its amplitude was 0.0227 755 K.

to lower velocities. Both of these kinematic properties are consistent with the
gas in the jet feature region being punched from behind (i.e. in line with the
direction of the BHXB jet), resulting in the excavation of a potential jet-blown
cavity. We note that these enhancements/depletions in the CO emission are
not seen as clearly in the '2CO compared to the ¥*CO and C'®0 emission. This
is likely a result of opacity effects; the 2CO emission is optically thick, and
this will in turn make it difficult to detect such enhancements/depletions in the

2C0 emission.

8.4.3 Shock-tracing line emission from IRAS 19132+1035

Integrated intensity maps and spectra for the CH30H, CS, and SiO transitions
detected in the IRAS 1913241035 region are shown in Figure 8.9, with the
spectral line characteristics from Gaussian fits displayed in Table 8.5. We did
not detect the NoDT molecule in the region, where we place an estimated 30
upper limit on the integrated intensity across the IRAS 19132+1035 region of
0.69 Kkms™".

The majority of the emission, showing the brightest integrated intensities,
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from the CH30OH, CS, and SiO molecules are confined to a region located to
the north of the radio continuum peak, coincident with sub-mm continuum
emission. Additionally, the CS line is detected in another region near the radio
continuum peak, and the SiO line is detected in a compact region near the base
of the jet feature. These shock tracing emission lines have much lower peak
intensities than the CO lines; the CH3OH line has a peak intensity of ~ 80 mK,
CS has a peak intensity between ~ 50-120 mK, and SiO has a peak intensity
of ~40-110 mK.

While the CH30H and CS lines appear to have similar line widths to that
of the CO in region C (~ 2-3kms™"), the SiO detections show both signifi-
cantly wider (southern detection) and narrower (northern detection®; also see

Figure 8.8) line widths when compared to CO (~ 10kms™" and ~ 1kms™).

In their previous molecular line study of IRAS 19132+1035, Chaty et al.
(2001) reported the detection of the shock tracing molecules, CS (J =2 — 1)
and SiO (J =2 —1 & J =3 —2), at locations near the radio continuum peak
and the non-thermal jet feature, respectively. The location, central velocity (~
67kms™ ") and line width (~ 2—3kms™") of our southernmost detection of CS
(J = 5—4), is consistent with the previous detection of the J = 2—1 transition
of this molecule. Similarly, the spectral line properties of our northernmost
detection of SiO (J = 5 — 4) also appears to be consistent with the previous
detection of the J = 2 — 1 and J = 3 — 2 transitions by Chaty et al. (2001),

especially in terms of the observed narrow line widths of only a few kms™*.

Given its proximity to the non-thermal jet feature (i.e. the suspected jet
impact site), and the compact nature of the emission region, our northernmost
Si0 detection may originate in a shock produced as the BHXB jet collides with

the ISM. However, the narrow line width implies the shock velocity must be

®Despite the narrow line width and low integrated intensity for the northern SiO detection
(when compared to the southern SiO detection), we are confident this detection is real, as
the central velocity matches that of the other shock tracing line detections, and the peak
intensity of the line is > 50 above the estimated noise level (~ 0.02 K) in the spectrum.
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Figure 8.8: Integrated intensity map of SiO (v = 0, J = 5 — 4) emission in IRAS
1913241035, zoomed in to show the northernmost detection (indicated by the black
circle). The integrated intensity map covering the entire IRAS 1913241035 region
can be seen in the rightmost panel of Figure 8.9. We are confident that this detection
is real and not simply a noise feature; the emission spans multiple channels, the peak
intensity of the line is > 50 above the estimated noise level (~ 0.02 K), and the
central velocity matches that of our other shock tracing line detections.

quite low®. The remainder of the shock tracing emission we detect is only found
in regions located well away from the non-thermal jet feature. Therefore, these
detections are unlikely to be associated with a potential jet-ISM interaction
site in IRAS 1913241035 and must originate from another source of feedback
in the region, likely from high mass star formation (see §8.5.2). This conclusion
is also supported by the vastly differing line widths between the SiO detections
in these two shocked emission regions. The molecular gas to the south-east of
the jet feature likely has a much faster shock compared to the molecular gas
near the base of the jet feature (see Figure 8.9 and Table 8.5), suggesting that

these shock features are powered by feedback from different objects.

6See §8.5.5 for a discussion on this low shock velocity.
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Table 8.6: HoCO line emission properties from Gaussian fits to IRAS 1913241035
sub-mm emission

H,CO # of T,, FWHM V.

Transition Comp.” (K) (km s_l) (km s_l)
J=303—202 North 1 0.6470503 2.227500 67.1570058
J =303 — 202 South 0.4970:003 9001992 66.89 090
J =321 — 290 North 0.1070007 2.361017 67.07002
J =351 — 250 South 0.1173:993 1.8619:9 66.98+0-92
J =355 — 25 North 0.1019:005 9 37+0-12 67.2010:0%
J =329 — 251 South 0.0970003 2.1815-08 66.967005

—_ = = =

“Number of Gaussian components needed to fit the line.
Peak intensity of Gaussian components.
¢Central velocity of Gaussian components.

8.4.4 H->CO line emission from IRAS 1913241035

Integrated intensity maps and spectra for the three HoCO lines detected in
the TRAS 19132+1035 region are shown in Figure 8.11, with the spectral line
characteristics from Gaussian fits displayed in Table 8.6.

The majority of the emission from HyCO is confined to regions coincident
with the sub-mm continuum emission (i.e. centred on the radio continuum peak,
and a region to the north of the radio peak). The brightest HyCO line displays
a peak intensity of ~ 0.6 K, while the weaker lines display peak intensities of
~ 0.1 K. The line widths of all three transitions are similar to those of the
CH3OH and CS molecules present in the same region (~ 2kms™).

To derive an estimate of the physical properties of the molecular gas (i.e.
temperature and density) in the IRAS 1913241035 region, we model the HyCO
lines with RADEX radiative transfer models, using the PYSPECKIT python
package”. This package implements RADEX model grids over a range of den-

sities, column densities, and temperatures® to fit a five parameter model to the

"https://github.com/pyspeckit/pyspeckit
8We implement pre-computed RADEX model grids over temperature, density, and column
density; 5 < T < 205 K, 10?2 < n < 107cm ™3, and 10'° < N < 107 cm 2.
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HyCO spectrum: line intensity, line width, temperature, density, and column
density. For this modelling, we simultaneously fit the HoCO(J = 3035 — 2¢2),
HyCO (J = 322—251), and HyCO (J = 391 —22) lines in regions where we de-
tect significant HoCO emission. We define a significant detection of HyCO as re-
gions where emission in the T,,x map of the brightest transition (J = 3¢3—20.2)
reaches a > 30 level. This translates to regions where the HyCO (J = 30 3—20.2)
emission is > 0.25 K.

When performing the RADEX modelling, with all of the parameters left
free, we are unable to accurately map the temperature in the region, as varia-
tions in density appear to be driving artificial variations in the fitted tempera-
ture. This result is likely due to the degeneracies between the temperature and
density parameters in the model. Therefore, we choose to fix the density at
the central value of n = 10 cm ™3, and refit the spectrum. A temperature map
of the region output from this process is shown in Figure 8.10. Based on this
map, the hottest molecular gas in the region appears to be clustered around the
radio continuum peak. Additionally, there is a distinct lack of HoCO emission
within, and at the base of, the non-thermal jet feature (see Figure 8.11). This
indicates the absence of hot molecular gas within and at the base of the jet

feature, when compared to the surrounding zones.
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Figure 8.10: Temperature map of the molecular gas in the TRAS 19132+1035 region,
obtained from fitting the HoCO lines with RADEX models. In this fit, we fix the
density in the region to n = 10* cm™3. The temperature map shown here is masked
to regions where we detected HoCO emission (see §8.4.4 for details). The contours
are the VLA radio frequency contours; levels of 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3
mJybm™! (see Figure 8.2). The colour bar indicates the temperature in units of K.
The largest temperatures in the region appear to coincide with the peak of the radio
continuum.
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Figure 8.12: C'80 column density map of the IRAS 1913241035 region. The colour
bar represents the C'*O column density in units of 10! cm™2. The green contours
indicate regions with the highest column densities, at levels of 5.5, 6.0, 7.0, and
8.0 x10 em™2. The white contours represent the VLA radio continuum contours;
levels of 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJybm ™" (see Figure 8.2). These data
should represent the column densities of Hy after scaling the map values by a factor
of 1.5 x 10%. Molecular gas with the highest column densities appears to hug the jet
feature, consistent with the presence of a jet-blown cavity in this region.

8.4.5 Column densities

To accurately map the column density of the molecular gas in the IRAS 19132+1035
region, we use the C**O line emission. A detailed derivation of this column den-
sity is provided in Appendix 8.7.2. Figure 8.12 shows the C1¥0 column density
map of the IRAS 19132+1035 region. This column density should give a good
indication of where the majority of the gas mass is located in the region. Simi-
lar to what is observed in the CO integrated intensity maps (Figure 8.2 bottom
row), most of the molecular gas coincides with the radio continuum feature.
Additionally, the gas with highest column densities (indicated by the green
contours) appears to surround and hug the linear jet feature, consistent with

the gas building up along the edges of a potential jet-blown cavity in that

304



region.

We opt to calculate the Hy surface density from the molecular emission,
since the dust maps lack sufficient resolution to map the small-scale structure
of the region. Assuming a fractional abundance of 2CO/H, = 2 x 10~ and
160 /180 = 300 for Rg = 6 kpe (Wilson & Rood, 1994), yields a ratio of
H,/C0O = 1.5 x 105. The implied H, column densities of the molecular gas

can be obtained by scaling the values in Figure 8.12 by this factor.

8.5 Discussion

8.5.1 Evidence for a jet-ISM interaction

In this work, we have presented extensive new data tracing the molecular line
emission and mapping the ISM conditions across the IRAS 1913241035 region.
These data provide multiple lines of new evidence supporting an association
between the IRAS 19132+1035 region and the GRS 19154105 jet. In particular,
our key new evidence for a jet-ISM interaction in the IRAS 1913241035 zone

are as follows:

1. CO kinematics indicate the gas in the region covered by the radio jet
feature is being hit from behind (in line with the direction of the GRS
19154105 jet), resulting in the creation of a jet-blown cavity in the molec-
ular gas at this location (see §8.4.2 and Figure 8.7).

2. CO line ratios indicate the presence of over-dense gas at the apex of the
suspected jet impact zone (i.e. the base of the radio jet feature), consistent
with gas being excavated to form a cavity in the radio jet feature region

(see §8.4.2 and Figure 8.6).

3. Regions with the highest CO column densities, tracing where most of

the gas mass is located, surround and hug the radio jet feature. This
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morphology likely traces out the extent of the jet-blown cavity in this
region (see §8.4.5 and Figure 8.12).

. CO lines display asymmetric, double peaked line profiles, in regions lo-
cated at the base of, and within the radio jet feature. This indicates the
presence of multiple gas components, at different velocities, consistent
with a collision between the jet and molecular gas in these regions (see

§8.4.2, Figure 8.5, and Table 8.4).

. The lack of HoCO emission indicates the absence of hot molecular gas
in the suspected cavity region (where the molecular gas may have been
excavated by the jet in this region; see §8.4.4, Figures 8.11 & 8.10, and
Table 8.6).

. Shock-tracing emission (SiO) is detected in a compact region near the jet
impact zone, potentially indicating a weak shock in the molecular gas at

this site (see §8.4.3, Figure 8.9, and Table 8.5).

While all of this new evidence supports a jet-ISM interaction in the IRAS

19132+1035 region, we find that this interaction occurs on much smaller scales

than postulated by previous works, and does not dominantly power or shape

the whole IRAS 1913241035 region. Rather, our data suggests that in the

IRAS 1913241035 region, we are observing a weaker long-range jet-ISM inter-

action with a molecular cloud that also hosts a high-mass star forming region.

Figure 8.13 displays an update on the Kaiser et al. (2004) schematic model

(shown in Figure 8.1 right) of the IRAS 1913241035 region, based on our new

data, where we label key morphological and emission features.
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Figure 8.13: Schematic of the IRAS 1913241035 region, mapping out the key mor-
phological and emission features detected in our ALMA data. All regions of interest
are colour coded and labelled, and the magenta dotted line indicates the center of
the jet-blown cavity. The contours represent the VLA radio continuum contours;
levels of 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJybm ™! (see Figure 8.2). Our high
resolution ALMA data has allowed us to distinguish between two different feedback
mechanisms powering the IRAS 1913241035 region; the BHXB jet and a high mass

star formation region.
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8.5.2 Star formation feedback in the IRAS 1913241035

region

To estimate the influence that star formation may have had on shaping and
powering the IRAS 1913241035 region, we consider the thermal component of
the radio continuum to estimate the properties of a young cluster that would be
required to explain the thermal continuum. We calculate the emission measure
(EM) of the region to be 1.3 x 10° pc cm™® (Wilson et al., 2013), based on the
peak brightness temperature of the radio emission at v =5 GHz (15 = 8.3 K;
from Table 8.2). The projected area of the radio continuum emission region is
Q) = 1200 arcsec?. If we assume a spherical geometry with R = (QD?/x)!/?
at a distance of D = 8.6 kpc, the radius of the region is R = 0.81 pc, and

the implied density for a uniform gas is n, = 290 cm~3.

Assuming a steady
state, a pure-hydrogen nebula, and Case B recombination (using ap = 4 X
1073 em?s™; T, = 1.2 x 10*K; Kaiser et al. 2004), we require an ionizing
photon budget of () ~ (%”R?’oz pn?) ~ 2 x 10"s™1, which corresponds roughly

to the output of a single O8.5V star with mass M ~ 19 M, (Martins et al.,
2005).

Given the coarseness of the estimate, this conclusion is consistent with the
analysis of Kraemer et al. (2003), who analysed the mid-infrared and 3.6 cm
radio continuum fluxes, and determined that the driving source for this object
is a BOV star (G45.19 in their study). Assuming a Kroupa (2001) IMF, this
implies the region hosts a small cluster with a total mass of M, ~ 200 Mg,
with some uncertainty owing to the stochastic sampling of the IMF. The mass
of the molecular gas, as seen in the entire ALMA imaging field is ~ 500 M,
which implies a typical star formation efficiency of esp = M, /(Mgas+M,) = 0.3
(cf., Lee et al., 2016).

Using the same radius for the infrared emission and the dust properties

derived in Table 8.3, we calculate the infrared luminosity of the associated
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cluster to be L ~ 2.8 x 10* L. If the cluster luminosity is dominated by
the O star (L ~ 7 x 10* Lo, Martins et al., 2005), this implies < 40% of the
luminous output is re-radiated in the infrared. This finding is consistent with
the “bubble” morphology seen in the infrared imaging (Figure 8.14). The size
of the larger blowout is ~ 2 pc, all consistent with a young cluster driving a
blister Hir region (Gendelev & Krumholz, 2012) expanding at the sound speed
in T ~ 10* K gas, giving an age of t ~ 0.2 Myr. If we take Esp = Ligt as
the amount of energy deposited as feedback by star formation in the region,
we find Fgp = 7 x 10°° erg. The remainder of the energy is assumed to leave
the region as optical/UV light.

In summary, IRAS 19132+1035 is small molecular cloud (M ~ 500 M)
that hosts a young, medium mass stellar cluster with M ~ 200 M and age t ~
0.2 Myr. A single O9 star is sufficient to explain (1) the total infrared luminosity
in this region, (2) the thermal radio continuum, and (3) the blowout morphology
seen in the mid- and far-infrared imaging. Such a young region would also be
sufficient to explain the weak SiO emission and the gas heating seen in the
HyCO emission. Given the apparent youth of the region, the non-thermal
emission in the radio continuum is difficult to explain through supernovae and
thus represents good evidence for the presence of the jet interaction in the field

of view.

8.5.3 Jet induced star formation

Given that we have shown compelling evidence that the GRS 1915+105 jet
is colliding with a molecular cloud in IRAS 1013241035, which houses a high
mass star forming region, we must consider the possibility that the jet has
triggered the star formation process in this region. Previous studies of the
IRAS 1913241035 region have suggested that, given the compact nature of the
molecular gas in the region, the jet may not only have triggered star formation

in the region (via compression of the molecular gas), but may also have in-
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Figure 8.14: . Zoomed out version of the 8um Spitzer GLIMPSE continuum image
displayed in the bottom left panel of Figure 8.4, where we have labeled the fainter,
diffuse emission features observed around IRAS 19132+1035. The contours represent
the VLA radio continuum contours; levels of 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3
mJy bm ! (see Figure 8.2). The colour bar displays the 8um flux density in units
of mJybm™!. The morphology of the diffuse dust emission in this infrared map is
consistent with a young cluster in the region driving a blister HiI region expanding
at the sound speed.
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duced the formation of the original molecular cloud by gradually collecting the
interstellar gas in its path (Chaty et al., 2001; Mirabel et al., 2015). In order
for either of these processes to occur, the GRS 19154105 jet must have been
active for much longer than we have been able to observe it (i.e. prior to 1992).
For example, the approximate timescale for a molecular cloud to collapse and

begin to form stars is on the order of a few Myr (Cazaux & Tielens, 2002).

While the age of GRS 1915+105 (and in turn the timescale of past jet
activity) is not well constrained, there are many observable clues that suggest
GRS 19154105 may in fact be a very old stellar system. Given measured proper
motions of the jet ejecta launched from GRS 19154105 (ptapp = 17.6 mas day™*,
firee = 9.0masday '; Mirabel & Rodriguez 1994), and the known inclination
angle (i = 60 & 5°; Reid et al. 2014a), we estimate the true velocity of the jet
ejecta to be

. ,uapp — Mrec
Beos(i) = =2 — () 94¢. (8.2)
,uapp + Hrec

When combined with the 42.5 pc separation between GRS 19154105 and IRAS
1913241035 (i.e. 17 arcmin at 8.6 kpc), this implies a travel time of the jet
between the two of > 150 years (allowing for the potential of a decelerating
jet), which supports the hypothesis that the source must have been active
prior to 1992. Additionally, the donor star in GRS 19154105 is known to be a
red giant undergoing Roche lobe overflow, meaning the source has likely been
actively accreting (and producing a jet) on a timescale at least as long as the
time for the donor star to cross the Hertzsprung gap and remain in the giant
branch (~ 10% —10? years; Mirabel et al. 2015). Further, GRS 1915+105 is one
of a handful of systems with measured 3-dimensional velocities (Miller-Jones,
2014). The low measured peculiar velocity of GRS 1915+105 (22424 kms™')?
indicates that this system likely did not receive a large natal kick at birth (i.e.

no supernova explosion), but rather may have obtained its current velocity by

9As this measurement is consistent with zero velocity (within the errors), it cannot be
used to derive an age estimate.
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galactic diffusion (random gravitational perturbations due to collisions with
the spiral arms and giant molecular clouds; Reid et al. 2014a). In this case,
GRS 1915+105 could have orbited the Galaxy several times, and be as old as
a few Gyr (Dhawan et al., 2007; Mirabel, 2017).

Even though the predicted age of GRS 1915+105 may be consistent with
the timescales for triggered star formation to occur, the thermal dust morphol-
ogy provides hints that this may not be the case for IRAS 1913241035. In
particular, a ring-like structure directed towards the north-east can be seen in
the 8um Spitzer GLIMPSE continuum image of the region surrounding IRAS
1913241035 (Figure 8.14). The presence of this structure suggests that the
star formation in the IRAS 1913241035 zone could have been triggered by an-
other bout of star formation to the north-east, rather than the jet from GRS
1915+105, which is observed to come from the north-west direction. However,
we note that Mirabel et al. (2015) identify a faint filamentary structure in a
160um image of the same field (also visible in our 8um image), pointing in the
direction of GRS 1915+105; these authors suggest this structure could indicate
the BHXB jet played at least a minor role in shaping the molecular cloud and

governing the star formation activity in this region.

8.5.4 Constraints on jet properties

A common technique in AGN jet studies involves using the interaction sites
between the jets and the surrounding medium (i.e. the large-scale jet-blown
radio lobes) as accurate calorimeters, to estimate the jets’ power X lifetime
products (e.g. Burbidge 1959; Castor et al. 1975; Kaiser & Alexander 1997;
McNamara & Nulsen 2007). This technique can also be applied to jet-ISM
interaction sites near Galactic BHXBs in the cases where a jet-blown bubble
or cavity is detected (e.g. Cyg X-1; Gallo et al. 2005b; Russell et al. 2007; Sell
et al. 2015).

We follow the self-similar fluid model of Kaiser & Alexander (1997), which
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balances the ram pressure of the shocked ISM with the interior pressure exerted
by the jet-blown cavity (see Figure 8.13 for a schematic showing the cavity in
IRAS 1913241035, where non-thermal synchrotron emission in the cavity is
coloured blue). Assuming the jet direction remains constant (i.e. the jet is not
precessing), the jet is colliding with a medium of density py, the power being
transported by the jets (Qjet; averaged over the lifetime of the jets), solely
dependent on the properties of the ISM at the interaction site, is represented

as,

5\° P
Qjet = (5) C’_%L§ v? (8.3)

where L; represents the length of the jet as a function of time (¢), C; is a
constant dependent on the adiabatic indices of the material in the jet, cavity,
and external medium (I';, T';, I'.) and the jet opening angle (¢), and v rep-
resents the velocity of the shocked gas at the interaction site (colored red in

Figure 8.13). The full derivation of this jet power expression is provided in

Appendix 8.7.3.

Given the angular distance of IRAS 1913241035 from GRS 1915+105 (17
arcmin; see Figure 8.1 left), the length of the jet, L;, can be expressed as
(Kaiser et al., 2004),

D
L; =152 x 10" — cm, (8.4)
S11 2

where D represents the distance to the source in kpc, and ¢ represents the

inclination angle of the jet to our line of sight.

As the source geometry is unknown, to estimate the average density of the
medium the jet is colliding with in IRAS 1913241035, we follow Kaiser et al.
(2004), and model the region as a sphere of diameter 36.5 arcsec (centered
at coordinates 19:15:39.087, 4+10:41:22.652, to cover the extent of the radio

continuum feature; see Figures 8.1 and 8.13), at the distance to the source.
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The volume (in units of cm™3) of this spherical region is represented as
Viphere = 8.53 x 10°2D* f, (8.5)

where f represents a volume filling factor (f << 1 would indicate a hollow
shell). Using our Hy column density map (see §8.4.5 and Appendix 8.7.2 for
details), we estimate the gas mass!® in this spherical region to be 226 M.

These measurements yield an estimate of the average density in the region of

po=265x10"8D3f 1 gem™. (8.6)

Through combining these expressions, we can place constraints on the aver-
age power carried by the BHXB jet over its lifetime. We performed Monte Carlo
simulations, sampling from the known distributions of distance (D = 8.611¢
kpc), inclination (i = 60 £ 5°), opening angle (we use a uniform distribu-
tion between 0 and 4°, as Miller-Jones et al. 2006 report opening angle con-

straints of ¢ < 4°), and shocked gas velocity (v = 1.017)3gkms™!

; equivalent
to the FWHM of the northernmost SiO detection, coloured red in Figure 8.13),
and setting f = 0.1 (a reasonable assumption given that the jet is displacing
molecular gas), and I'; = I', = I'. = 5/3. This procedure yields an esti-
mate of the energy carried in the GRS 1915+105 jet of (6.775%) x 10*7 erg,

over a lifetime of 29.5785 Myr, resulting in a total time-averaged jet power of

(8.4757) x 1032 ergs™!.

Our GRS 1915+105 jet power estimate lies below the distribution of esti-
mated jet powers in the BHXB population (10%¢ — 103 ergs™!; Curran et al.

2014), and is orders of magnitude lower than estimated from the intensity/duration

0The mass reported here is estimated from the molecular gas contained by the radio
continuum feature, while the mass reported in §8.5.2 is estimated from the molecular gas
contained in the whole ALMA field of view. We use the former for these calculations, as this
estimate is more representative of the gas mass interacting with, and being displaced by, the
BHXB jet.
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of the radio flares that accompany transient jet ejections launched by GRS
1915+105 (e.g.,10% erg s™!; Fender et al. 1999a). This discrepancy in estimated
jet power could be a result of simplifying assumptions used in both methods
leading to over/under estimations of the jet power in either case. For example,
in our calorimetric method we have assumed a constant jet power over the
source’s lifetime. However, as GRS 19154105 was only discovered when it en-
tered outburst in 1992, the source must have spent at least some of its pre-1992
lifetime in a significantly less active quiescent state (presumably launching less
powerful jets; Plotkin et al. 2015). Further, in addition to transient ejection
events (Mirabel & Rodriguez, 1994), GRS 1915+105 has also been observed to
undergo extended periods in which a compact jet is present instead (Dhawan
et al., 2000). As these different types of jets are thought to produce different
radiative energies, travel at different bulk speeds (resulting in varying kinetic
energies), and be active over different timescales (Fender et al., 2004a; Fender,
2006; Russell et al., 2013a), it is reasonable to expect that the power output

from the jets does not remain constant in this source.

We have also assumed a constant external density. Given the ~ 40 pc dis-
tance between GRS 1915+105 and IRAS 1913241035, this is unlikely to be the
case. While there is no strong evidence that the transient ejections launched
from GRS 1915+105 are decelerating on large (arcsec) scales (presumably due
to a collision with a denser medium), deceleration on smaller scales (< 70 mas;
Miller-Jones et al. 2007a) cannot be ruled out. This in turn could indicate
the presence of a denser medium closer to the source, violating this second
assumption. The unknown geometry of IRAS 19132+1035 is also a source
of uncertainty in our calculations. Equally, estimates of jet power using the
radio flaring counterparts to transient ejections are known to fold in many as-
sumptions about unknown jet properties (i.e. composition, efficiency, equipar-
tition between jet particles and the magnetic field), which could contribute to

over/under estimations of the jet power in this case. Further, given that the
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transient jet events are rare, and relatively short lived when compared to the
compact jets in this source, their high jet power is not likely representative of

the average jet power over the source’s lifetime.

On the other hand, given the uncertainty regarding outburst duration and
jet duty cycle in GRS 19154105, our lower time-averaged jet power measure-
ment may instead reflect a jet that carries a much higher energy than we have
estimated, but has only been turned on for a relatively small fraction of its total
lifetime (rather than a jet with a constant, lower power output). For instance,
the discrepancy between our jet power and other estimates suggests that the
jet has only been on (i.e. GRS 19154105 has roughly been in outburst) for a

fraction of 1073-107° of its total lifetime.

Further, it has been postulated that the GRS 1915+105 jet may be pre-
cessing (Rodriguez & Mirabel, 1999; Rushton et al., 2010), which could result
in the energy carried by the jet being smeared around a conical path, with
only a fraction of the arc traced out by the precessing jet depositing energy
into the molecular cloud. Assuming the precessing jet traces out a cone, with
opening angle of ~ 10 degrees (Rodriguez & Mirabel, 1999) and edge length of
the distance between the sources (42.5 pc), then the power in the jet would be
larger by a factor of 2%fone ~, 150 (for Reene = 7 pc and arclength = 0.3 pc),

arclength

resulting in Qje precess ~ 1 x 10% ergs™!.

Moreover, until this point, we have only considered the case where the GRS
19154105 jet is always pointed in the direction of IRAS 191324-1035. In fact,
it is unlikely that the BHXB source and the IRAS 1913241035 source would
be lined up for the ~ 30 Myr jet lifetime we have estimated above. If the
relative velocities between the molecular cloud in IRAS 1913241035 and the
BHXB are different, the jet could be slicing through the molecular cloud for a
limited period of time, only depositing energy into the molecular cloud during
traversal. We briefly consider this case by exploring a simple model, where we

assume an elastic collision between the jet and molecular cloud. In this case,
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the power in the jet could be estimated by the kinetic energy of the displaced
mass, divided by the interaction time, according to

S M v?

Rcloud ) ’
AV

Qjet,slice = (87)

—_ol=

where d M represents displaced mass, dv represents the velocity of the displaced
gas, and AV represents the magnitude of the difference between the velocity
vectors of the BHXB and molecular cloud. Substituting in values calculated
above, 6M = 226 My, 6v = 1kms ™", Raowa = 2 pc, and AV = 22kms™"
(equivalent to the BHXB’s peculiar velocity!'!, where we assume the molecular
cloud undergoes pure Galactic rotation), yields Qjetslice ~ 4 x 102 ergs™. This
jet power estimate is on par with that estimated from the calorimetric method

above.

Overall, from the above calculations, it is clear that the jet is depositing
relatively very little energy into the molecular cloud (~ 10%"erg), especially
when compared to the feedback from the star formation process (~ 10 erg),

and thus does not dominantly power the IRAS 19132+1035 region.

Lastly, given the extent of the jet-blown cavity detected in the molecular
gas (8 arcsec at 8.6 kpc, equivalent to 0.3 pc) in IRAS 1913241035, we can
also place an estimate on the GRS 19154105 jet opening angle where,

¢ = arctan(0.3 pc/42.5pc) = 0.4°. (8.8)

This opening angle estimate is consitent with the upper limit of < 4°; reported

in Miller-Jones et al. (2006).

'We note that given the large uncertainties on the peculiar velocity measurement, it is
also consistent with zero (22+/-24 km/s).
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8.5.5 Comparison to other known jet-ISM interaction

zones

Given our uncertainty in how BHXB jet-ISM interactions are likely to manifest
in the surrounding ISM, it is of interest to compare the features of other in-
teraction sites with our observations of IRAS 19132+41035. Prior to this work,
two confirmed jet-ISM interaction sites near BHXBs in our Galaxy, which show
both a jet-blown bubble/cavity and evidence for shock excited gas, had been
identified; SS 433 and Cyg X-1. Additionally, there are four other BHXBs,
in which a jet-ISM interaction has been invoked to explain atypical radio and
X-ray emission properties, such as downstream radio/X-ray hot-spots and de-
celerating jet components; XTE J1550-564, H1743-322, XTE J1752-223, XTE
J1908+-094.

SS 433 is known to launch precessing jets (Margon, 1984; Hjellming & John-
son, 1981; Fabrika, 2004), and is located inside the large-scale W50 radio nebula
(192 x 96 pc at 5.5 kpc distance). This nebula displays a unique “sea-shell”
morphology, consisting of a central spherical component, and two oppositely
directed, elongated “ears”, believed to have been inflated by the jets (Dubner
et al.,; 1998). The eastern ear shows a helical pattern within the radio contin-
uum morphology, thought to mirror the large scale precession of the jets. The
western ear (which is believed to be located in a higher density medium) is
smaller in scale, brighter at radio frequencies, and displays multiple hot-spots
(Fuchs, 2002) that coincide with X-ray (Safi-Harb & Ogelman, 1997), infrared
(Band, 1987; O'Neill et al., 2000), and sub-mm molecular emission (CO, HCO™;
Huang et al. 1983; Durouchoux et al. 2000; Chaty et al. 2001). These hot-spots
are thought to mark sites where the precessing jet collides with the ambient
medium, and the dust and gas are being heated by a shock driven jet-ISM in-
teraction (Fuchs, 2002). Dubner et al. (1998) estimated the jets of SS 433 inject

an energy of ~ 10°! erg, over a lifetime of ~ 10% years, into the surrounding
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nebula, resulting in an estimated total jet power of ~ 103 ergs™1.

Cyg X-1 displays persistent, radio emitting jets (Stirling et al., 2001) that
are thought to be propagating through the tail end of a dense Hil region (Rus-
sell et al., 2007; Sell et al., 2015). Deep radio-frequency observations of the
field surrounding Cyg X-1 revealed a shell-like structure ~ 5 pc in diameter,
aligned with the jet axis of Cyg X-1 (Gallo et al., 2005b). This shell structure
was also observed in optical line emission (Ha, HS, [O111], [N11], [St1]; Russell
et al. 2007; Sell et al. 2015), although no diffuse X-ray emission was detected in
the region (Sell et al., 2015). To date, no molecular emission has been detected
in or around the shell structure. Gallo et al. (2005b) interpreted this shell
as a jet-blown bubble, containing thermal plasma, which formed as the result
of a strong radiative shock created when the jet impacted the ISM. However,
alternative explanations for the shell have been put forward, including a su-
pernova remnant, and a shock wave driven by the strong stellar wind from the
high mass companion star in Cyg X-1 (Sell et al., 2015). Gallo et al. (2005b)
inferred that the jets of Cyg X-1 would need to carry a time-averaged power
of ~ 9 x10% — 103" ergs™!, over a lifetime of ~ 0.02 — 0.32 Myr, to create and

maintain the jet-blown bubble structure in the surrounding medium.

XTE J1550-564, H1743-322, XTE J1752-223, and XTE J1908+-094 are tran-
sient BHXBs, which occasionally enter into bright outburst periods, typically
lasting on the order of months. During these outbursts, all of these systems
have been observed to launch transient jet ejecta. Following these ejection
events, compact radio and X-ray hot-spots, aligned with the jet axis, and lo-
cated at distances ranging from hundreds of mas up to arcseconds from the
central source (sub-parsec physical distance scales), have been observed in the
fields surrounding these systems (Corbel et al., 2005, 2002; Kaaret et al., 2003;
Yang et al., 2010; Miller-Jones et al., 2011; Yang et al., 2011; Ratti et al., 2012;
Rushton et al., 2017). Lateral expansion was detected in the radio hot spots of
XTE J1752-223 and XTE J19084-094 (Yang et al., 2010; Rushton et al., 2017).
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These features have been interpreted as working surfaces, where the jet ejecta
collide with the surrounding ISM, creating a moving shock front. Such features
are similar to those observed in the neutron star system, Sco X-1 (Fomalont
et al., 2001b,a). Further, deceleration detected in the bulk motion of jet ejecta
components launched from XTE J1550-564, H1743-322, and XTE J1752-223,
on timescales of tens to hundreds of days, provides additional evidence in favor
of the jet colliding with a dense medium surrounding these BHXBs (Corbel
et al., 2005, 2002; Yang et al., 2010; Miller-Jones et al., 2011). In XTE J1550-
564 and H1743-322, the two hot spot components (located on both sides of the
BHXB) were initially detected at the same angular distance from the central
source. This may indicate that the jets are propagating through an evacuated
cavity (carved out during a previous outburst by jets or accretion disc winds),
and become observable only when they collide with a denser phase of the ISM
at the edge of the cavity (Corbel et al., 2005; Hao & Zhang, 2009). On the
other hand, in XTE J1752-223 and XTE J19084-094, asymmetries between the
two detected hot spots (i.e. differing brightness, expansion rate, and proper

motions) have been attributed to varying ISM densities.

In the majority of the interaction cases, there is evidence that the BHXB jet
carves out some form of cavity /bubble in the intervening medium as it prop-
agates away from the central BHXB. An interaction only becomes observable
when the jet collides with a much denser portion of the surrounding medium
(e.g. Hit region, radio nebula, or molecular cloud). However, the morphological
and emission features at the jet impact sites, as well as the distances traversed
by the jet (sub-parsec to tens of parsecs) before an interaction occurs, vary
greatly between the different cases. The wide jet-blown bubble of Cyg X-1
terminates in a high velocity (~ 200kms™'), radiative bow shock located on
parsec scales from the central source, SS 433 displays compact hot spots (lo-
cated tens of parsecs from the central source) where the precessing jet collides

with the nebular structure, the cavity we detected in IRAS 1913241035 is nar-
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row and terminates in a weak shock (~ 1kms™)'? at a ~ 40 pc separation
from the central source, and the transient systems all display compact hot spots
(located < 1 pc from the central source) which appear only following jet ejec-
tion episodes. Additionally, the only sites that emit non-thermal synchrotron
emission (characteristic of BHXB jets) are IRAS 1913241035 and the transient
systems, while the only cases where high-energy X-ray emission is detected are

in the impact zones of SS 433 and the transient systems.

The observational differences between these interaction sites could be a
result of the differing jet properties among the sources. For instance, the high-
velocity bow shock near Cyg X-1 may be characteristic of the interaction of a
steady, compact jet with the ISM, while the hot spot morphology may be more
characteristic of jet ejections launched in SS 433 and the transient systems.
The significantly higher power carried by the SS 433 jets (and presumably the
short-lived ejections from the transient systems), in comparison to the GRS
19154105 jets, may explain why only these jet impact sites emit in the high-
energy X-ray bands. As well, the large-scale precession of the SS 433 jets results
in the energy carried by the jet being deposited across multiple impact sites,
rather than constantly bombarding a single site (as in IRAS 19132+1035).
All of the transient sources, which undergo occasional, short-lived outbursts
(XTE J1550-564, H1743-322, XTE J1752-223, and XTE J1908+094), display
compact interaction sites much closer to the central BHXB than the persistently
(or long-duration) out-bursting Cyg X-1, SS 433 and GRS 1915+105 systems
(sub-parsec scales vs. tens of parsecs). Therefore, the timescale over which
the jet is active and the duty cycle of the jets, may also govern the size scale

and structure of interaction zones. For instance, we may expect parsec scale

12WWe note that a low shock velocity in this case may not be unexpected. Bromberg et al.
2011 derive an analytical expression for the propagation speed of a jet-driven bow-shock
(Table 1 and Equation B3 in Bromberg et al. 2011). Substituting in our values for density,
jet power, opening angle, and source age from §8.5.4, results in a propagation speed of
~ 0.5kms™" (similar to our measured value). Therefore, it seems that finding a low shock
velocity is plausible in this case.
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cavities/bubbles to only form near persistently accreting systems.

Although, the differing ISM environments that the jets are propagating
through (e.g. molecular gas in IRAS 1913241035 vs atomic gas in Cyg X-1,
different density gradients in the radio nebula surrounding SS 433 when com-
pared to the Hil region that the Cyg X-1 jet is propagating through) may also
play a key role in the way that a jet-ISM interaction manifests itself in the
surrounding medium. Further, contributions from other feedback mechanisms
in these regions may explain the differences between interaction sites. For in-
stance, given the possibility that the stellar wind may also be powering the
Cyg X-1 bubble, the jet-driven shock velocity may have been overestimated,
possibly explaining the stark contrast between the estimated shock velocity in
the Cyg X-1 and IRAS 1913241035 cases. A comparison between the obser-
vational characteristics of these interaction sites and numerical simulations of
jet-ISM interactions in XBs (e.g., Perucho & Bosch-Ramon 2008; Bordas et al.
2009; Bosch-Ramon et al. 2011) could help disentangle the complex processes
that are driving such interactions. Performing numerical simulations of the
jet-ISM interaction in IRAS 1913241035 is beyond the scope of this work, but

will be explored in future work.

So far we have only discussed interactions from black hole systems in our
own Galaxy. However, several cases of ionized nebula surrounding ultra-luminous
X-ray (ULX) sources (i.e., ULX bubbles'?), have been detected in other nearby
galaxies (e.g. Roberts et al. 2003; Feng & Kaaret 2008; Soria et al. 2010). These
large-scale (> 100 pc) structures are thought to either be shock-ionized (e.g.
NGC 7793 S26; Pakull et al. 2010), purely photo-ionized (e.g. NGC 5408 X-1;

Grise et al. 2012), or a combination of the two, where shock-ionized and photo-

13 Although we note that a number of these bubble structures have been detected around
sources that show X-ray luminosity lower than typical ULXs (i.e., Lx < 1 x 103 ergs~1). In
these cases, it is likely that either the central X-rays are being obscured, or there has been a
change in X-ray luminosity over time. An example of such a source is NGC 7793-S26 (Soria
et al., 2010).
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ionized gas co-exists in the bubble structures. In this last case, photo-ionization
occurs from ionizing photons generated by the forward shock (e.g., M83 MQ1
Soria et al. 2014). The shock-ionized cases can be inflated by different types of
outflows; a collimated jet (e.g. Holmberg 1T X-1; Cseh et al. 2014, NGC 7793
S26; Pakull et al. 2010, IC342 X-1; Cseh et al. 2012) or winds (e.g. NGC 1313
X-2; Grise et al. 2008). While the ULX bubbles are much larger in scale than
most of the Galactic interaction zones, these ULX interactions display striking
similarities to many Galactic cases, such as radio and X-ray hotspots charac-
teristic of jet impact sites (similar to SS 433 and the transient systems; e.g.,
NGC 7793 S26), optically thin radio synchrotron emission (similar to IRAS
19132+1035; e.g., Holmberg II X-1), and optical line emission characteristic of
shock excited gas (similar to Cyg X-1; e.g., M83 MQ1). Further, similar to the
black hole systems in our own Galaxy, it appears as though the way in which
an ULX interaction manifests is also highly dependent on the properties of the

central source and the local environmental conditions.

8.5.6 Jet molecular cloud interaction probabilities

In this work we have shown that the jet launched from GRS 1915+105 is
colliding with a molecular cloud in TIRAS 1913241035. As such, we wish to
estimate the likelihood of detecting more jet molecular cloud collisions in our
Galaxy. This interaction probability can be found by estimating the chance
that a given BHXB jet is found within the volume where molecular clouds are
formed in our Galaxy.

We begin by modelling a population of molecular clouds using the prin-
cipal observation that molecular clouds have constant, average column den-

sity regardless of mass or radius; ¥y ~ 10? My pc?2

(e.g. Solomon et al.
1987; Heyer et al. 2009). The mass distribution of this population will be ex-
pressed as a power law distribution with a truncation at the upper mass end

M, = 105 M, (Colombo et al., in preparation). Assuming that clouds be-
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low a mass of M; = 10? M, are diffuse and will not show significant jet-ISM
interactions, the mass distribution can be represented as,

dN K ([ M\"

= =) . 8.9

M~ M, (M) (89)
Here o = —1.8, and K is a normalization constant, such that the integrated

mass of molecular clouds yields the total molecular mass in the Galaxy, My, =

10° M, (Wolfire et al., 2003). Integrating from M; to M, yields K = 200.

To transform this mass distribution to a radius distribution, we use the
definition M = Y7 R% Here X is constant (as defined above) and R represents
cloud radius, therefore we can write dM = 27¥RdR. Substituting this result
into Equation 8.9 yields,

dN—%<R>5. (8.10)

dR R, \R.
where the index f = 2a+1 = —2.6, ¥y is as above, R; = 0.5 pc, and the radius

of the cloud at the upper mass cutoff R, = 50 pc.

We define the volume of the Galaxy in which there can be a jet-cloud
interaction, as the volume inside a cloud or within a jet length, R;, of a cloud,
such that,

SdN

RBu gqr
Vin =/ —(R+ R;)°——=dR. 8.11
=) SR (5.11)

Although, we note that this is an overestimate, since jets at a distances larger
than the cloud radius can be oriented such that they will not hit the cloud. For

compactness in the computation, we set u = R/R, and r = R;/R,, yielding,
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1) (8.12)

We will take R; = 10 pc. The first term corresponds to the volume within
the clouds, for which an interaction is likely. Thus, we obtain a volume of
molecular clouds in the Galaxy of 4 x 10® pc3. The remaining three terms
each contribute ~ 2 x 10® pc3, suggesting that, for this jet length, jet-ISM
interactions for BHXBs outside clouds, are about as likely as interactions from

within the clouds. The total volume in the interaction region is Vi, = 10? pc?.

Secondly, we calculate the volume over which molecular clouds are found
in the Galaxy (Vi,o1). Using the model of Wolfire et al. (2003) as a basis, we
approximate the molecular medium of the Galaxy as a hollow cylinder with
inner radius of Rinner = 3 kpc and Router = 10 kpe and a (full) thickness of
h = 100 pc. For this model, we find Vo = 3 x 1010 pc?.

Therefore, over the volume where molecular clouds are found, the filling
fraction of the interaction volume is equivalent to, Viy/Vinor = 3%. The inter-
action probability per X-ray binary where molecular clouds are found is then
given by this filling fraction. Since most low-mass X-ray binaries, which accrete
from older stars, are not co-located where molecular clouds are typically found,
the above interaction probability likely applies only to low-mass X-ray binaries
close to the Galactic plane (]b] < 0.5% GRS 19154105 is at b = —0.2191°).
As high mass X-ray binaries by (typical) definition are accreting from an O or
B star, they may be preferentially located near molecular clouds and have a

higher interaction probability than 3%.
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8.5.7 Distance considerations

Our detection of an interaction between the GRS 19154105 jet and the IRAS
1913241035 region can allow us to place further constraints on the distance
to both objects. The distance to GRS 19154105 has been estimated from
model-independent geometric parallax measurements to be 8.64_%2 kpc, while
the kinematic distance to IRAS 19132+1035 is estimated to be 6.0 + 1.4 kpc.
However, for a jet-ISM interaction to be occurring, both GRS 19154105 and
IRAS 1913241035 must be located at the same distance (within ~ 40 pc).
While it is difficult to pinpoint the true common distance, given that the current
distance constraints are consistent within their one sigma errors, a common
distance that lies between the two estimates could satisfy such a condition.
Note that throughout this paper we have chosen to use the GRS 1915+105
parallax distance in all our calculations as it is model-independent (see Reid
et al. 2014b for a comparison of kinematic and parallax distances). However, if
the true distance is indeed closer, this affects our constraints on jet energetics
and geometry, as well as the estimated peculiar velocity for GRS 1915+105.
For example, assuming a common distance of 7 kpc, we estimate a slightly
more energetic jet (~ 7.3 x 10*7 erg), with a shorter lifetime (~24 Myr), and
larger opening angle (~ 0.5°), as well as an increased peculiar velocity for GRS

19154105 (~ 46kms™").

8.5.8 IRAS 19124+4+1106: the second candidate interac-
tion zone near GRS 1915+105

In addition to IRAS 1913241035, Rodriguez & Mirabel 1998 also identified
another candidate interaction zone to the north of GRS 1915+4105; TRAS
1912441106 (see Figure 8.1). This second candidate zone is located at a
remarkably similar distance from the central BHXB as IRAS 1913241035,
and is also aligned with the position angle of the jet from GRS 1915+105.
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IRAS 19124+1106 displays a flat radio spectrum, consistent with thermal
Bremsstralung emission, and a cometary radio continuum morphology, com-
monly observed from HII regions. No non-thermal radio emission features are
observed in IRAS 19124+41106. Strong molecular emission from the 2CO (J=2-
1), 3CO (J=2-1), HB¥CO™T (J=1-0), and CS (J=2-1) transitions were observed
in this region, while no SiO transitions were detected (Chaty et al., 2001).
Given the similarities between the emission properties of IRAS 1912441106
and the star forming zone in IRAS 1913241035, it seems plausible that IRAS
1912441106 also contains a star forming molecular cloud. However, the lack
of non-thermal radio emission features, as well as the low likelihood that both
the approaching and receding components of the GRS 19154105 jet happen
to line up with a star forming molecular cloud, suggests a low probability that
IRAS 1912441106 is also the site of an interaction. As we have shown that
sensitive, high resolution observations were needed to observe the jet interac-
tion in TRAS 1913241035, the same treatment is likely required to draw any
further conclusions about the true nature of the IRAS 19124+1106 region.

8.5.9 Distinguishing between BHXB jet driven feedback

and high mass star formation

In this work, we have shown that there are two main sources of feedback power-
ing the IRAS 1913241035 region; the BHXB jet and high-mass star formation.
This suggests that the star formation process may act as a contaminant when
probing other BHXB jet-ISM interaction sites in our Galaxy. In particular, as
star formation is also known to drive fast outflows, which are likely to gen-
erate shocks upon impact with the surrounding gas, it may be difficult to
distinguish between BHXB jet-driven feedback and high-mass star formation
in terms of the signatures they leave behind in the molecular gas. When com-

paring molecular emission originating from the BHXB jet-driven feedback zone
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to that originating from the star formation feedback zone in IRAS 19132+1035,
we find that while the SiO shock-tracing emission typically showed similar peak
intensities, the emission in the BHXB jet driven feedback zone displayed much
narrower line widths, over a more compact emission region. While this could
suggest that these properties reflect differences between jet-driven and star
formation-driven feedback zones, we require a larger sample of observations of
multiple systems to fully understand the differences (if any) that exist between

the molecular line properties of these different feedback zones.

8.6 Summary

In this paper, we present the results of our ALMA observations of TRAS
19132+1035. This region was first identified by Rodriguez & Mirabel (1998)
as a potential interaction zone between the jet launched from the BHXB GRS
19154105 and the surrounding ISM, based on its location and unique radio
continuum morphology. However, despite several follow-up observing cam-
paigns, no definitive evidence had been found to confirm this hypothesis, with
compelling arguments on either side.

As molecular lines are excellent diagnostics of shock energetics and ISM ex-
citation, we used these ALMA observations to map the molecular line emission
in the IRAS 1913241035 region, aiming to resolve this long-standing question.
We detect emission from the '2CO [J=2-1], ¥CO [v = 0, J=2-1], C'¥0 [J=2-1],
HyoCO [J = 303 — 202], HoCO [J = 392 — 221], HoCO [J = 331 — 29¢], SiO
[v =0, J=5-4], CH30H [J = 455 — 31 2], and CS [v = 0, J=5-4] molecular lines.

Given this molecular emission, we identify several new lines of compelling
evidence supporting a connection between the IRAS 1913241035 region and the
GRS 19154105 jet. In particular, the morphological, spectral, and kinematic
properties of the detected molecular emission indicate the presence of a jet-

blown cavity and weak jet-driven shock at the impact site. However, contrary
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to the scenario put forward by previous work, we find that feedback from the
BHXB jet does not dominantly power or shape the IRAS 19132+1035 region.
Rather, a high mass star formation region, housed inside a molecular cloud,
is heating the dust and gas in the region, and the jet appears to be simply
colliding with this molecular cloud. All the thermal radio and infrared emission
from the IRAS 1913241035 region can be explained by a young, medium mass
(~ 200My) stellar cluster with an age of 0.2 Myr, where it is unlikely that
the BHXB jet significantly contributed to shaping the molecular cloud and/or
triggering the star formation process in the IRAS 1913241035 region.

Through considering the properties of the detected cavity and displaced
molecular gas in the region, we estimate properties of the GRS 19154105 jets.
Following the self-similar fluid model of Kaiser & Alexander (1997), we used
the detected cavity as a calorimeter to calculate the energy carried in the GRS
19154105 jet of (6.773%) x 10*7 erg, over a lifetime of 29.5155 Myr, resulting in
a total time-averaged jet power of (8.47%7) x 1032 ergs~" (although this may be
up to a factor of 150 higher if the GRS 19154105 jet is undergoing small-scale
precession). These estimates reiterate that the BHXB jet is depositing rela-
tively very little energy into the molecular cloud, when compared to feedback

from the star formation process (~ 10°° erg).

Upon comparing the characteristics of the IRAS 19132+1035 interaction
zone with other jet-ISM interaction sites in our Galaxy and other nearby galax-
ies, we find that the morphological and emission features at the jet impact sites
can vary substantially between the interaction zones driven by jets launched
from different systems. We find that the way in which a BHXB jet-ISM in-
teraction manifests itself appears to be highly dependent on the jet properties
(e.g. jet power, duty cycle) and local environment conditions (e.g. composition,
density, other sources of feedback), similar to what has been observed at jet

interaction sites surrounding other astrophysical systems (e.g., AGN, ULXs).

Overall, our analysis demonstrates that molecular lines are excellent diag-
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nostics of the physical conditions in jet-ISM interaction zones near BHXBs.
With the molecular tracers toolbox we have developed here (along with our
imaging and analysis techniques), we have opened up a new way to conclu-
sively identify more of these highly sought after interaction sites, and use their

ISM conditions to probe jet properties across the BHXB population.

8.7 Appendix

8.7.1 ALMA Mosaic Field and Noise Map

We set up our ALMA observations to observe a large rectangular mosaic field, of
dimensions 75 arcsec x 60 arcsec, centred on the coordinates of the peak of the
radio continuum, as reported in Chaty et al. (2001) (J2000 RA 19:15:39.1300,
Dec 10:41:17.100). This field was chosen to cover the radio continuum feature,
as well as regions to the south of the radio continuum. We did this, as based
on previous work, we expected a complex molecular interaction around the
suspected bow shock feature, located at the southern most edge of the radio
continuum (see Figure 8.1). A primary beam noise map of the mosaic field is

displayed in Figure 8.15, and pointing maps are displayed in Figure 8.16.
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Figure 8.15: ALMA primary beam noise map. The contours are the VLA radio

frequency contours, as seen in Figure 8.2; 0.2, 0.3, 0.4, 0.5, 0.75, 1, 2, and 3 mJy bm ™.
The colour bar indicates the primary beam response.
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mosaic maps. Each individual pointing (labelled with a number) is represented by a
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the coordinates of the peak of the radio continuum in IRAS 1913241035 reported in
Chaty et al. (2001).
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8.7.2 Column density calculation

We follow the procedure of Wilson et al. (2013), assuming that the C'®*O emis-
sion is optically thin, in LTE, and has an excitation temperature, T,,, equivalent
to that of the optically thick *CO emission (Pineda et al., 2008).

The intensity of line emission can be represented as

[line = (S - [0)<1 - eXp[_TD (813)

where S represents the source function, 7 represents the optical depth, and I
represents the intensity of the initial background radiation field.
Assuming that both the S and [ can be represented by black-bodies at Ty

and Ty, = 2.73 K, respectively, the radiation temperature is represented as

CQ

T = Dline=—+r 14
R o2y (8.14)

= (S—1I)(1—-eT)

C2

202k

hv — 1 !
= ?(1 —e7) (eXp[hV/kTex] — 1 explhy /KTy, — 1>

Defining T},ax 12 as the main beam brightness temperature at the peak of the
12CO line, and assuming that *CO is optically thick (7 — o), Equation 8.14

can be re-arranged to yield

Toy = Ciz (8.15)

Ci2
In (1 + Tmax,12+012cbg)

_ hvia _ 1
where C1p = #2, and Cyg = SpCra/ T =1

Defining C5 = hl]’clg, and assuming the excitation temperature of C*Q is

equal to that of the 2CO, the optical depth at a given line-of-sight velocity V

can be found by re-arranging Equation 8.14,

N (%) 1 - 1 -
)= 1(1 hns pr[cls/TeX]—1 exp[C’lg/Tbg]—l] ) (8.16)
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Given the optical depth, we can then find the optical column density in the
Jth state from the definitions of the optical depth (see Wilson et al., 2013):

8m2 g1 1 hy \17
N(J) = ZQVO;—lA— {1—exp (—k;O)} /TdV, (8.17)

8ruvd g 1 hg \]17 /
= ——|1- - av. 8.18
C3 Gu Aul |: P ( kTex ’ ’ ( )

where the integral is carried out over the line width. We infer the optical depth
from Equation 8.16. For C**0(2 — 1), Ay = 1.165 x 10-1p203 5 for the
J + 1 — J transition, and p? = (0.122D)? for CO.

The total column density is found from summing over all the energy levels
of the molecule. Assuming LTE, for a CO molecule (J + 1 — J rotational
transition), with a population characterized by a single temperature, Ty, the

total column density is represented as

4 [M} 7 (8.19)

No al — N -
rotal <J)gJexp kTex

where g7 = 2J + 1 for CO, k/hB. = 1/2.65 K~!, and the partition function is

given by,

hB.J(J + 1)] | 8.20)

Z = Z (2J + 1)exp {_
= KT ex

8.7.3 Calorimetry Method

Following Kaiser & Alexander (1997), assuming the jet direction remains con-
stant (i.e. the jet is not precessing), the jet is colliding with a medium of density
po, and that the power is being transported by the jets at a constant rate (Qjet;

averaged over the lifetime of the jets), the length of the jet as a function of

L, =0C (E) " (8.21)

time (¢) is given by



where the characteristic timescale 7 = (py/Qjer)'/?, and the constants

Cy,  (Le+1)I.—1D(G-p) o
L ’ 8.22
! Cs¢? 18 [9{Fc + (Ie — 1)4%} —4- 5] | |
o 4}; | (8.24)

Here ¢ represents the jet opening angle (in radians), R., = \/% represents
the axial ratio of the jet-blown cavity, and I';, I';, and I', represent the adiabatic
indices of the material in the jet, jet-blown cavity, and external medium with
which the jet is colliding, respectively.

The power that the jet would need to carry (averaged over its lifetime, t),
to create and maintain the jet-blown cavity structure in the surrounding ISM,
can be found from re-arranging Equation 8.21,

L\’
Qjet = Po (Fjl) t_3. (825)

where we have set § = 0 for a constant density medium.

To estimate the jet lifetime, we first take the derivative of Equation 8.21

(again setting § = 0),

dL; 3, (Qu\?, 2
=0 (=) ¢ 8.26
dt 5" ( Po > K (8:26)

then combine Equations 8.21 and 8.26, to yield,

t:§<%>, (8.27)

where v = dL;/dt represents the velocity of the shocked gas at the interaction

site.
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Substituting Equation 8.27 into Equation 8.25 yields an expression for the
power carried by the jet, solely dependent on the properties of the ISM at the

interaction site,

5)° Po
Qjet = (g) C_{’ L? v? (8.28)
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Chapter 9

Conclusion

9.1 Summary of Results

Throughout this thesis I have studied the different forms of relativistic jets
launched from XB systems. The main goals of this body of work were to
develop new ways to observe and analyze jet emission. My ultimate goal is to
advance our understanding of the underlying physics that governs jet behaviour
in XB systems.

In Chapters 2 and 3, I construct and fit the radio/X-ray correlation (Lg o
Li, where [ represents the disc-jet coupling index), linking the accretion flow
to the relativistic jet, for different classes of NSXB systems. Comparing this
correlation between different types of XB systems is key in understanding the
properties that affect the jet production process in accreting objects. How-
ever, while BHXB systems have been well sampled in this plane, prior to my
work very few neutron stars had a measured radio/X-ray correlation and the
interplay between the different classes of NS systems (i.e., non-pulsating versus
pulsating neutron stars) had not been well characterized. In these chapters, I
demonstrate that unlike black hole systems, all neutron stars systems do not
follow a single common correlation in this plane. In particular, neutron star

systems can display a range of radio luminosities at a similar X-ray luminosity,
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resulting in varying disc-jet coupling indices, as well as varying normalizations.
I analyze a host of possible mechanisms that could be driving such discrep-
ancies, by exploring the relationships between radio luminosity and distance,
mass, spectral state, spin, magnetic field, orbital period, accretion regime,
and evolutionary state in these systems. Ultimately, I find that no one fac-
tor can fully account for the discrepancies we observe, and thus a combination
of the above factors may be required to produce a given radio luminosity in
neutron star systems. Overall, these results highlight the need for more ra-
dio and X-ray measurements (especially in the low X-ray luminosity regime;
Lx < 10%¢ergs™) of all classes of NSXBs to place improved constraints on the
mechanisms that govern radio luminosity, jet production, and jet evolution in
NSXBs. Further, despite the lack of a clear correlation for neutron star sys-
tems, the sources sampled in this work are clear examples that the radio/X-ray
plane can still be a reliable diagnostic to identify the nature of the accretor in

these binary systems.

In Chapter 4, I present a detailed study of rapid (probing second to hour
timescales) compact jet variability at radio frequencies in BHXBs. In this study,
my team and I obtained simultaneous multi-band radio and X-ray observations
of the BHXB Cyg X-1. Through extracting high time resolution light curves
of the source, I detect structured variability (in the form of small amplitude
flaring events) consistent with emission originating in a compact jet. To better
characterize this compact jet variability and probe how this variability prop-
agates down the jet flow, I performed a timing analyses on our data. These
include Fourier domain analyses (PSDs and cross-spectral analyses between
radio bands), and cross-correlation analyses. I find that the radio jet emission
shows no significant power at Fourier frequencies above ~ 0.03 Hz (faster than
~ 30 sec timescales) and that the higher frequency radio bands are strongly
correlated over a range of time scales, showing a roughly constant time lag of

a few tens of seconds at low Fourier frequencies. However, in the lower fre-
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quency radio bands I find a significant loss of coherence over the same range
of timescales. I discuss different mechanisms that could be causing this effect
(e.g., noise contribution, other sources of emission, non-linear processes [such
as shocks| acting on our radio signals). Further, I detect a clear correlation
between the X-ray and radio emission, measuring time lags between the X-ray
and radio bands on the order of tens of minutes. I use these X-ray/radio lags
to present a direct measurement of the compact jet speed in a BHXB, finding
that the Cyg X-1 jet is more relativistic than usually assumed for compact jets,
B =0.927502 (I = 2.59701). Lastly, I constrain how the jet size scale changes
with frequency, finding a shallower relation (oc #7%4) than predicted by simple
jet models (o< v71), and I estimate the jet opening angle to be ¢ ~ 0.4 — 1.8
degrees. Overall, my team and I have developed observational techniques de-
signed to overcome the challenges of rapid radio timing analyses, and laid the
groundwork needed to connect radio jet variability properties to internal jet

physics.

In Chapters 5, 6, and 7, I analyze the spectral, temporal, and morphological
properties of jet emission observed from the BHXB V404 Cygni during its 2015
outburst. Chapters 5 and 7 focus on probing the jet emission during a period
of extreme flaring activity coinciding with the launching of multiple discrete
jet ejection events, while Chapter 6 focuses on tracking the changes in the jet
emission as the system transitioned away from the flaring state and began to

decay back into quiescence.

In Chapter 5, I present the results of our simultaneous radio through sub-
mm observations of the V404 Cyg during the most active phase of its 2015
outburst. Our comprehensive data set extends across 8 different frequency
bands (5, 7, 21, 26, 220, 230, 350, and 666 GHz), including the first detection
of a BHXB jet at 666 GHz. Using custom procedures my team and I developed,
I created high time resolution light curves of V404 Cyg, detecting extraordi-

nary multi-frequency variability in the form of multiple large amplitude flaring
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events reaching Jy-level fluxes (characteristic of discrete jet ejections). To un-
derstand the source of the emission in our light curves I constructed a detailed
jet model for V404 Cyg, capable of reproducing emission from multiple, dis-
crete, bi-polar plasma ejection events, which travel at bulk relativistic speeds
(along a jet axis inclined to the line of sight) and evolve according to the van
der Laan synchrotron bubble model (van der Laan, 1966). Through imple-
menting a Bayesian technique to simultaneously fit all of our multi-frequency
light curves with my jet model, I find that a total of 8 bi-polar ejection events
can reproduce the emission that we observe. I use the best fit model to probe
the intrinsic properties of the jet ejecta, including jet speed, structure, energet-
ics, and geometry. In addition, I discuss the interplay between the jet ejecta
and the other form of outflow detected in V404 Cyg, the accretion disc wind.
Based on these properties, it appears as though the V404 Cyg ejection events
we observe are smaller-scale analogues of major ejection events, typically seen
during the hard to soft accretion state transition in BHXBs. Further, given
the similarity between the rapid ejection events in V404 Cyg and those seen in
another BHXB, GRS 1915+105, I postulate that the ejection events in both
systems may have a common origin, in the repeated ejection and refilling of
some reservoir in the inner accretion flow. This suggests that, in agreement
with the findings of Kimura et al. (2016) & Mufioz-Darias et al. (2016), the
presence of a large accretion disc in both systems may be a key ingredient in
producing the rare, rapid ejection events we observe. Overall, my team and
I have demonstrated that simultaneous multi-band photometry of outbursting
BHXBs can provide a powerful probe of jet properties and that the mm/sub-
mm bands provide a critical new perspective on BHXB jets (especially in the

time-domain) that cannot be achieved with radio frequency observations alone.

In Chapter 6, I present the results of our multi-frequency monitoring obser-
vations of the entire 2015 outburst of V404 Cyg. With this well-sampled data

set, I created detailed diagnostics of the jet emission in V404 Cyg, tracking the
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spectral and variability properties throughout different stages of the outburst.
Using these diagnostics I find that the jet emission was originally dominated
by emission from discrete jet ejecta during the brightest stages of the outburst.
This ejecta appeared to become fainter, slower, less frequent, and less energetic,
before the emission abruptly (over 1-2 days) transitions to being dominated
by a compact jet. While the broad-band spectrum of this compact jet shows
very little evolution throughout the outburst decay (despite the intensity of
the jet emission fading by an order of magnitude), the emission still remains
intermittently variable at mm/sub-mm frequencies. Through phenomenolog-
ical modelling of the broad-band emission from this compact jet, I postulate
that the compact jet could be significantly contributing to the X-ray emission
observed during the outburst decay. Additionally, upon comparing the radio
jet emission throughout the 2015 and previous 1989 outbursts of V404 Cyg, 1
find that the radio emission in the 2015 outburst decayed significantly (~ 30
times) faster than in the 1989 outburst. I suggest that, given the robust disc-jet
coupling relationship found between these two outbursts, this difference could
indicate that the average mass accretion rate dropped (possibly due to the
strong accretion disc wind) much quicker following the peak of the 2015 out-
burst, when compared to the 1989 outburst. Lastly, our sub-mm observations
during the fainter mini-outburst following the main outburst suggest that jet
ejecta are not exclusive to the highest luminosity states in V404 Cyg. Overall,
this work has demonstrated the importance of simultaneous, multi-frequency,
time-resolved observations, to fully understand the rapidly evolving jet sources

in BHXBs.

In Chapter 7, I present Very Long Baseline Array (VLBA) radio frequency
observations of V404 Cyg during its 2015 outburst. With these data, my team
and I create a series of high angular resolution images of the jets in this source.
Through analysis of these images, we detect and track the motion of multiple

discrete jet ejection events launched from the system. These ejection events
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evolve in both morphology and brightness, and we observe the orientation of
the jet axis vary on timescales as short as minutes. We associate the changes
in the orientation of the jet axis with jet precession and demonstrate that
this precession could originate from Lense-Thirring precession of a vertically-
extended accretion disc, arising from a super-Eddington accretion rate in V404
Cyg. Using our VLBA measurements, we place constraints on the precession
period (< 2.6 hours), precession cone opening angle (~ 15 degrees), and the
stability of the precession process. Further, we consider the occurrence of jet
precession in other sources, as well as the implications jet precession has on
the jet launching mechanism and the impact of these jets on the surrounding
environment. Ultimately, our findings show that Eddington-rate accretion from
a reservoir whose angular momentum is misaligned with the black hole spin can
drive a rapidly precessing accretion disc and jet system. In turn the dynamics
of a precessing inner accretion disc play a key role in either directly launching
or redirecting jets within the inner few hundred gravitational radii of the black

hole.

In Chapter 8, I present a new technique where astrochemistry is used to
identify and probe the regions where BHXB jets are colliding with the surround-
ing ISM. In this study, I present ALMA observations of IRAS 19132+41035.
This region was first identified by Rodriguez & Mirabel (1998) as a potential
interaction zone between the jet launched from the BHXB GRS 1915+105 and
the surrounding ISM, based on its location and unique radio continuum mor-
phology. However, despite several follow-up observing campaigns, no definitive
evidence had been found to confirm this hypothesis, with compelling argu-
ments on either side. As molecular lines are excellent diagnostics of shock
energetics and ISM excitation, I used these ALMA observations to map the
molecular line emission in the TRAS 1913241035 region, aiming to resolve
this long-standing question. Given this molecular emission, I identify several

new lines of compelling evidence supporting a connection between the IRAS
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1913241035 region and the GRS 1915+105 jet. In particular, the morpho-
logical, spectral, and kinematic properties of the detected molecular emission
indicate the presence of a jet-blown cavity and weak jet-driven shock at the
impact site. Through considering the properties of the detected cavity and
displaced molecular gas in the region, I estimate the energy carried in the GRS
19154105 jet of (6.7154) x 10%7 erg, over a lifetime of 29.575% Myr, resulting
in a total time-averaged jet power of (8.4727) x 1032 ergs™" (although this may
be up to a factor of 150 times higher if the GRS 1915+105 jet is undergo-
ing small-scale precession). Upon comparing the characteristics of the IRAS
1913241035 interaction zone with other jet-ISM interaction sites in our Galaxy
and other nearby galaxies, I find that the morphological and emission features
at the jet impact sites can vary substantially between the interaction zones
driven by jets launched from different systems. Further, the way in which a
BHXB jet-ISM interaction manifests itself appears to be highly dependent on
the jet properties (e.g., jet power, duty cycle) and local environment conditions
(e.g., composition, density, other sources of feedback), similar to what has been
observed at jet interaction sites surrounding other astrophysical systems (e.g.,
AGN, ULXs). Overall, this analysis demonstrates that molecular lines are ex-
cellent diagnostics of the physical conditions in jet-ISM interaction zones near
BHXBs. With the molecular tracers toolbox my team and I have developed
here (along with our imaging and analysis techniques), we have opened up a
new way to conclusively identify more of these highly sought after interaction
sites and use their ISM conditions to probe jet properties across the BHXB

population.

9.2 Future Work

In this thesis, I have presented the development and implementation of new

tools and techniques to study jet emission, as well as opened up a new window
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for studying jets through the mm/sub-mm bands. I plan to expand this work
by applying the insights gained from this thesis across the XB population.

Time Domain: My work has demonstrated that time domain techniques are
incredibly powerful tools for unlocking complicated jet physics. To build on
my previous studies, I plan to utilize my custom software to extract high time-
resolution measurements from more systems, using both archival and new data
sets.

Through utilizing archival radio frequency data of out-bursting BHXBs from
the VLA as a baseline, I aim to compile a suite of variability metrics to best
identify and characterize jet variability, as well as track changes in these vari-
ability properties over the course of the outburst. By searching for empirical
correlations, relating these jet variability properties to X-ray spectral and tim-
ing properties (e.g., photon index, appearance/disappearance of QPOs), which
track the physical conditions in the accretion flow, I can work to determine
which processes in the accretion flow drive jet variability.

Chapter 4 of this thesis specifically has shown that long, continuous ob-
servations of BHXB jets across multiple frequencies are needed to connect
variability properties with internal jet physics. Taking advantage of today’s
more sensitive instruments, and coordination capabilities, I will work to obtain
new multi-band (radio, sub-mm, and X-ray) data of jets in more out-bursting
BHXBs. I currently lead time domain mm/sub-mm programs, as part of a
global collaboration with accepted observations across radio (VLA, VLBA),
sub-mm (NOEMA, ALMA, SMA, and JCMT), and X-ray (Swift, AstroSat)
facilities, to obtain these new data sets. With these new data I will compare
BHXB jet variability across a wide range of observing frequencies, searching
for variability correlations and time lags across radio, sub-mm & X-ray fre-
quencies, while simultaneously tracking changes in jet morphology, creating a
detailed probe of jet behaviour.

In the long term, I also plan to expand my timing studies to jets launched
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from other compact objects (e.g., neutron stars), as well as compile the software
tools I utilize for low frequency timing analysis for use with studies of other
transient astrophysical phenomena (e.g., gamma ray bursts, tidal disruption
events, AGN, flare stars). Overall, T aim to contribute to the growth of time-

domain astronomy, by expanding our capabilities in the radio/sub-mm bands.

Jet-ISM Interaction Zones: My work has demonstrated that through map-
ping molecular line emission near BHXBs, we can develop several lines of evi-
dence to conclusively identify jet-ISM interaction regions and accurately probe
the ISM conditions at these sites. In particular, I have found that the success-
ful recipe for probing jet-ISM interactions with molecular tracers involves first
detecting excited molecular emission in the candidate interaction zones, and
then using followup high resolution observations to confirm the BHXB jet is
powering these regions.

To identify new targets beyond the three confirmed jet-ISM interaction
zones identified near BHXBs, I have compiled a list of candidate interaction
zones (see Table 9.1), on the basis that their emission properties are consistent
with those expected from a jet interaction. Additionally, I include high mass
X-ray binaries (HMXBs) with radio detections (a proxy for the presence of a
jet) in this candidate list. These systems, containing a high mass companion
star, tend to be clustered where the molecular gas mass is located in our Galaxy
(within 100 pc of the Galactic plane and near high mass star forming regions).
Thus HMXBs represent sources with a higher probability of a jet molecular
cloud collision.

My team and I have already used ALMA to observe a suite of molecular
lines in the fields surrounding the remaining two candidate interaction zones
with existing molecular line detections, BHXBs 1E 1740-2942 and GRS 1758-
258. With these data, I plan to use the analysis tools developed in Chapter 8
of this thesis to answer the following questions: Is there sufficient evidence to

classify these zones as confirmed jet-ISM interaction regions? Are other forms
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of feedback contributing to the energy budget in the region? What do the
ISM conditions in these regions reveal about jet properties (e.g., jet power and
geometry)? Do jet properties correlate with molecular gas properties? How do
the properties of the molecular line emission compare to those observed near
GRS 1915+1057 Is there a common molecular signature across all systems?

Further, T lead projects that have been awarded observing time on the
JCMT and the IRAM 30m telescopes to perform a survey in search of excited
molecular line emission in multiple candidate interaction zones. The survey
targets all the candidate zones, visible with these instruments, without previous
molecular line detections, as well as the interaction zones near Cyg X-1 and
SS 433 (highlighted yellow/pink in Table 9.1). With this survey I aim to
accomplish two main goals: (i) catalog candidate interaction regions containing
excited molecular gas (positive detections will be targets of a future followup
high resolution ALMA/NOEMA campaign) and (ii) quantify BHXB feedback
in our Galaxy by developing a statistical modelling approach to estimate the
level of energy input into the ISM from these BHXB jets.

The results of both these time domain and jet-ISM interaction studies will
derive new constraints on highly sought after jet properties for multiple BHXBs,
providing crucial ingredients needed in understanding the mechanisms that

drive astrophysical jets.

346



"90IN0s Y { Y20 SUIPUNOLINS P[OY oY) UT Pa3093ap A[snoradrd Usaq sey e IR[IOo[OW I9YIOYM 93edIpUL 0} S ,
‘SUOIYRATOSqO TJND[ [eATydIR 10 sAoans w(e INYHI/LINDL Sutmoodn s ures) AW AQ PoIdA0d S90INOS 9SOY)
ore yurd pue MO[[eA Ul pojySIYSIY SOLIJU o[Iym ‘sudredured YINTY S,SWRe) AW AQ POISA0D S9OINOS joFIr) Juasardol onjq Ul payysysy serjuy ,

POULIGUODU () 900¢ “'T® 10 [[ossny ON 1°Us ©H I-X DIN'T
POULIGUOdU () 000% ‘T8 19 sopareq ON UOI}2919p OIped Yim gXINH €0ET9+HIST
POULIGUODU () 9007 “'T® 1° [[9ssny ON [°Us ©H G7-6001 SUD
POULIJUODU[) 000 "T® 12 sopaied ON U0110939p ORI [IIM gXINH €0€T9+IST
ﬁ@EHmQOUQD LT0C ‘T¢ 3° uojysny ON prlepoﬂ orper wﬁﬂuﬁdgxw "oﬁawaakwd wmo;uwomﬁh HILX
010Z T®
pouwLIguodu) 19 Suex ‘g10g T8 10 1Ry ON uoryeI9[aap ‘sjods joy Aer-x €C¢3CGLT ILX
POULIUOOU () L00g [® 10 ddosyporg ON uotsstwo orpedr ury) Aearydo  887-8YLI[ HLX
pouLIguoou ¥00g T8 19 [9q10) ON uotsstwo orper ury) Afeorndo  00G-0G91[ HLX
pouLIguodu ) €00% _'T® 19 [9q10) ON UOIYRIS9P ‘s30ds j0 ARI-X  $96-0GST[ HILX
poULIUOdU () 000g 'Te 30 Surwpply ON UO1}9919p OIpRI UM X INH 188 THOVA
pouLIuOOU ) GT0% 'T® %0 42 ON UOT19999p OTpRI 1M gXINH 999 DMIN
pouIguoou ) G00g T8 12 [2q10D ON syods jor Aer-x CTEEVLIH
powIguoou ) ¥00Z ‘T 20 o[[en) ON 10l OIpeI o[edS-0318] POAJOSOI 7-6€¢ X9
pouLIUOOU ) ¢00g T® %0 TMEJY SOA $9qO] O1peRI 8GZ-8GLT SUD
POULIGUOOU[) 9661 “Te 10 Xnoyonom(g ON UO1}9919p OIpRI YIM gXINH 8LZ-6ELT SUD
pouwIuoou N G661 uedny 2y Surmuelyg ON OH Ul 9IN)ONIIS ONI[-[[OYS ‘S0qO[ OIpel 0F-GSOT OUD
PoULIUOdU ) 100% T8 99 MR\ ON UO139030p OIpRI UM gXINH £-X 34D
POULIGUODU () 866T 'T& 30 [HIUg ON UOO930p OIpRI Yim (X INH we) 1D
POULIJUODU () 900z ‘T® %0 joIeey] ON syods jor Aer-x £6-GGLT NF
POULIGUOdU () T661 ‘T8 10 [PqRI\ S9X $9qo[ orpel eV6C-0V.LT |1
paurIguo)) 66T 'Te 10 Iouqn(J SOX sjods 10y ARI-Y ‘S9qO] OIpel ¢e¥ QS
POWLIGUOD)  8GGT [PGBIA 23 ZoNSLIPOY S9X saqof orpel  GOT+STI6T SUD
pouwIjuo)) G00Z ‘Te 10 o[[enH ON oInjonijs a[qqng umorq 12l ‘yooys moq 1-X 84D
qUo139939(q
snjelg S9OUDIdJOY Je[NOJ[OIA UOT)ORIIIU] JO0J DOUDPIAY ,22In0§ gXHI

SXHE O190R[eY) Ted) SoU07 UOTJORINUL NST-19[ 21ePIpUL)) :T1°6 9[qRL

347



Bibliography

Alexander, T. 1997, Astronomical Time Series, Eds. D. Maoz, A. Sternberg,
and E.M. Leibowitz, 163

Alexander, T. 2013, ArXiv e-prints, arXiv:1302.1508

Altamirano, D., H.A., K., Patruno, A., et al. 2015, The Astronomer’s Telegram,
7240, 1

Altamirano, D., Keek, L., Cumming, A., et al. 2012, MNRAS, 426, 927
Archibald, A. M., Stairs, I. H., Ransom, S. M., et al. 2009, Science, 324, 1411
Arkharov, A., et al. 2015, The Astronomer’s Telegram, 7760, 1

Arnaud, K. 1996, in Astronomical Data Analysis Software and Systems V of
Astronomical Society of the Pacific Conference Series, Vol. 101, 17

Baars, J., Altenhoff, W., Hein, H., & Steppe, H. 1986, Nature, 324, 39
Bahramian, A., Heinke, C., Degenaar, N., et al. 2015a, MNRAS, 452, 3475

Bahramian, A., Heinke, C., Sivakoff, G., & Gladstone, J. C. 2013, ApJ, 766,
10

Bahramian, A., Heinke, C., Sivakoff, G., et al. 2014, ApJ, 780, 127

Bahramian, A., Altamirano, D., Heinke, C., et al. 2015b, The Astronomer’s
Telegram, 7242, 1

348



Bahramian, A., Heinke, C. O., Tudor, V., et al. 2017, MNRAS, 467, 2199

Bahramian, A., Miller-Jones, J., Strader, J., et al. 2018, Radio/X-ray cor-
relation database for X-ray binaries, Astrophysics Source Code Library,

doi:10.5281/zenodo.1252036. https://doi.org/10.5281/zenodo. 1252036
Balbus, S., & Hawley, J. 1991, ApJ, 376, 214
Ballard, K., & Heavens, A. 1992, MNRAS, 259, 89
Band, D. 1987, ASP, 99, 1269
Barthelmy, S., D’Ai’; A., D’Avanzo, P., et al. 2015, GCN Circular, 17929, 1
Bassa, C. G., Patruno, A., Hessels, J. W. T., et al. 2014, MNRAS, 441, 1825

Beardmore, A. P., Page, K. L., & Kuulkers, E. 2015, The Astronomer’s Tele-
gram, 8455, 1

Beardmore, A. P., Willingale, R., Kuulkers, E., et al. 2016, MNRAS, 462, 1847
Beckwith, S., Sargent, A., Chini, R., & Guesten, R. 1990, ApJ, 99, 924
Bell, A. 1978, MNRAS, 182, 147

Belloni, T. 2010, in The Jet Paradigm - From Microquasars to Quasars, ed.
Belloni, T.M., Lecture Notes in Physics 794, Springer

Belloni, T., & Hasinger, G. 1990, A&A, 227, L33

Belloni, T., Mendez, M., King, A. R., van der Klis, M., & van Paradijs, J. 1997,
AplJ, 479, 145

Benjamin, R., Churchwell, E., Babler, B., et al. 2003, PASP, 115, 953

Bernardini, F., Russell, D. M., & Lewis, F. 2016a, The Astronomer’s Telegram,
8515, 1

349


https://doi.org/10.5281/zenodo.1252036

Bernardini, F., Russell, D. M., Shaw, A. W., et al. 2016b, ApJL, 818, L5
Bjornsson, C., & Aslaksen, T. 2000, ApJ, 533, 787

Blackburn, J. 1995, in Astronomical Data Analysis Software and Systems IV
of Astronomical Society of the Pacific Conference Series, ed. H. J. J. E. Shaw
R. A., Payne H. E., Vol. 77, 367

Blandford, R., & Payne, D. 1982, MNRAS, 199, 883

Blandford, R., & Znajek, R. 1977, MNRAS, 179, 433

Blandford, R. D., & Eichler, D. 1987, Phys. Rep., 154

Blandford, R. D., & Konigl, A. 1979, ApJ, 232, 34

Blundell, K., & Bowler, M. 2005, ApJ, 622, L129

Bogdanov, S., Deller, A. T., Miller-Jones, J. C. A., et al. 2018, ApJ, 856, 54

Bordas, P., Bosch-Ramon, V., Paredes, J. M., & Perucho, M. 2009, A&A, 497,
325

Bordas, P., Kuulkers, E., Alfonso-Garzon, J., et al. 2010, The Astronomer’s
Telegram, 2919, 1

Bosch-Ramon, V., Perucho, M., & Bordas, P. 2011, A&A, 528, A89

Bozzo, E., Grinberg, V., Wilms, J., et al. 2017a, The Astronomer’s Telegram,
10880, 1

—. 2017b, The Astronomer’s Telegram, 10881, 1

Bradt, H. 2008, Astrophysical Processes- The Physics of Astronomical Phe-

nomena, Cambridge University Press

Brandt, N., & Podsiadlowski, P. 1995, MNRAS, 274, 461

350



Brocksopp, C., Corbel, S., Tzioumis, A., et al. 2013, MNRAS, 432, 931
Brocksopp, C., Fender, R. P., Larionov, V., et al. 1999, MNRAS, 309, 1063
Brocksopp, C., Fender, R. P., & Pooley, G. G. 2002, MNRAS, 336, 699

Brocksopp, C., Miller-Jones, J. C. A., Fender, R. P., & Stappers, B. W. 2007,
MNRAS, 378, 1111

Brocksopp, C., Fender, R. P., McCollough, M., et al. 2002, MNRAS, 331, 765

Broderick, J., Stewart, A., Fender, R., Miller-Jones, J., & Mooley, K.
nad Pietka, M. 2015, The Astronomer’s Telegram, 7720, 1

Bromberg, O., Nakar, E., Piran, T., & Sari, R. 2011, ApJ, 740, 100
Burbidge, G. 1959, ApJ, 129, 849

Burrows, D. N.; Hill, J. E., Nousek, J. A. et al. 2005, Space Science Reviews,
120, 165

Capellupo, D. M., Haggard, D., Choux, N., et al. 2017, ApJ, 845, 35
Cardelli, J., Clayton, G., & Mathis, J. 1989, ApJ, 345, 245

Carrasco, L., Recillas, E., Porras, A., et al. 2015, The Astronomer’s Telegram,
7751, 1

Cartwright, T. F., Engel, M. C., Heinke, C. O., et al. 2013, ApJ, 768, 183
Casares, J., & Charles, P. A. 1994, MNRAS, 271, L5
Casares, J., Charles, P. A., & Naylor, T. 1992, Nature, 355, 614

Casares, J., Charles, P. A., Naylor, T., & Pavlenko, E. P. 1993, MNRAS, 265,
834

351



Casella, P., Altamirano, D., Patruno, A., Wijnands, R., & van der Klis, M.
2008, ApJ, 674, L41

Casella, P., & Pe’er, A. 2009, ApJ, 703, L63
Casella, P., Maccarone, T., O'Brien, K., et al. 2010, MNRAS, 404, L.21

Casili, M., Adamson, A., Alves de Oliveira, C., Almaini, O., et al. 2007, A&A,
496, 777

Castor, J., McCray, R., & Weaver, R. 1975, ApJ, 200, L107
Castro-Tirado, A., Branndt, S., & Lund, S. 1992, IAU Circular, 5590, 1
Cavecchi, Y., Patruno, A., Haskell, B., et al. 2011, ApJ, 740, L8
Cazaux, S., & Tielens, A. 2002, ApJ, 575, L.29

Chakrabarty, D., Jonker, P., & Markwardt, C. 2017, The Astronomer’s Tele-
gram, 10898, 1

Chandra, P., & Kanekar, N. 2017, ApJ, 846, 111

Chapin, E., Berry, D., Gibb, A., et al. 2013, MNRAS, 430, 2545

Chaty, S., Dubus, G., & Raichoor, A. 2011, A&A, 529, A3

Chaty, S., Rodriguez, L. F., Mirabel, I. F.] et al. 2001, A&A, 366, 1035
Churchwell, E., Babler, B., Meade, M., et al. 2009, PASP, 121, 213

Clark, B. 1980, A&A, 89, 377

Collins, R., Kaiser, C., & Cox, S. 2003, MNRAS, 338, 331

Cooke, R., Kuncic, Z., Sharp, R., & Bland-Hawthorn, J. 2007, ApJ, 667, L163

Coppejans, D., Kording, E., Miller-Jones, J., et al. 2015, MNRAS, 451, 3801

352



Corbel, S., Coriat, M., Brocksopp, C., et al. 2013, MNRAS, 428, 2500
Corbel, S., & Fender, R. 2002, ApJ, 573, L35

Corbel, S., Fender, R. P., Tomsick, J., Tzioumis, A. K., & Tingay, S. 2004,
ApJ, 617, 1272

Corbel, S., Fender, R. P., Tzioumis, A. K., et al. 2000, A&A, 359, 251
—. 2002, Science, 298, 196

Corbel, S., Kaaret, P., Fender, R. P., et al. 2005, ApJ, 632, 504
Corbel, S., Kording, E., & Kaaret, P. 2008, MNRAS, 389, 1697

Corbel, S., Nowak, M., Fender, R., Tzioumis, T., & Markoff, S. 2003, A&A,
400, 1007

Corbel, S., Kaaret, P., Jain, R. K., et al. 2001, ApJ, 554, 43

Coriat, M., Tzioumis, T., Corbel, S., et al. 2011a, The Astronomer’s Telegram,
3119

Coriat, M., Corbel, S., Prat, L., et al. 2011b, MNRAS, 414, 677

Croton, D. J., Springel, V., White, S. D. M., et al. 2006, MNRAS, 365, 11
Cseh, D., Corbel, S., Kaaret, P.; et al. 2012, ApJ, 749, 11

Cseh, D., Kaaret, P., Corbel, S., et al. 2014, MNRAS, 439, L1

Curran, P., Coriat, M., Miller-Jones, J., et al. 2014, MNRAS, 437, 3265
Davies, M. L., Franzen, T. M. O., Davies, R. D., et al. 2009, MNRAS, 400, 984
Degenaar, N., & Wijnands, R. 2012, MNRAS, 422, 581

Deller, A. T., Moldon, J., Miller-Jones, J. C. A., et al. 2015, ApJ, 809, 13

353



Dempsey, J., Friberg, P., Jeness, T., et al. 2012, MNRAS, 430, 2534

Dhawan, V., Mirabel, I., Ribo, M., & Rodrigues, 1. 2007, ApJ, 668, 430
Dhawan, V., Mirabel, I. F.; & Rodriguez, L. F. 2000, ApJ, 543, 373

Diaz Trigo, M., Migliari, S., Miller-Jones, J. C. A., et al. 2017, A&A, 600, A8

Diaz Trigo, M., Miller-Jones, J., Migliari, S., Broderick, J., & Tzioumis, T.
2013, Nature, 504, 260

Diaz Trigo, M., Altamirano, D., Dincer, T., et al. 2018, A&A Accepted,
arXiv:1804.08322

Dincer, T., Bailyn, C. D., Miller-Jones, J. C. A., Buxton, M., & MacDonald,
R. K. D. 2018, ApJ, 852, 4

Done, C., Gierllinski, M., & Kubota, A. 2007, ARA&A, 15, 1

Drappeau, S., Malzac, J., Belmont, R., Gandhi, P., & Corbel, S. 2015, MNRAS,
447, 3832

Drappeau, S., Malzac, J., Coriat, M., et al. 2017, MNRAS, 466, 4272
Drury, L., & Volk, J. 1981, AplJ, 248, 344

Dubner, G. M., Holdaway, M., Goss, W. M., & Mirabel, I. F. 1998, ApJ, 116,
1842

Durouchoux, P., Sood, R., Oka, T., et al. 2000, AdSpR, 25, 703
Edelson, R. A., & Krolik, J. H. 1988, ApJ, 333, 646

Eichler, D. 1993, ApJ, 419, 111

Fabian, A. 2012, ARA&A, 50, 455

Fabrika, S. 2004, Astrophysics and Space Physics Reviews, 12, 1

354



Falcke, H., & Biermann, P. 1995, A&A, 293, 665

Falcke, H., Kording, E., & Markoff, S. 2004, A&A, 414, 895

Fan, X., Strauss, M. A., Schneider, D. P., et al. 2003, AJ, 125, 1649
Fender, R. 2001, MNRAS, 322, 31

—. 2003, MNRAS, 340, 1353

—. 2006, Compact Stellar X-ray Sources, Vol. No. 39 (Cambridge Astrophysics
Series, ed. Lewin W.H.G., van der Klis M.), 381-419

—. 2010, in The Jet Paradigm - From Microquasars to Quasars, ed. Belloni,
T.M., Lecture Notes in Physics 794, Springer

Fender, R., Bell Burnell, S., Garrington, S., Spencer, R., & Pooley, G. 1995,
MNRAS, 274, 633

Fender, R., & Belloni, T. 2004, ARA&A, 42, 317

Fender, R., Belloni, T., & Gallo, E. 2004a, MNRAS, 355, 1105

Fender, R., Garrington, S., McKay, D., et al. 1999a, MNRAS, 304, 865
Fender, R., Hjellming, R., Tilanus, R., et al. 2001, MNRAS, 322, .23
Fender, R., Homan, J., & Belloni, T. 2009, MNRAS, 396, 1370
Fender, R., & Kuulkers, E. 2001, MNRAS, 324, 923

Fender, R., & Pooley, G. 2000, MNRAS, 318, L1

Fender, R., Pooley, G., Durouchoux, P., Tilanus, R., & Brocksopp, C. 2000,
MNRAS, 312, 853

Fender, R., Wu, K., Johnson, H., et al. 2004b, Nature, 427, 222

Fender, R., Corbel, S., Tzioumis, T., et al. 1999b, ApJ, 519, L165

355



Fender, R. P., & Hendry, M. A. 2000, MNRAS, 317, 1

Fender, R. P., Maccarone, T. J., & van Kesteren, Z. 2005, MNRAS, 360, 1085
Fender, R. P.; & Pooley, G. G. 1998, MNRAS, 300, 573

Feng, H., & Kaaret, P. 2008, ApJ, 675, 1067

Ferraro, F., Pallanca, C., Lanzoni, B., et al. 2015, ApJ, 807, L1

Ferrigno, C., Bozzo, E., Boissay, R., Kuulkers, E., & Kretschmar, P. 2015a,
The Astronomer’s Telegram, 7731, 1

Ferrigno, C., Fotopoulou, S., Domingo, A., et al. 2015b, The Astronomer’s
Telegram, 7662, 1

Foight, D. R., Giiver, T., Ozel, F., & Slane, P. O. 2016, ApJ, 826, 66
Fomalont, E., Geldzahler, B. J., & Bradshaw, C. 2001a, ApJ, 558, 283
—. 2001b, ApJ, 553, L27

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
125, 306

Fragile, P. C., Blaes, O. M., Anninos, P., & Salmonson, J. D. 2007, ApJ, 668,
417

Frank, J., King, A., & Raine, D. 2002, Accretion Power in Astrophysics (Cam-
bridge University Press)

Fruscione, A., McDowell, J. C., Allen, G. E., et al. 2006, in SPIE Proceed-
ings, Vol. 6270, Society of Photo-Optical Instrumentation Engineers (SPIE)
Conference Series, 62701V

Fuchs, Y. 2002, ArXiv e-prints, arXiv:0207429

356



Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, A&A Accepted,
arXiv:1804.09365

Gaia Collaboration, Prusti, T., de Bruijne, J. H. J., et al. 2016, A&A, 595, Al

Gallo, E., Corbel, S., Fender, R., Maccarone, T., & Tzioumis, A. K. 2004,
MNRAS, 347, L52

Gallo, E., Degenaar, N., & van den Eijnden, J. 2018, MNRAS, 478, 132
Gallo, E., Fender, R., & Hynes, R. 2005a, MNRAS, 356, 1017

Gallo, E., Fender, R., Kaiser, C., et al. 2005b, Nature, 7052, 819

Gallo, E., Fender, R., & Pooley, G. G. 2003, MNRAS, 344, 60

Gallo, E., Fender, R. P., Miller-Jones, J. C. A., et al. 2006, MNRAS, 370, 1351
Gallo, E., Migliari, S., Markoff, S., et al. 2007, ApJ, 670, 600

Gallo, E., Miller, B., & Fender, R. 2012, MNRAS, 423, 590

Gallo, E., Plotkin, R. M., & Jonker, P. G. 2014, MNRAS, 438, L41

Gallo, E., Miller-Jones, J. C. A., Russell, D., et al. 2014, MNRAS, 445, 290

Galloway, D., Muno, M. P. amd Hartman, J., Psaltis, D., & Chakrabarty, D.
2008, ApJSS, 179, 360

Gandhi, P., Littlefair, S., Hardy, L., et al. 2015, The Astronomer’s Telegram,
7686, 1

Gandhi, P., Rao, A., Johnson, M. A. C., Paice, J. A., & Maccarone, T. J. 2018,
ArXiv e-prints, arXiv:1804.11349

Gandhi, P., Makishima, K., Durant, M., et al. 2008, MNRAS, 390, 1.29

Gandhi, P., Bachetti, M., Dhillon, V. S., et al. 2017, Nature Astronomy, 1, 859

357



Gaskell, C. M., & Peterson, B. M. 1987, AplJs, 65, 1

Gazeas, K., Vasilopoulos, G., Petropoulou, M., & Sapoutntzis, K. 2015, The

Astronomer’s Telegram, 7650, 1
Gendelev, L., & Krumholz, M. R. 2012, ApJ, 745, 158
Gies, D. R., & Bolton, C. T. 1986, ApJ, 304, 371
Ginsburg, A., Glenn, J., Rosolowsky, E., et al. 2013, ApJS, 208, 15
Ginsburg, A., Henkel, C., Ao, Y., et al. 2015, A&A, 573, 106
Gleissner, T., Wilms, J., Pooley, G. G., et al. 2004, A&A, 425, 1061
Goodman, J., & Weare, J. 2010, Comm. App. Math. Comp. Sci., 5, 65

Greisen, E. W. 2003, in Astrophysics and Space Science Library, Vol. 285,

Information Handling in Astronomy - Historical Vistas, ed. A. Heck, 109
Griffin, M., Abergel, A., Abreu, A., Ade, P., et al. 2010, A&A, 518, 7

Grinberg, V., Pooley, G., Cadolle-Bell, M., et al. 2015, The Astronomer’s Tele-
gram, 7316, 1

Grinberg, V., Boeck, M., Pottschmidt, K., et al. 2011, The Astronomer’s Tele-
gram, 3616, 1

Grinberg, V., Hell, N., Pottschmidt, K., et al. 2013, A&A, 554, 88

Grinberg, V., Wilms, J., Pottschmidt, K., et al. 2014, The Astronomer’s Tele-
gram, 6344, 1

Grindlay, J. E., & Seaquist, E. R. 1986, ApJ, 310, 172
Grise, F., Kaaret, P., Corbel, S., et al. 2012, ApJ, 745, 12

Grise, F., Pakull, M. W., Soria, R., et al. 2008, A&A, 486, 151

358



Guo, F., Li, H., Daughton, W., & Liu, Y. 2014, Physical Review Letters, 113,
15

Gusinskaia, N. V., Deller, A. T., Hessels, J. W. T., et al. 2017, MNRAS, 470,
1871

Han, X., & Hjellming, R. M. 1992, ApJ, 400, 304

Hannikainen, D. C., Hunstead, R. W., Campbell-Wilson, D., et al. 2000, ApJ,
540, 521

Hao, J. F., & Zhang, S. N. 2009, ApJ, 702, 1648

Harrison, F. A., Craig, W. W., Christensen, F. E., et al. 2013, ApJ, 770, 103
Hastings, W. 1970, Biometrika, 57, 97

Heinke, C., Edmonds, P., Grindlay, J. E.; et al. 2003, ApJ, 590, 809

Heinke, C., Wijnands, R., Cohn, H. N., et al. 2006, ApJ, 651, 1098

Heinke, C. O., Jonker, P. G., Wijnands, R., Deloye, C. J., & Taam, R. E. 2009,
ApJ Letters, 691, 1035

Heinz, S. 2002, A&A, 388, 140

—. 2006, ApJ, 636, 316

Heinz, S., Corrales, L., Smith, R., et al. 2016, ApJ, 825, 15

Heinz, S., & Grimm, H. 2005, ApJ, 633, 384

Heinz, S., Grimm, H., Sunyaev, R. A., & Fender, R. P. 2008, ApJ, 686, 1145
Heinz, S., & Sunyaev, R. 2003, MNRAS, 343, .59

Heyer, M., Krawczyk, C., Duval, J., & Jackson, J. 2009, ApJ, 699, 1092

Hill, A. B., Szostek, A., Corbel, S., et al. 2011, MNRAS, 415, 235

359



Hjellming, R., & Johnson, K. 1988, ApJ, 328, 600
Hjellming, R., & Rupen, M. 1995, Nature, 375, 464

Hjellming, R., Rupen, M. P., Mioduszewski, A., & Narayan, R. 2000a, The

Astronomer’s Telegram, 54, 1

Hjellming, R. M., Calovini, T. A., Han, X., & Cordova, F. A. 1988, ApJ, 335,
L75

Hjellming, R. M., & Han, X. 1989, TAU Circular, 4796, 2
Hjellming, R. M., & Han, X. 1995, X-ray Binaries, 308
Hjellming, R. M., & Johnson, K. 1981, ApJ, 246, L141

Hjellming, R. M., Rupen, M. P., Mioduszewski, A. J., et al. 1999, ApJ, 514,
383

Hjellming, R. M., Rupen, M. P., Hunstead, R. W., et al. 2000b, ApJ, 544, 977
Hogbom, J. 1974, ApJS, 15, 417

Hogg, D., Bovy, J., & Lang, D. 2010, ArXiv e-prints, arXiv:1008.4686v1
Holland, W., et al. 2013, MNRAS, 430, 2513

Holt, S., Kaluzienski, L., Boldt, E., & Serlemitsos, P. 1979, ApJ, 233, 344
Homan, J., van der Klis, M., Fridriksson, J., et al. 2010, ApJ, 719, 201
Huang, Y., Dame, T., & Thaddeus, P. 1983, ApJ, 272, 609

Huppenkothen, D., Bachetti, M., Stevens, A. L., Migliari, S., & Balm, P.
2016, Stingray: Spectral-timing software, Astrophysics Source Code Library,
ascl:1608.001

Huppenkothen, D., Younes, G., Ingram, A., et al. 2017, ApJ, 834, 90

360



Hyde, E. A., Russell, D., Ritter, A., et al. 2017, PASP, 129, 094201
Hynes, R., Bradley, C., Rupen, M. P.; et al. 2009, MNRAS, 399, 2239

Hynes, R., Haswell, C., Chaty, S., Shrader, C., & Cui, W. 2002a, MNRAS, 331,
169

Hynes, R., Zurita, C., & Haswell, C. 2002b, ApJ, 330, 1009
Hynes, R. 1. 2005, ApJ, 623, 1026

lacolina, M. N., Burgay, M., Burderi, L., Possenti, A., & di Salvo, T. 2010,
A&A, 519, A13

Icke, V., Mellema, G., Balick, B., Eulkerink, F., & Frank, A. 1992, Nature,
355, 524

Ingram, A., van der Klis, M., Middleton, M., et al. 2016, MNRAS, 461, 1967
Inoue, H., Koyama, K., Makino, F., et al. 1984, PASJ, 36, 855

Jamil, O., Fender, R., & Kaiser, C. 2010, MNRAS, 401, 394

Jiang, Y., Stone, J. M., & Davis, S. W. 2014, ApJ, 796, 106

Jonker, P. G., Miller-Jones, J. C. A., Homan, J., et al. 2012, MNRAS, 423,
3308

Jonker, P. G., Steeghs, D., Chakrabarty, D., & Juett, A. M. 2007, ApJ Letters,
665, L.147

Kaaret, P., Corbel, S., Tomsick, J., et al. 2006, ApJ, 641, 410
Kaaret, P., Corbel, S., Tomsick, J. A., et al. 2003, ApJ, 582, 945
Kaiser, C. 2006, MNRAS, 367, 1083

Kaiser, C., & Alexander, P. 1997, MNRAS, 286, 215

361



Kaiser, C. R., Gunn, K. F., Brocksopp, C., & Sokoloski, J. L. 2004, ApJ, 612,
332

Kajava, J. J. E., Motta, S. E., Sanchez-Fernandez, C., & Kuulkers, E. 2018,
A&A Accepted, arXiv:1803.02161

Kalamkar, M., Casella, P., Uttley, P., et al. 2016, MNRAS, 460, 3284
Kalemci, E., Begelman, M., Maccarone, T. J., et al. 2016, MNRAS, 463, 615
Kalemci, E., Dincer, T., Tomsick, J., et al. 2013, ApJ, 779, 14

Kassim, N. E., Giacintucci, S., Lane-Peters, W. M., et al. 2015, The As-

tronomer’s Telegram, 7728, 1
Khargharia, J., Froning, C., & Robinson, E. L. 2010, ApJ, 716, 1105
Kimura, M., Isogai, K., Kato, T., et al. 2016, Nature, 529, 54

Kitamoto, S., Tsunemi, H., Miyamoto, S., Yamashita, K., & Mizobuchi, S.
1989, Nature, 342, 518

Koljonen, K., Russell, D., Fernandez Ontiveros, J., et al. 2015, ApJ, 814, 139
Komossa, S. 2015, Journal of High Energy Astrophysics, 7, 148

Kording, E., Fender, R., & Migliari, S. 2006, MNRAS, 369, 1451

Kording, E., Rupen, M., Knigge, C., et al. 2008, Science, 320, 1318

Kotani, T., Kawai, N., Aoki, T., et al. 1994, PASJ, 46, 1.147

Kraemer, K. E., Jackson, J. M., Kassis, M., et al. 2003, ApJ, 588, 918
Krimm, H. A., Holland, S. T., Corbet, R. H. D., et al. 2013, ApJSS, 209, 14
Kroupa, P. 2001, MNRAS, 322, 231

Kuulkers, E. 2015, The Astronomer’s Telegram, 7758, 1

362



Kuulkers, E., den Hartog, P. R., in ’t Zand, J. J. M., et al. 2003, A&A, 399,
663

Kuulkers, E., Fender, R. P., Spencer, R., Davis, R., & Morison, I. 1999, MN-
RAS, 306, 919

Kuulkers, E., Motta, S., Kajava, J., et al. 2015, The Astronomer’s Telegram,
7647, 1

Lanzoni, B., Ferraro, F., Dalessandro, E., et al. 2010, ApJ, 717, 653

Lawrence, A., Warren, S., Almaini, O., Edge, A., et al. 2007, MNRAS, 379,
1599

Lee, E. J., Miville-Deschénes, M.-A., & Murray, N. W. 2016, ApJ, 833, 229

Lehto, H. J., Machin, G., McHardy, I. M., & Callanan, P. 1990, Nature, 347,
49

Lense, J., & Thirring, H. 1918, Physikalische Zeitschrift, 19, 156

Linares, M., Altamirano, D., Chakrabarty, D., Cumming, A., & Keek, L. 2012,
AplJ, 748, 13

Linares, M., Chakrabarty, D., Marshall, H., et al. 2015, The Astronomer’s
Telegram, 7247, 1

Lindfors, E., Turler, M., Hannikainen, D. C., et al. 2007, A&A, 473, 923

Ling, J., Mahoney, W., Wheaton, W., Jacobson, A., & Kaluzienski, L. 1983,
ApJ, 275, 307

Lipunov, V., Gorbovskoy, E., Tiurina, N.; et al. 2015, The Astronomer’s Tele-
gram, 8453, 1

Liska, M., Hesp, C., Tchekhovskoy, A., et al. 2018, MNRAS, 474, L81

363



Longair, M. 2011, High Energy Astrophysics (New York: Cambridge University

Press)

Ludlam, R., Miller, J. M., Miller-Jones, J., & Reynolds, M. 2017, The As-

tronomer’s Telegram, 10690
Maccarone, T. J. 2002, MNRAS, 336, 1371
—. 2003, A&A, 409, 697

Machin, G., Lehto, H. J., McHardy, I. M., Callanan, P. J., & Charles, P. A.
1990, MNRAS, 246, 237

Magorrian, J., Tremaine, S., Richstone, Douglas; Bender, R., et al. 1998, ApJ,
115, 2285

Maitra, D., Scarpaci, J. F., Grinberg, V., et al. 2017, ApJ, 851, 148
Makino, F. 1989, IAU Circular, 4782, 1
Makishima, K., Ohashi, T., Inoue, H., et al. 1981, ApJ, 247, 123

Malyshev, D., Savchenko, V., Ferrigno, C., Bozzo, E., & Kuulkers, E. 2015,
The Astronomer’s Telegram, 8458, 1

Malzac, J. 2014, MNRAS, 443, 229
Malzac, J., Belloni, T., Spruit, H., & Kanbach, G. 2003, A&A, 407, 335
Margon, B. 1984, ARA&A, 22, 507

Margon, B., Ford, H. C., Grandi, S. A., & Stone, R. P. S. 1979, ApJ Letters,
233, L63

Markoff, S., Falcke, H., & Fender, R. 2001, A&A, 372, 1.25

Markoff, S., Nowak, M., Corbel, S., Fender, R., & Falcke, H. 2003, A&A, 397

364



Markoff, S., Nowak, M., & Wilms, J. 2005, ApJ, 635, 1203

Marscher, A. P., & Gear, W. 1985, ApJ, 298, 114

Marsh, T. R., Génsicke, B. T., Himmerich, S., et al. 2016, Nature, 537, 374
Marshall, H. L., Rutledge, R., Fox, D. W., et al. 2001, AJ, 122, 21

Marti, J., Mirabel, I. F., Rodriguez, L. F., & Smith, I. A. 2002, A&A, 386, 571
Marti-Vidal, 1., Vlemmings, W., Muller, S., & Casey, S. 2014, A&A, 563, 9
Martin, R. G., Tout, C. A., & Pringle, J. E. 2008, MNRAS, 387, 188

Martin-Carrillo, A., Murphy, D., Hanlon, L., et al. 2015, The Astronomer’s
Telegram, 7729, 1

Martins, F., Schaerer, D., & Hillier, D. J. 2005, A&A, 436, 1049
Massi, M., & Kaufman Bernadd, M. 2008, A&A, 477, 1

McClintock, J. E., & Remillard, R. A. 2006, Black hole binaries (Cambridge
Astrophysics Series, ed. Lewin, W. H. G. and van der Klis, M.), 157-213

McMullin, J. P., Waters, B., Schiebel, D.,; Young, W., & Golap, K. 2007,
Astronomical Data Analysis Software and Systems XVI, ed. R.A. Shaw, F.
Hill and D.J. Bell, Astronomical Society of the Pacific Conference Series,
Volume 376, 127

McNamara, B., & Nulsen, P. 2007, ARA&A, 45, 117

McNamara, B. R., Nulsen, P. E. J., Wise, M. W., et al. 2005, Nature, 433, 45
Meier, D., Koide, S., & Uchida, Y. 2001, Science, 291, 84

Melrose, D., & Pope, M. 1993, Publ. Astron. Soc. Australia, 10, 222

Merloni, A., Heinz, S., & Di Matteo, T. 2003, MNRAS, 345, 1057

365



Metropolis, N., Rosenbluth, A., Rosenbluth, M., Teller, A., & Teller, E. 1953,
Journal of Chemical Physics, 21, 1087

Middleton, M. J., Fragile, P. C., Bachetti, M., et al. 2018, MNRAS, 475, 154
Migliari, S., & Fender, R. 2006, MNRAS, 366, 79

Migliari, S., Fender, R., Rupen, M., et al. 2004, MNRAS, 351, 186

Migliari, S., Fender, R. P., Rupen, M., et al. 2003, MNRAS, 342, L.67

Migliari, S., Ghisellini, G., Miller-Jones, J., & Russell, D. 2012, in International
Journal of Modern Physics Conference Series, Vol. 8, International Journal

of Modern Physics Conference Series, 108-113
Migliari, S., Miller-Jones, J. C. A., & Russell, D. M. 2011, MNRAS, 415, 2407
Migliari, S., Tomsick, J. A., Miller-Jones, J. C. A., et al. 2010, ApJ, 710, 117
Migliori, G., Corbel, S., Tomsick, J. A., et al. 2017, MNRAS, 472, 141
Miller-Jones, J. 2014, PASA, 31, 14
Miller-Jones, J., Jonker, P. G., Ratti, E. M., et al. 2011, MNRAS, 415, 306

Miller-Jones, J. C. A., Blundell, K. M., Rupen, M. P., et al. 2004, ApJ, 600,
368

Miller-Jones, J. C. A., Fender, R., & Nakar, E. 2006, MNRAS, 367, 1432

Miller-Jones, J. C. A., Heinke, C. O., Sivakoff, G. R., et al. 2010, The As-

tronomer’s Telegram, 2377

Miller-Jones, J. C. A., Jonker, P., Maccarone, T., Nelemans, G., & Calvelo,
D. E. 2011, ApJ, 739, L18

Miller-Jones, J. C. A., Jonker, P. G., Dhawan, V., et al. 2009, ApJ, 706, L230

366



Miller-Jones, J. C. A., Jonker, P. G., Nelemans, G., et al. 2009, MNRAS, 394,
1440

Miller-Jones, J. C. A., Rupen, M. P., Fender, R. P., et al. 2007a, MNRAS, 375,
1087

Miller-Jones, J. C. A., Rupen, M. P., Turler, M., et al. 2009, MNRAS, 394, 309

Miller-Jones, J. C. A., Kaiser, C., Maccarone, T. J., et al. 2007b, Conf. Proc.
“A Population Explosion: The Nature and Evolution of X-ray Binaries in Di-

verse Environments”, Editors: R.M. Bandyopadhyay, S. Wachter, D. Gelino,
& C. R. Gelino

Miller-Jones, J. C. A., Sivakoff, G., Altamirano, D., et al. 2010, MNRAS, 716,
L109

Miller-Jones, J. C. A., Sivakoff, G. R., Altamirano, D., et al. 2012, MNRAS,
421, 468

Mirabel, F. 2017, New Astronomy Reviews, 78, 1

Mirabel, 1., Chaty, S., Rodriguez, L., & Sauvage, M. 2015, Proc. IAU Symp.,
313, 370

Mirabel, 1., Rodriguez, L., Cordier, B., Paul, J., & LeBrun, F. 1992, Nature,
358, 215

Mirabel, I. F., Dhawan, V., Chaty, S., et al. 1998, A&A, 330, L9

Mirabel, 1. F., Dijkstra, M., Laurent, P., Loeb, A., & Pritchard, J. R. 2011,
A&A, 528, 6

Mirabel, I. F., & Rodriguez, L. F. 1994, Nature, 371, 46
—. 1999, ARA&A, 37, 409

Mirabel, I. F., Rodriguez, L. F., Marti, J., et al. 1993, IAU Circular, 5773, 1

367



Miyamoto, S., Kitamoto, S., Iga, S., Negoro, H., & Terada, K. 1992, ApJ, 391,
L21

Molinari, S., Swinyard, B., Bally, J., et al. 2010, PASP, 122, 314

Mooley, K., Fender, R., Anderson, G., et al. 2015, The Astronomer’s Telegram,
7658, 1

Motta, S., Beardmore, A., Oates, S., et al. 2015a, The Astronomer’s Telegram,
7665, 1

—. 2015b, The Astronomer’s Telegram, 7666, 1

Motta, S., Sanchez-Fernanedz, C., Kajava, J., et al. 2016, The Astronomer’s
Telegram, 8510, 1

Motta, S. E., Franchini, A., Lodato, G., & Mastroserio, G. 2018, MNRAS, 473,
431

Motta, S. E., Kajava, J. J. E., Sdnchez-Fernandez, C., Giustini, M., & Kuulkers,
E. 2017a, MNRAS, 468, 981

Motta, S. E., Kajava, J. J. E., Sanchez-Fernandez, C., et al. 2017b, MNRAS,
471, 1797

Munoz-Darias, T., Casares, J., Mata Sanchez, D., et al. 2016, Nature, 534, 75

—. 2017, MNRAS, 465, L124

Mukherjee, D., Bult, P., van der Klis, M., & Bhattacharya, D. 2015, MNRAS,
452, 3994

Muno, M., & Mauerhan, J. 2006, ApJ, 648, L.135

Naik, S., Agrawal, P., Rao, A., et al. 2001, ApJ, 546, 1075

368



Nandi, A., Chakrabarti, S., Vadawale, S. V., & Rao, A. R. 2001, A&A, 380,
245

Narayan, R., & Yi, 1. 1995, ApJ, 452, 710

Negoro, H., Itoh, D., Ueno, S., et al. 2015, The Astronomer’s Telegram, 7579,
1

Neilsen, J., Coriat, M., Fender, R., et al. 2014, ApJ, 784, L5
Nipoti, C., Blundell, K., & Binney, J. 2005, MNRAS, 361, 633

Nowak, M. A., Vaughan, B. A., Wilms, J., Dove, J. B., & Begelman, M. C.
1999, ApJ, 510, 874

Oates, S. R., et al. 2015, The Astronomer’s Telegram, 7734, 1

O’Neill, P., Sood, R., Durouchoux, P., & Safi-Harb, S. 2000, IAU Symposium,
Vol. 195, 419

Oosterbroek, T., van der Klis, M., van Paradijs, J., et al. 1997, A&A, 321, 776
Orosz, J., McClintock, J., Aufdenberg, J., et al. 2011, ApJ, 742, 84

Pakull, M., Soria, R., & Motch, C. 2010, Nature, 466, 209

Pandey, M., Rao, A., Pooley, G., et al. 2006, A&A, 447, 525

Papitto, A., Ferrigno, C., Bozzo, E., et al. 2013, Nature, 501, 517

Paredes, J., Marti, J., Peracaula, M., Pooley, G., & Mirabel, 1. 2000, A&A,
357, 507

Parfrey, K., Spitkovsky, A., & Beloborodov, A. M. 2017, MNRAS, 469, 3656
Patruno, A., Haskell, B., & Andersson, N. 2017, ApJ, 850, 106

Patruno, A., & Watts, A. L. 2012, ArXiv e-prints, arXiv:1206.2727

369



Patruno, A., Wette, K., & Messenger, C. 2018, ApJ, 859, 112

Patruno, A., Archibald, A. M., Hessels, J. W. T., et al. 2014, ApJ Letters, 781,
L3

Pe’er, A., & Casella, P. 2009, ApJ, 699, 1919

Pe’er, A., & Markoff, S. 2012, ApJ, 753, 177

Perley, R. A., & Butler, B. J. 2017, ApJ Supplements, 230, 7

Perrott, Y. C., Scaife, A. M. M., Green, D. A., et al. 2013, MNRAS, 429, 3330
Perucho, M., & Bosch-Ramon, V. 2008, A&A, 482, 917

Pineda, J., Caselli, P., & Goodman, A. 2008, ApJ, 679, 481

Plotkin, R., Gallo, E., & Jonker, P. 2013, ApJ, 773, 59

Plotkin, R., Gallo, E., Markoff, S., et al. 2015, MNRAS, 446, 4098

Plotkin, R., Markoff, S., Kelly, B., Kording, E., & Anderson, S. 2012, MNRAS,
419, 267

Plotkin, R. M., Gallo, E., Jonker, P.; et al. 2016, MNRAS, 456, 2707
Plotkin, R. M., Bright, J., Miller-Jones, J. C. A., et al. 2017, ApJ, 848, 92
Plotkin, R. M., Miller-Jones, J. C. A., Gallo, E., et al. 2017, ApJ, 834, 19

Poglitsch, A., Waelkens, C., Geis, N., Feuchtgruber, H., et al. 2010, A&A, 518,
12

Polko, P., Meier, D., & Markoff, S. 2010, ApJ, 723, 1343
—. 2013, MNRAS, 428, 587

—. 2014, MNRAS, 438, 559

370



Pooley, G., & Fender, R. 1997, MNRAS, 292, 925
Pooley, G. G., Fender, R. P., & Brocksopp, C. 1999, MNRAS, 302, L1
Pottschmidt, K., Wilms, J., Nowak, M. A., et al. 2003, A&A, 407, 1039

Poutanen, J., Lipunova, G., Fabrika, S., Butkevich, A. G., & Abolmasov, P.
2007, MNRAS, 377, 1187

Primiani, R., Young, K., Young, A., et al. 2016, Journal of Astronomical In-

strumentation, 5, 19
Punsly, B., & Coroniti, F. V. 1990, ApJ, 350, 518

Radhika, D., Nandi, A., Agrawal, V. K., & Mandal, S. 2016, MNRAS, 462,
1834

Ratti, E. M., Jonker, P. G., Miller-Jones, J., et al. 2012, MNRAS, 423, 2656
Reid, M., McClintock, J., Narayan, R., et al. 2011, ApJ, 742, 83

Reid, M., McClintock, J., Steiner, J., et al. 2014a, ApJ, 796, 2

Reid, M., Menten, K. M., Brunthaler, A., et al. 2014b, ApJ, 783, 130
Remillard, R., & McClintock, J. 2006, ARA&A, 44, 49

Rib6, M., Munar-Adrover, P., Paredes, J. M., et al. 2017, ApJ Letters, 835,
L33

Richter, G. 1989, IBVS, 3362, 1

Roberts, T., Goad, M., Ward, M., & Warwick, R. 2003, MNRAS, 342, 709
Rodriguez, J., Cadolle Bel, M., Alfonso-Garzoén, J., et al. 2015, A&A, 581, L9
Rodriguez, L. F., & Mirabel, I. 1998, A&A, 340, L47

Rodriguez, L. F.; & Mirabel, I. F. 1999, ApJ, 511, 398

371



Romanova, M. M., Ustyugova, G. V., Koldoba, A. V., & Lovelace, R. V. E.
2009, MNRAS, 399, 1802

Rupen, M. P., Dhawan, V., & Mioduszewski, A. J. 2002, IAU Circular, 7893
Rushton, A., Spencer, R., Pooley, G., & Trushkin, S. 2010, MNRAS, 401, 2611
Rushton, A. P., Shaw, A., Fender, R. P., et al. 2016, MNRAS, 463, 628

Rushton, A. P., Miller-Jones, J. C. A., Curran, P. A.) et al. 2017, MNRAS,
468, 2788

Russell, D., Fender, R., Gallo, E., Miller-Jones, J., & Kaiser, C. 2006, Proceed-
ings of the VI Microquasar Workshop: Microquasars and Beyond, Editor:
T. Belloni

Russell, D., Fender, R., Hynes, R., et al. 2006, MNRAS, 371, 1334
Russell, D., Gallo, E., & Fender, R. 2013a, MNRAS, 431, 405

Russell, D., Maitra, D., Dunn, R., & Markoff, S. 2010, MNRAS, 405, 1759
Russell, D., Markoff, S., Casella, P., et al. 2013b, MNRAS, 429, 815

Russell, D. M., Fender, R. P., Gallo, E., & Kaiser, C. R. 2007, MNRAS, 376,
1341

Russell, D. M., Miller-Jones, J. C. A., Maccarone, T. J., et al. 2011, ApJ, 739,
L19

Russell, D. M., Russell, T. D., Miller-Jones, J. C. A., et al. 2013c, ApJ, 768,
L35

Russell, T., Soria, R., Miller-Jones, J., et al. 2014, MNRAS, 439, 1390

Russell, T. D., Miller-Jones, J. C. A., Curran, P. A., et al. 2015, MNRAS, 450,
1745

372



Russell, T. D., Miller-Jones, J. C. A., Curran, P. A., et al. 2015, MNRAS, 450,
1745

Russell, T. D., Miller-Jones, J. C. A., Sivakoff, G. R., et al. 2016, MNRAS,
460, 3720

Rutledge, R., Moore, C., Fox, D., Lewin, W., & van Paradijs, J. 1998, The

Astronomer’s Telegram, 8

Safi-Harb, S., & Ogelman, H. 1997, ApJ, 483, 868

Sanchez-Fernandez, C., Kajava, J. J. E., Motta, S. E., & Kuulkers, E. 2017,
A&A, 602, A40

Sanna, A., Bahramian, A., Bozzo, E., et al. 2018, A&A, 610, L2

Sari, R., Piran, T., & Narayan, R. 1998, ApJ Letters, 497, L17

Sault, R. J., Teuben, P. J., & Wright, M. C. H. 1995, in Astronomical Society of
the Pacific Conference Series, Vol. 77, Astronomical Data Analysis Software

and Systems IV, ed. R. A. Shaw, H. E. Payne, & J. J. E. Hayes, 433

Scarpaci, J., Maitra, D., Hynes, R., & Markoff, S. 2015, The Astronomer’s
Telegram, 7737, 1

Sell, P. H., Heinz, S., Richards, E., et al. 2015, MNRAS, 446, 3579

Serino, M., Mihara, T., Matsuoka, M., et al. 2012, PASJ, 64, 5

Shahbaz, T., Ringwald, F. A., Bunn, J. C., et al. 1994, MNRAS, 271, 10

Shahbaz, T., Russell, D., Covino, S., et al. 2016, MNRAS, 463, 1822

Sharma, S. 2017, ARA&A, 55, 213

Shaw, A. 2015, The Astronomer’s Telegram, 7738, 1

373



Shepherd, M. C. 1997, in Astronomical Society of the Pacific Conference Series,
Vol. 125, Astronomical Data Analysis Software and Systems VI, ed. G. Hunt
& H. Payne, 77

Silk, J., & Rees, M. 1998, A&A, 331, L1

Sironi, L., Giannios, D., & Petropoulou, M. 2016, MNRAS, 462, 48

Sironi, L., & Spitkovsky, A. 2014, ApJ, 783, L.21

Sivakoff, G., Bahramian, A., Altamirano, D., et al. 2015a, The Astronomer’s
Telegram, 7959, 1

Sivakoff, G. R., Bahramian, A., Altamirano, D., Miller-Jones, J. C. A., &
Russell, D. 2015b, The Astronomer’s Telegram, 7763, 1

Sivakoff, G. R., Bahramian, A., Heinke, C.; et al. 2015¢, The Astronomer’s
Telegram, 7788, 1

Sivakoff, G. R., Heinke, C. O., Miller-Jones, J. C. A., et al. 2011, The As-

tronomer’s Telegram, 3393

Solomon, P., Rivolo, A., Barrett, J., & Yahil, A. 1987, ApJ, 319, 730

Soria, R., Long, K. S., Blair, W. P., et al. 2014, Science, 343, 1330

Soria, R., Pakull, M., Broderick, J., Corbel, S., & Motch, C. 2010, MNRAS,
409, 541

Spencer, R., Rushton, A. P., Balucinska-Church, M., et al. 2013, MNRAS, 435,
L48

Stanimirovic, S., Altschuler, D., Goldsmith, P., & Salter, C. 2002, Single-Dish
Radio Astronomy: Techniques and Applications, Astronomical Society of the

Pacific Conference Series, Volume 278

374



Stevens, J., Hannikainen, D. C., Wu, K., Hunstead, R., & McKay, D. 2003,
MNRAS, 342, 623

Stirling, A., Spencer, R., de la Force, C., et al. 2001, MNRAS, 327, 1273

Strohmayer, T. E., & Markwardt, C. B. 2010, The Astronomer’s Telegram,
2569, 1

Tanaka, Y., & Lewin, W. 1995, in X-Ray Binaries, Vol. Lewin, W.H.G. and
van Paradijs, J. and van den Heuvel, E.P.J. (Cambridge University Press),
126-174

Tananbaum, H., Gursky, H., Kellogg, E., & Giacconi, R. 1972, ApJ, 177, L5

Taylor, G., Carilli, C., & Perley, R. 1998, Synthesis Imaging in Radio Astron-

omy II, Astronomical Society of the Pacific Conference Series, Volume 180
Terada, K., Miyamoto, S., Kitamoto, S., & Egoshi, W. 1994, PASJ, 46, 677

Tetarenko, A., Sivakoff, G., Gurwell, M., et al. 2015a, The Astronomer’s Tele-
gram, 7661, 1

Tetarenko, A., Sivakoff, G., Young, K., Wouterloot, J., & Miller-Jones, J.
2015b, The Astronomer’s Telegram, 7708, 1

Tetarenko, A., Sivakoff, G. R., Bremer, M., et al. 2015¢, The Astronomer’s
Telegram, 7740, 1

Tetarenko, A., Sivakoff, G. R., Miller-Jones, J., & Coulson, I. 2016a, The
Astronomer’s Telegram, 8499, 1

Tetarenko, A. J., Sivakoff, G. R., Miller-Jones, J. C. A., et al. 2015d, ApJ, 805,
30

Tetarenko, A. J., Bahramian, A., Sivakoff, G. R., et al. 2016b, MNRAS, 460,
345

375



Tetarenko, A. J., Bahramian, A., Sivakoff, G. R., et al. 2017a, The As-

tronomer’s Telegram, 10894
—. 2017b, The Astronomer’s Telegram, 10843

Tetarenko, A. J., Sivakoff, G. R., Heinke, C. O., et al. 2017¢, The Astronomer’s
Telegram, 10422

Tetarenko, A. J., Sivakoff, G., Miller-Jones, J., et al. 2017, MNRAS, 469, 3141

Tetarenko, B., Sivakoff, G., Heinke, C., & Gladstone, J. C. 2016¢, ApJS, 222,
15

Tingay, S. J., Jauncey, D. L., Preston, R. A., et al. 1995, Nature, 374, 141

Tremou, E.; Sivakoff, G., Bahramian, A., et al. 2015, The Astronomer’s Tele-
gram, 7262, 1

Trushkin, S. A., Nizhelskij, N. A., & Tsybulev, P. 2015, The Astronomer’s
Telegram, 8454, 1

Tsubono, K., Aoki, T., Asuma, K., et al. 2015, The Astronomer’s Telegram,
7733, 1

Tudor, V., Bahramian, A., Sivakoff, G., et al. 2016, The Astronomer’s Tele-
gram, 8914

Tudor, V., Miller-Jones, J. C. A., Patruno, A., et al. 2017, MNRAS, 470, 324

Tudose, V., Fender, R., Tzioumis, A. K., Spencer, R., & van der Klis, M. 2008,
MNRAS, 390, 447

Tudose, V., Fender, R. P.; Linares, M., Maitra, D., & van der Klis, M. 2009,
MNRAS, 400, 2111

Turler, M., Courvoisier, T. J.-L., Chaty, S., & Fuchs, Y. 2004, A&A, 415, .35

376



Turler, M., Courvoisier, T. J.-L., & Paltani, S. 2000, A&A, 361, 850
Uemura, M., Kato, T., Ishioka, R., et al. 2004, PASJ, 56, 61

Uttley, P., & Casella, P. 2014, Space Science Reviews, 183, 453
Vadawale, S. V., Rao, A. R., Naik, S., et al. 2003, ApJ, 597, 1023

Vadawale, S. V., Rao, A. R., Nandi, A., & Chakrabarti, S. 2001, A&A, 370,
L17

Valenti, E., Ferraro, F., & Origlia, L. 2007, AJ, 133, 1287

van den Eijnden, J., Degenaar, N., Russell, T. D., et al. 2018a, MNRAS, 474,
LI1

—. 2018b, MNRAS, 473, L141
van der Horst, A., Curran, P., Miller-Jones, J., et al. 2013, MNRAS, 436, 2625

van der Klis, M. 2006, in Compact Stellar X-Ray Sources, ed. W. Lewin &
M. van der Klis (Cambridge University Press), 39-112

van der Laan, H. 1966, Nature, 5054, 1131
van Haaften, L. M., Voss, R., & Nelemans, G. 2012, A&A, 543, A121
Vaughan, B. A., & Nowak, M. A. 1997, ApJ Letters, 474, 1.43

Vaughan, S., Edelson, R., Warwick, R. S., & Uttley, P. 2003, MNRAS, 345,
1271

Vernaleo, J. C., & Reynolds, C. S. 2006, ApJ, 645, 83

Verner, D. A., Ferland, G. J., Korista, K. T., & Yakovlev, D. G. 1996, ApJ,
465, 487

377



Vincentelli, F. M., Casella, P., Maccarone, T. J., et al. 2018, MNRAS, 477,
4524

Wagner, R. M., Starrfield, S. G., Cassatella, A., et al. 1989, IAU Circular, 4783,
1

Walton, D. J., Mooley, K., King, A. L., et al. 2017, ApJ, 839, 110

Wang, Y., & Méndez, M. 2016, MNRAS, 456, 1579

Watts, A., Krishnan, B., Bildsten, L., & Schutz, F. 2008, MNRAS, 389, 839
Wiersema, K., Russell, D. M., Degenaar, N., et al. 2009, MNRAS, 397, L6

Wijnands, R., Degenaar, N., & Page, D. 2017, Journal of Astrophysics and
Astronomy, 38, 49

Wijnands, R., Heinke, C., Pooley, D., et al. 2005, ApJ, 618, 883

Wijnands, R., Homan, J., Heinke, C. O., Miller, J. M., & Lewin, W. H. G.
2005, ApJ, 619, 492

Williams, D., & Viti, S. 2013, Observational Molecular Astronomy: Exploring

the Universe Using Molecular Line Emissions (Cambridge University Press)
Wilms, J., Allen, A., & McCray, R. 2000, ApJ, 542, 914

Wilms, J., Nowak, M. A., Pottschmidt, K., Pooley, G. G., & Fritz, S. 2006,
A&A, 447, 245

Wilms, J., Pottschmidt, K., Pooley, G. G., et al. 2007, ApJ Letters, 663, L97

Wilson, T., Rohlfs, K., & Huttemeister, S. 2013, Tools of Radio Astronomy
(Springer)

Wilson, T. L., & Rood, R. 1994, ARA&A, 32, 191

Wolfire, M., McKee, C., Hollenbach, D., & Tielens, A. 2003, ApJ, 587, 278

378



Wright, E., Eisenhardt, P., Mainzer, A., Ressler, M., et al. 2010, ApJ, 140,
1868

W, X., Wang, F., Fan, X., et al. 2015, Nature, 518, 512

Yan, Z., & Yu, W. 2017, MNRAS, 470, 4298

Yang, H. K., & Reynolds, C. S. 2016, ApJ, 829, 90

Yang, J., Brocksopp, C., Corbel, S., et al. 2010, MNRAS, 409, .64

Yang, J., Paragi, Z., Corbel, S., et al. 2011, MNRAS, 418, L.25
Yusef-Zadeh, F., Wardle, M., Heinke, C., et al. 2008, ApJ, 682, 361
Zdziarski, A., Poutanen, J., Paciesas, W., & Wen, L. 2002, ApJ, 578, 357
Zurita, C., Casares, J., & Shahbaz, T. 2003, ApJ, 582, 369

Zwart, J. T. L., Barker, R. W., Biddulph, P., et al. 2008, MNRAS, 391, 1545
Zwarthoed, G. A. A., Stewart, R., Penninx, W., et al. 1993, A&A, 267, 101
Zycki, P., Done, C., & Smith, D. 1999, MNRAS, 309, 561

Zycki, P. T., Done, C., & Smith, D. A. 1999, MNRAS, 305, 231

379



	Introduction to Studying Jets in Astrophysics
	X-ray Binaries (XBs) 
	Types of Jets
	Phenomenology and Evolution
	Relativistic Effects

	Observational Techniques
	Interferometric Arrays and Single Dish Telescopes
	Observing in the (Sub)-millimetre Bands

	Statistical and Computational Techniques
	Bayesian Statistics
	Markov Chain Monte-Carlo (MCMC) Methods
	Hierarchical Bayesian Models

	Overview and Goals of Thesis

	Disc-jet coupling in the Terzan 5 neutron star X-ray binary EXO 1745-248
	Introduction
	Terzan 5: EXO 1745-248

	Observations and Data Analysis
	X-ray Observations
	Radio Observations
	VLA
	ATCA


	Results
	Radio Source Position
	Jet Spectral Indices
	Radio X-Ray Correlation in EXO 1745–248

	Discussion
	Comparison to other Neutron Star and Black Hole Systems
	X-ray Burst Analysis

	Conclusions

	A Radio Frequency Study of the Accreting Millisecond X-ray Pulsar, IGR J16597-3704, in the Globular Cluster NGC 6256
	Introduction
	Observations and Data Analysis
	VLA radio observations of IGR J16597-3704
	Swift X-ray observations of IGR J16597-3704
	Archival Optical and X-ray observations
	Additional neutron star sources

	Results
	Radio source position
	Search for the quiescent X-ray and optical counterparts
	Radio – X-ray correlation

	Discussion

	Radio timing analysis of the compact jet in the black hole X-ray binary Cygnus X-1
	Introduction
	Cygnus X-1

	Observations and data analysis
	VLA radio observations
	NuSTAR X-ray observations

	Results
	Light curves
	Cross-Correlation Functions
	Fourier Analyses
	Power Spectra
	Cross Spectra


	Discussion
	Interpreting PSDs, lags, and coherence
	Constraints on jet properties

	Summary
	Appendix
	Radio Calibrator Light Curves
	X-ray Light curves
	PSD white noise subtraction


	Extreme jet ejections from the black hole X-ray binary V404 Cygni
	Introduction
	V404 Cygni

	Observations and Data Analysis
	VLA Radio Observations
	SMA (Sub)-Millimetre Observations
	JCMT SCUBA-2 (Sub)-Millimetre Observations

	High Time Resolution Measurements
	VLA and SMA
	JCMT SCUBA-2

	Results
	Multi-frequency Light Curves
	V404 Cyg Jet Model
	Jet Precession
	Accelerated Motion
	Sub-Conical Jet Geometry
	Bi-polar vs. Single-Sided Ejections

	Modelling Process and Best Fit Model

	Discussion of the Best Fit Model
	Jet Speeds
	Jet Energetics, Mass Loss, and Particle Acceleration
	Jet Geometry and Ejecta Size Scale
	Underlying Compact Jet
	Ejecta Time Lags
	Comparison to GRS 1915+105
	Alternative Emission Models
	Connection to X-ray & OIR
	The Critical Sub-mm Perspective

	Summary
	Appendix
	Image Weighting Scheme
	Calibrator Light Curves
	JCMT SCUBA-2 666 GHz Model Comparison
	Systematic Errors
	Two-Parameter Correlations


	Tracking the variable jets of V404 Cygni during its 2015 outburst
	Introduction
	Observations and Data Analysis
	VLA Radio Frequency Observations
	AMI-LA Radio Frequency Observations
	NOEMA (Sub)-mm Frequency Observations
	SMA (Sub)-mm Frequency Observations
	JCMT SCUBA-2 (Sub)-mm Frequency Observations
	December 2015/January 2016 Mini-outburst

	IR/Optical/UV/X-ray Observations

	Results
	Light Curves
	Modelling the Flaring Activity
	Cross-correlation analysis
	Broad-band Spectra

	Discussion
	Jet ejecta behaviour
	Compact jet behaviour
	Comparison to the 1989 Outburst
	The December 2015 Mini-outburst

	Summary
	Appendix
	Observation Setup
	Observational Data
	Jet Modelling Results


	Rapidly-precessing relativistic jets from the stellar-mass black hole V404 Cygni
	Introduction
	VLBA observations, data reduction, and imaging
	Results
	Jet morphology and orientation
	Tracking the bulk motion of the jet ejecta
	Jet ejecta properties
	Comparison to light curve modelling results

	Discussion
	Origin of jet precession
	Precession timescale, opening angle, and coherence
	Constraints on the jet launching timescale
	Constraints on the jet launching mechanism
	Impact and implications of jet precession


	Mapping jet-ISM interactions in X-ray binaries with ALMA: a GRS 1915+105 case study
	Introduction
	GRS 1915+105
	Candidate interaction zones near GRS 1915+105

	Observations and Data Analysis
	ALMA sub-mm observations
	VLA radio continuum observations
	Other multi-wavelength observations

	ALMA imaging process
	Spectral line imaging
	Continuum imaging

	Results
	Continuum Emission from IRAS 19132+1035
	CO line emission from IRAS 19132+1035
	Shock-tracing line emission from IRAS 19132+1035
	H2CO line emission from IRAS 19132+1035
	Column densities

	Discussion
	Evidence for a jet-ISM interaction
	Star formation feedback in the IRAS 19132+1035 region
	Jet induced star formation
	Constraints on jet properties
	Comparison to other known jet-ISM interaction zones
	Jet molecular cloud interaction probabilities
	Distance considerations
	IRAS 19124+1106: the second candidate interaction zone near GRS 1915+105
	Distinguishing between BHXB jet driven feedback and high mass star formation

	Summary
	Appendix
	ALMA Mosaic Field and Noise Map
	Column density calculation
	Calorimetry Method


	Conclusion
	Summary of Results
	Future Work

	Bibliography

