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1
1.1

Relativistic outﬂows in the Milky
Way: jets from X-ray binaries

Jets

Collimated outﬂows of matter (i.e. jets) are ubiquitous phenomena in astrophysics (e.g. Zensus 1997; Mirabel & Rodrı́guez 1999; Fender 2006; Bally
2007). The ﬁrst clear mention of such a feature comes from 1918 when the
extraordinary jet of M87 was observed at optical wavelengths (Curtis, 1918).
Given that in most of the cases the relevant emission mechanism at work is
synchrotron radiation, and despite self-absorption issues, the jets are probably
best observed at radio wavelengths, at which very high angular resolutions can
be realized. From the grandiose structures powered by active galactic nuclei
that have been imaged since the beginning of radio interferometry to the intricate morphologies observed in X-ray binary systems found more recently,
the jets oﬀer unique opportunities to study the extreme conditions that led to
their birth, as well as the surrounding environment into which they plunge.
Some of these jets exhibit relativistic speeds and are in fact among the fastest
ﬂows in the Universe. They play a major role in many and varied astrophysical contexts, at diﬀerent spatial scales, for instance, to name a few, in star
formation processes, acceleration of high-energy cosmic rays, and cooling ﬂow
issues in galaxy evolution.

1.2

X-ray binary systems

An X-ray binary (XRB) is a system in which a compact object, neutron star or
stellar mass black hole, accretes matter from a companion star via an accretion
disc (Fig. 1.1) or from the stellar wind. Hence, intuitively, the XRBs can be
classiﬁed as neutron star XRBs (NSXRBs) or black hole XRBs (BHXRBs).
Independent of the nature of the compact object, another classiﬁcation can
1
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radio infrared optical soft-X hard-X gamma-ray
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or black
hole

‘Corona’
(hard X-rays)

Figure 1.1: An artist’s impression of an XRB (Fender & Maccarone, 2004).

be made with respect to the nature of the companion star: low-mass XRBs
(LMXRBs) and high-mass XRBs (HMXRBs). In a LMXRB, the companion
has in general a mass of less than one solar mass and transfers matter by Roche
lobe overﬂow. Examples include objects such as white dwarfs, late type main
sequence stars, A-type stars, F-G-type sub-giants. In the case of HMXRBs,
the secondary is a Be star or a super-giant and the mass transfer in the system
is realized via stellar wind or Roche lobe overﬂow. Up to now, there are 187
known LMXRBs in the Galaxy and the Magellanic Clouds (Liu et al., 2007),
114 known HMXRBs in the Galaxy (Liu et al., 2006) and 128 known HMXRBs
in the Magellanic Clouds (Liu et al., 2005). Out of these, 56 LMXRBs and 9
HMXRBs have been detected in radio and more are continuously being found.
BHXRBs spend most of the time in quiescence and undergo sudden and
bright, usually months-long outbursts (GRS 1915+105 is rather the exception
with its ∼ 15 years long, still ongoing outburst) with typical recurrence periods
of years. Jets have been spatially resolved in some BHXRBs. Most spectacularly, two of the jets, GRS 1915+105 and GRO J1655-40, exhibit apparent
superluminal motion (Mirabel & Rodriguez, 1994; Tingay et al., 1995)[Fig.
1.2]. In fact, if the claims of larger distances are correct, a few other objects
might qualify as superluminal sources, such as GX 339-4 (Shahbaz et al., 2001;
Maccarone, 2003; Hynes et al., 2004), V4641 Sgr (Hjellming et al., 2000), XTE
2
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J1748-288 (Hjellming et al., 1998).
NSXRBs are classiﬁed according to their X-ray spectral and timing properties as Z and Atoll sources. The Z class comprises a handful of objects
accreting near the Eddington limit. All of them have been detected at radio
wavelengths and show variable emission at cm wavelengths. For two Z sources,
Sco X-1 and Cir X-1, the radio emission has been spatially resolved and evidence shows beyond doubt that ultra-relativistic outﬂows are present in these
systems (Fomalont et al., 2001; Fender et al., 2004; Tudose et al., 2008)[Fig.
1.3]. The arcsec scale jet in Cir X-1 shows in fact superluminal motion. The
Atoll type NSXRBs are the largest class of XRBs and have X-ray properties
similar to BHXRBs in the hard state (see section 1.4 for the X-ray states
of XRBs). Due to their systematically lower radio ﬂux (at least one order
of magnitude lower than for Z sources) for a given X-ray ﬂux, compared to
BHXRBs only a few have been detected in the radio regime. Flares are also
common in NSXRBs and almost all of the radio observations were carried out
during such active periods.

Figure 1.2: Apparent superluminal motion in XRBs and AGNs. Left: X-ray binary
GRS 1915+105 (Mirabel & Rodriguez, 1994). Center: X-ray binary GRO J1655-40
(Tingay et al., 1995). Right: Radio galaxy 3C 111 (Kadler et al., 2008). Note the
changes at timescales of days in the case of XRBs as compared to years for the AGN.

1.3

Radiation from XRBs

The “standard” picture of the radiation from an XRB system is represented
in Fig. 1.1. The companion star produces emission from infrared (IR) up
to ultraviolet (UV). The accretion disk emits in the soft X-ray band. The
hard X-rays are produced in the “corona” and are likely generated by the
Comptonization of the disc photons.
The jets emit a large fraction of their radiation at radio wavelengths, via
3
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4.8 GHz

Day 0

4.8 GHz

Day 6

1.4 GHz

3 pc

receding
jet
knot A

approaching
jet

X−ray binary

4.8 GHz

Day 9

knot B

Figure 1.3: Left: Variable mas scale structure in Sco X-1. The tracking of the
moving components indicates an unseen ﬂow with Lorentz factor, Γ ≥ 3 (Fomalont
et al., 2001). Right: The radio nebula and the arcmin and arcsec scale jets of Cir X-1
(Fender et al., 2004; Tudose et al., 2006). Observations suggest a relativistic outﬂow
with Γ > 10.

the synchrotron process. This conclusion is supported by the observed nonthermal spectra, high brightness temperature and high degree of linear polarization. Synchrotron radiation is produced when relativistic charged particles
are accelerated in magnetic ﬁelds. This kind of radiation is polarized. For a
distribution of charged particles that varies smoothly with pitch angle (i.e. the
angle between the magnetic ﬁeld and the velocity of the particle), as a very
good approximation, the radiation is partially linearly polarized. For charged
particles with a power-law distribution of energies the degree of polarization
can reach values as large as 75 percent (Rybicki & Lightman, 1986).
Strong evidence shows that optical/infra-red (OIR) emission can also be
produced in the jets. First hints came from the delays between the peak of
the IR emission and the peaks at other frequencies, suggesting a synchrotron
origin for the observed radiation (e.g. Fender et al. 1997; Mirabel et al. 1998).
Then evidence was found (e.g. Corbel & Fender 2002) that for some objects
the IR emission can clearly be interpreted as an extrapolation of the radio spectrum. The multi-wavelength variability properties at short timescales (tens of
seconds) showed that the IR emission is likely associated with the synchrotron
component of the radiation, at least for the BHXRBs XTE J1118+480 (Hynes
et al., 2003; Malzac et al., 2004; Hynes et al., 2006) and GX 339-4 (Gandhi
et al., 2008). Systematic studies (Russell et al., 2006, 2007) conﬁrmed that
some of the observed IR emission is of synchrotron origin and comes indeed
from the jet, when the system is above some X-ray luminosity, both in the
case of BHXRBs and NSXRBs (particularly atoll sources). Recently, intrinsic
4
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linear polarization in the IR regime was detected in a few systems, BHXRB
GRO J1655-40 and NSXRBs Sco X-1 and Cyg X-2 (Russell & Fender, 2008;
Shahbaz et al., 2008). The polarization properties cannot be explained in
terms of interstellar origin or scattering in the environment of the accretion
disc and hence is likely a signature of synchrotron emission in the jet.
The jets have been detected in a few cases in the X-ray band as well: extended X-ray emission was observed with Chandra or XMM, for instance, in
XTE J1550-564 (Corbel et al., 2002), 4U 1755-33 (Angelini & White, 2003),
H1743-322 (Corbel et al., 2005). These objects are all BHXRBs. Up to now,
only in one NSXRB, namely Cir X-1, X-ray jets were imaged (Heinz et al.,
2007; Soleri et al., 2008). Evidence suggests that this emission is of synchrotron
origin, produced in internal or external shocks. In fact, X-ray synchrotron radiation might actually play an important role also in the production of hard
X-rays, as was argued by Markoﬀ et al. (2001, 2003).

1.4

X-ray states

In order to characterize the accretion in XRBs, several X-ray states have
been identiﬁed (van der Klis, 2006; McClintock & Remillard, 2006). They
are deﬁned diﬀerently for BHXRBs and NSXRBs. However, these states have
similar properties for both classes of objects (e.g. van der Klis 1994a; KleinWolt & van der Klis 2008), in particular BHXRBs and Atoll sources. For the
rest of this chapter, for brevity and comprehensibility only two of the X-ray
states will be discussed, since they are particularly relevant and oﬀer a general
picture of the accretion process both in NSXRBs and BHXRBs: the hard
state and the soft state. The other X-ray states are less well deﬁned and have
intermediate properties between the two, sharing some of their characteristics.
In the hard state the X-ray spectrum is dominated by a power-law component (up to a few hundred keV), more evident in BHXRBs. This state is
characterized by the presence of low intensity, but powerful, persistent and
compact jets emitting synchrotron radiation at radio frequencies (and probably higher).
In the soft state the thermal blackbody component (with a peak around 1
keV) becomes evident in the X-ray spectrum and the radio jets are “quenched”
(i.e. suppressed), but intermittent relativistic ejections usually accompany the
transition to the soft state.
The mechanism for the X-ray state transitions is not known. One possible
explanation, which has had some success in accounting for the observational
data, is the truncated disc model (Fig. 1.4; e.g. Done et al. 2007 for a review).
According to this scenario in hard X-ray states a standard accretion disc is
5
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Figure 1.4: The truncated disc model (Done et al., 2007). In soft X-ray states
the accretion disc is close to the compact object and the spectrum is dominated by
blackbody thermal emission (a). In hard X-ray states the disc is truncated relatively
far from the compact object and the spectrum is dominated by a power-law emission
component (c).

truncated relatively far from the compact object. In soft X-ray states the
disc advances closer to the innermost stable circular orbit. While in the soft
state the radiation is well described by blackbody thermal emission from the
inner regions of the accretion disc, in the hard state the nature of the emitting
material ﬁlling the gap between the compact object and the truncated disc
(generically called “corona”) is still a matter of debate (Esin et al., 2001;
Markoﬀ et al., 2001; Blandford & Begelman, 2004), although it is quite clear
that Comptonization is important.
Many of the XRBs are transient objects and during the outbursts show a
speciﬁc path in the so called hardness-intensity diagrams (HIDs) as they pass
through diﬀerent X-ray states. A hysteresis phenomenon was discovered to be
at work: the hard to soft transition is at higher X-ray luminosity than the soft
to hard transition (e.g. Miyamoto et al. 1995; Nowak et al. 2002; Maccarone
& Coppi 2003; Belloni et al. 2005; Dunn et al. 2008). The explanation for this
is missing for the moment, but it’s very likely linked to the trigger mechanism
for the X-ray state transitions (Done & Gierliński, 2003; Zdziarski et al., 2004;
Meyer-Hofmeister et al., 2005). Interestingly enough, recently another hysteresis eﬀect was revealed in BHXRBs (Russell et al., 2007): the IR emission
appears to be weaker in the hard state rise of an outburst than in the hard
6
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state decline, at a given X-ray luminosity. This eﬀect may be due to changes
in the viscosity of the accretion ﬂow and/or the variations in the radiative
eﬃciency of the jet.

1.5

AGN–XRB connection

Relativistic jets from active galactic nuclei (AGNs) have been studied for
decades. For many years now, the consensus in the scientiﬁc community is that
these objects are powered by accreting super-massive black holes (SMBHs)
located in the centers of their host galaxies. A great deal of information,
permitted by the high sensitivity, and high temporal, spectral, spatial resolution data, has been collected on these complex systems. However, a crucial
element of the picture, the connection between the accretion process and the
launching of the jets is unclear. One of the important reasons for this is that
the timescales associated with the development of the jets in AGNs are of the
order of years, at least.
But in the last decade or so, a new promising research path has been opened
up that allows circumventing this problem. This was the realization that jets
from XRBs can also exhibit signiﬁcant relativistic velocities akin to those
observed in the jets of AGNs (Fig. 1.2). The timescales in XRBs are orders of magnitude lower (roughly, the timescale scales linearly with the mass
of the compact object), thus oﬀering good opportunities to observationally
study the emergence of jets and, thus, to obtain direct information on the
accretion/ejection process under extreme conditions on reasonable timescales.
Most importantly, evidence shows that XRBs can be actually viewed as scaled
down versions of the AGNs, powered alike by a compact object – a stellar mass
neutron star or black hole rather than a million to billion solar mass SMBH.
A phenomenological foundation for the interpretation of the observations
was worked out by Merloni, Heinz & di Matteo (2003) and Falcke, Körding
& Markoﬀ (2004), who established the existence of a “fundamental plane of
black hole activity” by linking the radio luminosities (tracing the jet) with the
X-ray luminosities (tracing the disc) over a large range of black hole masses,
from XRBs to AGNs (Fig. 1.5).
Approaching the “uniﬁcation” problem from another angle, McHardy et al.
(2006) have analyzed a sample of XRBs and AGNs and showed the existence
of a relation between the masses of black holes, the accretion rate and the
break frequency in the X-ray power density spectra.
The shape of the distribution of XRBs in the HID is similar to the one
drawn by the low-luminosity AGNs and Sloan Digital Sky Survey quasars in
the disc fraction luminosity diagram, a version of the HID (Körding et al.,
7
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Figure 1.5: The fundamental plane of black hole activity with a sample of BHXRBs
and AGNs (Falcke et al., 2004).

2006).
Recently, a quasi-periodic oscillation (QPO) was found in an AGN for the
ﬁrst time (Gierliński et al., 2008). This is remarkable. QPOs are very common
in XRBs and their detection in an extragalactic object has been expected for
a long time.
Within the Galaxy, Körding et al. (2008) showed that dwarf novae can
exhibit an analogous behaviour (Fig. 1.6). This adds to the mounting evidence
that the accretion/ejection process is a common feature even with other classes
of galactic sources.
Overall, the existing evidence supports the view that the accretion/ejection
process works in a similar way across diﬀerent classes of accreting objects,
galactic or extragalactic.

1.6

Radio/X-ray correlations

First indications for the existence of correlations between the radio and X-ray
emission of XRBs were found at the beginning of the seventies. Tananbaum
et al. (1972) showed that the radio emission of Cyg X-1 was stronger in what
we now call the hard X-ray states. A similar behaviour was later found for
other BHXRBs, e.g. GX 339-4 (Hannikainen et al., 1998), as well as Z sources,
such as GX 17+2 (Penninx et al., 1988), Cyg X-2 (Hjellming et al., 1990), Sco
X-1 (Hjellming et al., 1990). The picture emerging was that these radio/X-ray
8

1.6 Radio/X-ray correlations

Figure 1.6: Hardness-intensity diagrams during an outburst for two XRBs (Left and
Center) and a dwarf nova (Right) (Körding et al., 2008). The striking resemblance
suggests that the accretion/ejection process might work in a similar way in all three
classes of object. For SS Cyg LD is the luminosity of the boundary layer/disc and
LPL is the luminosity of the “power-law component” of the hard X-ray emission.

Figure 1.7: The radio/X-ray correlations in XRBs. Left: for 11 BHXRBs in hard
X-ray state (Gallo et al., 2006). Right: for 2 NSXRBs in hard X-ray state (solid
line) and 12 NSXRBs independent of the X-ray state (dashed line); Migliari & Fender
(2006).
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correlations hold in general in the hard X-ray states, in the soft X-ray states
the radio emission was weaker and discrete ejection events were taking place
during the hard to soft transitions (e.g. Fender et al. 1999; Corbel et al. 2000).
These general trends have been conﬁrmed to date, although the larger data
samples allowed some shading in the interpretations.
Although established for a relatively limited sample of objects, a correlation
seems to exist extending over many orders of magnitude (down to quiescence)
between the X-ray and radio emissions of BHXRBs in the hard X-ray state (e.g.
Corbel et al. 2003, 2008; Gallo et al. 2003, 2006)[Fig. 1.7, left]. Recent analysis
suggests that such a correlation is not universal (Xue & Cui, 2007; Gallo, 2007),
an increasing number of outliers being found at high X-ray luminosities.
The radio properties of NSXRBs are less well understood than in the case
of BHXRBs, in the large part due to their weaker radio emission. Fender &
Hendry (2000) and Fender & Kuulkers (2001) found that typically the radio
emission of NSXRBs is at least one order of magnitude below that of BHXRBs,
at the same X-ray luminosity. This might have something to do with the
geometry of the accretion disc and the distance from the compact object at
which it is truncated (e.g. Meier et al. 2001; Fender et al. 2003). However, it
does not mean that the NSXRBs cannot produce very powerful jets. Actually,
Migliari & Fender (2006) and Körding et al. (2006) showed that at the same
accretion rate, in the hard X-ray state, the jet power is similar in NSXRBs
and BHXRBs. The radiative eﬃciency of the accretion process seems to play
an essential role in shaping the radiative properties of XRBs. BHXRBs seem
to be characterized by a radiatively ineﬃcient accretion mechanism, which
can be generated for instance by converting the accretion energy mainly to
internal and bulk kinetic energy of the ejected matter, or by advecting the
energy across the event horizon.
Correlations between the radio and X-ray luminosities have also been found
for NSXRBs (Migliari & Fender, 2006), although over a smaller range of luminosities than in the case of BHXRBs [Fig. 1.7, right].

1.7

e-VLBI: a new technique in radio astronomy

As well as building on the methods previously utilised by other researchers,
this thesis also makes use for the ﬁrst time of a new approach to long-baseline
radio interferometry, namely e-VLBI.
Radio very long baseline interferometry (VLBI) is a technique in which radio
signals from diﬀerent radio telescopes (separated by up to thousands of km)
observing simultaneously the same region of the sky are coherently combined.
The net result is a dramatic improvement (orders of magnitude) on the spatial
10
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resolution, compared to the case when only one antenna is used. The study
and development of the aperture synthesis technique which led in the end
to the birth of VLBI brought Martin Ryle a Nobel Prize in Physics in 1974
(shared with Antony Hewish).
The data from each radio telescope are recorded locally on discs, with a
high-precision timestamp provided usually by atomic clocks. The discs are
then shipped to a central processing facility, the correlator, where the data
are actually combined.
e-VLBI is a new implementation of the VLBI technique and consists in
transferring the data from the radio telescopes to the correlator over the internet, and correlating them in near real-time. Time-wise this is a major
improvement over the traditional method. This way the data reaches the
end-user within days instead of weeks. e-VLBI is thus oﬀering new opportunities for radio transient studies. Its capability of rapid response enables
a more eﬃcient decision-making process with respect to potential follow-up
observations, not only at radio wavelengths. The rapid turnaround time also
permits to modify the observing strategy in almost real-time to best track the
development of the transient phenomenon.
At this moment, the most advanced e-VLBI facility, still in continuous development, is the electronic European VLBI Network (e-EVN). Presently, a
number of 8 radio telescopes across Europe (more to be added) are connected
to the correlator at the Joint Institute for VLBI in Europe at Dwingeloo and
participate in the e-VLBI observing sessions.

1.8

Outline of the thesis

Chapters 2 and 3 present a dataset comprising almost 10 years of observations of a peculiar NSXRB, Circinus X-1. What makes this system special is
the ambiguous X-ray properties it shows (at times exhibiting Z source properties, other times atoll source characteristics) and the fact that the binary
is embedded in a radio nebula (so far, only one other XRB, namely SS433,
features similar morphology). The data were taken with the Australia Telescope Compact Array (ATCA) at 1.4, 2.5, 4.8 and 8.6 GHz and oﬀer a view
(at arcmin [Chapter 2] and arcsec [Chapter 3] scale) of the evolution of the
radio jet present in the system, over the one decade of monitoring.
Chapter 4 deals with the outburst history of the NSXRB Aquila X-1 in the
last ∼ 10 years. The object is a recurrent soft X-ray transient with quasiperiodic outbursts about once a year. The topic is the disc-jet coupling in the
system, with focus on 3 outbursts with quasi-simultaneous multi-wavelength
observations: X-ray (Rossi X-ray Timing Explorer-RXTE), optical (Small and
11
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Moderate Aperture Research Telescope System-SMARTS) and radio (Very
large Array-VLA, 4.9 and 8.4 GHz).
Chapters 5 and 6 report on VLBI observations of the XRB Cygnus X-3, a
quite exotic system whose compact object is of uncertain nature. Chapter 5
presents some of the ﬁrst scientiﬁc results obtained with the e-VLBI technique.
The observations were carried out at 5 GHz with the e-EVN. Chapter 6 tests
a previously proposed classiﬁcation of the radio/X-ray states of Cygnus X-3
using high spatial resolution data. 5 GHz e-EVN observations, 5 GHz MultiElement Radio Linked Interferometry Network (MERLIN) data, and 5 and
15 GHz archival Very Long Baseline Array (VLBA) data were used, together
with RXTE observations.
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The large-scale jet-powered
radio nebula of Circinus X-1

V. Tudose, R.P. Fender, C.R. Kaiser, A.K. Tzioumis, M. van der Klis and
R.E. Spencer
2006, Monthly Notices of the Royal Astronomical Society, vol. 372, pag. 417

Abstract
We present multi-epoch observations of the radio nebula around the neutron
star X-ray binary Circinus X-1 made at 1.4 and 2.5 GHz with the Australia
Telescope Compact Array between October 2000 and September 2004. The
nebula can be seen as a result of the interaction between the jet from the
system and the interstellar medium and it is likely that we are actually looking
toward the central X-ray binary system through the jet-powered radio lobe.
The study of the nebula thus oﬀers a unique opportunity to estimate for
the ﬁrst time using calorimetry the energetics of a jet from an object clearly
identiﬁed as a neutron star. An extensive discussion on the energetics of
the complex is presented: a ﬁrst approach is based on the minimum energy
estimation, while a second one employs a self-similar model of the interaction
between the jets and the surrounding medium. The results suggest an age
for the nebula of ≤ 105 years and a corresponding time-averaged jet power
≥ 1035 erg s−1 . During periodic ﬂaring episodes, the instantaneous jet power
may reach values of similar magnitude to the X-ray luminosity.
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2.1

Introduction

Circinus X-1 is a very unusual X-ray binary system discovered in 1971 (Margon et al., 1971). It undergoes outbursts at X-ray (Kaluzienski et al., 1976),
infrared (Glass, 1978, 1994) and radio (Whelan et al., 1977; Haynes et al.,
1978) wavelengths with a period of 16.6 days, a fact that was interpreted as
enhanced accretion near the periastron of an elliptical orbit (Murdin et al.,
1980; Nicolson et al., 1980). Millisecond variability in X-ray led initially to the
classiﬁcation of Cir X-1 as a black hole candidate (Toor, 1977), but discovery
of type I X-ray bursts from the ﬁeld of Cir X-1 (Tennant, Fabian & Shafer,
1986b,a) suggested identiﬁcation of the compact object with a neutron star.
The quasi-periodic oscillations (QPOs) and X-ray colors of the object on occasion exhibit behaviour similar to that of Z sources (Shirey et al., 1999) but
at other times Cir X-1 resembles an atoll source (Oosterbroek et al., 1995)
and the source does not ﬁt perfectly to either of these two ﬂavours of low
magnetic ﬁeld neutron stars (see van der Klis (1995)). Optical/IR observations point to a low mass X-ray binary system (LMXB) (Johnston, Fender
& Wu, 1999). Recently, Boutloukos, Wijnands & van der Klis (2006) found
twin kHz QPOs in the power spectra oﬀering more evidence for associating
the compact object in Cir X-1 with a neutron star. The orbit of the binary is
not known but probably has a high eccentricity (Murdin et al., 1980; Nicolson
et al., 1980; Tauris et al., 1999). Cir X-1 lies within a synchrotron nebula
(Haynes et al., 1986) and has variable radio ﬂux densities at cm wavelengths.
While the radio ﬂares reached up to 1 Jy in the late 1970s (Whelan et al.,
1977; Haynes et al., 1978), they have only been observed at the tens of mJy
level ever since (e.g. Stewart et al. (1991); Fender et al. (2005)). The age
of the system is unknown, almost all of the estimates being made within the
framework of the “runaway binary” scenario that arose from the hypothetical association with the nearby supernova remnant (SNR) G321.9-0.3 (Clark,
Parkinson & Caswell, 1975). However, more recent Hubble Space Telescope
(HST) observations have revealed no evidence for proper motion of Cir X-1,
almost certainly ruling out such a relation (Mignani et al., 2002), leaving the
age of Cir X-1 extremely poorly constrained. Another important parameter,
the distance, has a very large range of possible values, ranging from 4 to 9 kpc
(Goss & Mebold, 1977; Iaria et al., 2005). This system also seems to harbour
the most relativistic outﬂow observed within our galaxy (Fender et al., 2004).
The arcsec scale jet has a minimum bulk Lorentz factor of around 10 and an
inclination with respect to the line of sight of less than ∼ 5 degrees, depending on the accepted distance. As a result, Cir X-1 resembles, at least from a
geometrical point of view, a down-scaled version of a BL Lac object.
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2.2

Observations

We have observed Cir X-1 over ﬁve epochs between October 2000 and September 2004 at 1.4 and 2.5 GHz using the Australia Telescope Compact Array
(ATCA). For better uv coverage, four diﬀerent antenna conﬁgurations were
employed, with baselines ranging from 31 up to 6000 m. Table 2.1 contains
the observational log. The absolute ﬂux density calibration was scaled with respect to PKS J1939-6342 (PKS B1934-638). For phase calibration the nearby
PMN J1524-5903 (B1520-58) was used. At each of the two frequencies the
data were calibrated for the ﬁve epochs individually with MIRIAD software
(Sault, Teuben & Wright, 1995) and then combined together into an image
that covered this way the widest range of baselines permitted by ATCA. In
our study we also made use of the publicly available1 0.8 GHz Molonglo Observatory Synthesis Telescope (MOST) data (FITS image from April 3, 1992)
which is part of the Sydney University Molonglo Sky Survey (SUMSS) (Bock,
Large & Sadler, 1999).
The nearby projection on the sky of SNR G321.9-0.3 (see Fig. 2.1) resulted
in artifacts on the radio maps, degrading the quality of the images (the ATCA
full width at half power primary beam is 33 arcmin and 22 arcmin at 1.4 and
2.5 GHz respectively). As a result of this and the diﬀuse nature of the Cir
X-1 nebula itself, the images and ﬂux measurements of the nebula vary significantly with the chosen angular resolution (which we can select by adjusting
the weighting on diﬀerent baselines). Furthermore, for the total ﬂux measurements used in section 2.2 we weighted the short baselines most strongly in
order to recover as much of the diﬀuse nebular emission as possible (while still
trying to exclude artifacts from SNR G321.9-0.3).

Table 2.1: Observational log.
Epoch
2000 October 1
2000 October 14
2000 October 25
2001 August 3
2004 September 3

Time [h]
9
11
12
11
10

Array conﬁgurationa
6A
6A
6C
1.5A
EW214

a

Frequency [GHz]
1.4, 2.5
1.4, 2.5
1.4, 2.5
1.4, 2.5
1.4, 2.4

A list of standard ATCA array conﬁgurations at:
http://www.narrabri.atnf.csiro.au/operations/array conﬁgurations/conﬁgurations.html.

1

http://www.astrop.physics.usyd.edu.au/SUMSS/index.html
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0.8 GHz
Cir X−1

SNR G321.9−0.3

Figure 2.1: MOST total intensity 0.8 GHz map of the SNR G321.9-0.3 and radio
nebula around Cir X-1. The contours are at -1, 1, 1.4, 2, 2.8, 4, 5.6, 8, 11, 16, 23, 32,
45, 64 and 90 times the rms noise of 8.7 mJy/beam.
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17
knot C

1.4 GHz

2.5 GHz

Figure 2.2: Left : MOST total intensity 0.8 GHz map of the radio nebula around Cir X-1. The contours are at -0.5, 0.5, 0.7,
1, 1.4, 2, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64 and 90 times the rms noise of 8.7 mJy/beam. The beam size is 51 × 43 arcsec2 at
PA=0◦ .0. Center : ATCA total intensity 1.4 GHz map of the radio nebula around Cir X-1. The contours are at -1, 1, 1.4, 2,
2.8, 4, 5.6, 8, 11, 16, 23, 28, 32, 37, 45, 64 and 90 times the rms noise of 0.7 mJy/beam. The beam size is 26.2 × 23.5 arcsec2
at PA=4◦ .9. Larger than nominal ATCA beam size was used in order to show maximum of details at all scales. Right : ATCA
total intensity 2.5 GHz map of the radio nebula around Cir X-1. The contours are at -0.7, 0.7, 1, 1.4, 2, 2.8, 4, 5.6, 8, 11, 16,
23, 32, 45, 64 and 90 times the rms noise of 6.1 mJy/beam. The beam size is 33.7 × 29.4 arcsec2 at PA=-6◦ .8. Larger than
nominal ATCA beam size was used in order to show maximum of details at all scales.

knot B

knot A
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1.4 GHz

3 pc

receding
jet
knot A

approaching
jet

X−ray binary

knot B

Figure 2.3: ATCA total intensity 1.4 GHz map of the central part of radio nebula
around Cir X-1 with data from August 2001 only (i.e. the data set neither contains
the shorter baselines from epoch September 3, 2004 and is therefore less sensitive to
the diﬀuse radio emission, nor the data from October 2000 which have a poorer u-v
coverage due to frequency switching). The contours are at -1, 1, 1.4, 2, 2.8, 4, 5.6, 8,
11, 16, 23, 32, 45, 64 and 90 times the rms noise of 2.0 mJy/beam. The beam size is
18.1 × 16.5 arcsec2 at PA=-7◦ .1. Larger than nominal ATCA beam size was used in
order to show maximum of details at all scales.
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2.2.1

Radio maps

In Fig. 2.1 we present the large-scale 0.8 GHz radio map of the Cir X-1 region
from SUMSS, indicating the nearby SNR G321.9-0.3. Fig. 2.2 is a montage
of 0.8, 1.4 and 2.5 GHz maps of the nebula around Cir X-1, clearly showing
structure and emission extending in the direction of the SNR, and ﬁnally
Fig. 2.3 presents our most detailed 1.4 GHz image of the nebula, revealing
considerable structure within the arcmin-scale jets.
An arcmin jet-like structure within the nebula (previously observed in radio
by Stewart et al. (1993)) is clearly seen at 0.8, 1.4 and 2.5 GHz in Figs. 2.2 &
2.3. The jet exhibits asymmetry: the south-eastern side (with respect to the
radio core) is slightly brighter and longer than the north-western one.
As already noted, the arcsec scale jet of Cir X-1 may be the most relativistic
yet discovered in the galaxy, with an orientation very close to the line of sight
(Fender et al., 2004) and a position angle on the sky coincident with the arcmin
scale jet (Fender et al., 1998). It therefore seems reasonable to assume that the
geometry of the jet is preserved at arcmin scales, so the observed asymmetry
at 1.4 GHz can be explained in terms of an approaching (south-east) and a
receding jet (north-west) aﬀected by projection eﬀects. The bends of the jet
may be consequences of the precession aﬀecting the disk of the X-ray binary to
which the jets are very likely coupled. Such precession of the jets is observed
in SS 433 (e.g. Margon et al. (1979)), an X-ray binary harbouring relativistic
jets interacting with a surrounding radio nebula, an object resembling Cir X-1.
Interactions with clouds of higher density could be an alternative explanation
for the change in direction of the jet and this would appear to be observed at
arcsec scales at least (Fender et al., 2004).
The expected ratio between the ﬂuxes of the approaching and receding
continuous jets, for an inclination with respect to the line of sight of 5-15
degrees and a velocity ratio β = v/c = (0.05, 0.10, 0.15) is (1.3, 1.6, 2.1). An
image plane ﬁt to the central region of the Cir X-1 complex in the radio map
in Fig. 2.3 (the inner 40 × 40 arcsec2 ) shows that the simplest appropriate
model is composed of an unresolved source coinciding on the sky with the
X-ray binary (at the position given by Fender et al. 1998) and an extended
source centred some 2 arcsec to the south-east. If we assume that the SE-NW
asymmetry is due to Doppler boosting, it follows that the radio map at 1.4
GHz is consistent with a large-scale jet with a β factor of at least 0.1. The
maps at the other frequencies have a poorer resolution and cannot add useful
supplementary information in this respect. As a caveat we should note that
it is clear from the results presented in Fender et al. (2004) that complex
and varying interactions do take place within the inner few arcsec, and there
may be a signiﬁcant contribution to the SE-NW asymmetry from e.g. the
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environment into which the jet is propagating.
An interesting feature present at all three frequencies is “knot A” in the
north-east (Figs. 2.2 & 2.3). Its nature is unknown. It could be a region of
higher density that was energised by the passage of a shock originating in the
centre of the complex. The blob is not detected at higher frequencies (October,
2000 ATCA 4.8 and 8.6 GHz) therefore an identiﬁcation with a background
radio source can probably be ruled out, since the lack of detection at these
frequencies is likely due to a diﬀuse structure being resolved out.
An enhanced radio emitting region, “knot B”, is evident at 0.8 and 1.4 GHz
(Figs. 2.2 & 2.3). This could be interpreted as the interaction site where
the approaching jet impinges on the interstellar medium. However, projection
eﬀects might be at work and could complicate such a simple explanation.
The “knot C” region (Fig. 2.2) also appears at all three frequencies discussed
here and looks rather isolated at 0.8 GHz and 1.4 GHz. The nature of this is
unknown. Its presence was easier to accommodate in the “runaway binary”
scenario, but the HST observations (see section 2.1) reopened the issue of its
origin. It may be a relic of a previous epoch of strong jet activity.
The likely general picture of the radio nebula emerging is that of a system in
which the energy and matter are supplied from the central source via the jets.
In this respect, we propose that the radio nebula is formed at the interaction
site between the jet, inclined at a low angle to the line of sight, and the
interstellar medium (Fig. 2.4). Therefore, uniquely in the case of this system,
we are observing the core of the binary through one of the radio lobes.

2.2.2

Spectral index

Even though the radio monitoring of Cir X-1 was sparse in the last three
decades, apparently there is a secular decrease in the radio ﬂux levels measured
in the active as well as in the quiescent states, with short periods of enhanced
activity (Whelan et al., 1977; Haynes et al., 1978; Nicolson et al., 1980; Preston
et al., 1983; Stewart et al., 1991, 1993; Fender, 1997; Fender et al., 1998, 2005).
The ASM/Rossi X-ray Timing Explorer (RXTE)2 data from the last ∼ 10 yr
show a similar behaviour in X-ray band. Fig. 2.5 presents the quiescent overall
spectrum of the Cir X-1 complex (i.e. binary system plus radio nebula) from
combined ATCA and MOST data (see section 2.2). This is the ﬁrst lowfrequency spectrum reported for this object since the late ’70s (Whelan et al.,
1977; Haynes et al., 1978), early ’80s (Haynes et al., 1986). The spectral
index obtained here, α ∼ −0.5 (Fν ∝ ν α ), is within the errors identical to
earlier values, with the ﬂux level scaled down by ∼ 300 mJy at 1.4 GHz in
2

http://xte.mit.edu/
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jets
line of sight
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radio lobes

Figure 2.4: The proposed geometry of the Cir X-1 complex (not to scale) based on
analogy with the W50/SS 433 complex.

comparison with the measurements (notably at a slightly diﬀerent resolution)
made in 1977 (Haynes et al., 1978). This is almost certainly due to the secular
decline of the radio core and we ﬁnd no evidence for a change in the radio
luminosity of the nebula.
The spectral index map of the radio nebula, made with the combined ATCA
data at 1.4 and 2.5 GHz, is presented in Fig. 2.6. A larger than nominal beam
was used in order to increase the signal to noise ratio of the extended emission
(nevertheless, due to the simultaneity of the observations at the two frequencies, we need to bear in mind that the u-v coverage is not identical). Maps
made with better resolution, which at least in principle should be qualitatively
correct, are compatible with the features seen in Fig. 2.6. Namely, there is
a tendency towards a ﬂatter spectrum in the north-eastern part of the nebula in a zone coincident with an enhanced radio emission region (“knot A”
in Figs. 2.2 & 2.3). This could be a site of augmented electron acceleration.
Also, at a lower conﬁdence level, the spectrum seems to ﬂatten at the edges of
the nebula. If real, this could be interpreted in terms of free-free emission or
synchrotron radiation from enhanced accelerated particles at the interaction
site with the interstellar medium. The “knot C” (Fig. 2.2) doesn’t appear
on the map due to our chosen cut-oﬀ in the conﬁdence level of the features
represented.
21

2. The large-scale jet-powered radio nebula of Circinus X-1

750
α = −0.53 +/− 0.06

700
650
600
550

Fν [mJy]

500
450
400
350

300

250

750

1000

1250

1500
ν [MHz]

1750

2000 2250 2500 2750 3000

Figure 2.5: The overall spectrum of Cir X-1 complex in the quiescent state.

Figure 2.6: The spectral index map of the radio nebula around Cir X-1 between 1.4
and 2.5 GHz. The beam size is 139 × 108 arcsec2 at PA=-22◦ .4
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2.3
2.3.1

Energetics
Minimum energy

Assuming a source of volume V , speciﬁc luminosity Lν , spectrum of the form
Lν ∝ ν α and considering the radiation to be of synchrotron origin produced
by a particle population with the energy spectrum N (E)dE = N0 E −p dE, it
is possible to estimate the minimum energy associated with the source. The
spectral index α is related to the particle distribution index p by p = 1 − 2α,
N (E)dE is the number density of particles in the interval [E, E + dE] and
N0 is a proportionality constant. Two main pathways have been followed in
the literature for determining the relevant formulas: one using a ﬁxed interval
in frequency in the radiation spectrum (Burbidge, 1956; Pacholczyk, 1970;
Longair, 1994), the other in the particle energy spectrum(e.g. Pohl 1993;
Brunetti, Setti & Comastri 1997; Pfrommer & Enßlin 2004). We will adopt
the former method and closely follow Longair (1994).
The internal energy associated with the observed synchrotron emission can
be split in two components: Ee the energy of particles (i.e. electrons and
protons) and EB the energy of ﬁelds (i.e. magnetic):
Ee = Ce (1 + η)Lν B −3/2 ,

(2.1)

EB = CB f V B 2 ,

(2.2)

where B is the magnetic ﬂux density, η is the ratio between the energies in
protons and electrons, f is a parameter taking into account the uncertainties in
the estimation of the volume V of the emitting region (it is not what usually is
referred to as the volume ﬁlling factor because we allowed it to be higher than
1, covering this way also the situation when an underestimation of the volume
is made; this is very relevant in the case of Cir X-1 because there may be large
projection eﬀects along the line of sight). CB is a numerical constant related
to the magnetic constant μ0 , while Ce incorporates the dependences on the
radiation spectrum and particle energy distribution (e.g. Longair (1994)).
The sum of energies in eqs. (2.1) and (2.2) has a minimum with respect to
the magnetic ﬂux density at :
−2

Bmin = 2.31 × 10

×

Lν
WHz−1

Ce2/7 (1

2/7 −2/7

+ η)

2/7
T,
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V
m3

−2/7
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thus the minimum energy necessary to explain the observed synchrotron emission reads:
 3/7
V
2
4/7
4/7 3/7
Emin = 4.97 × 10 Ce (1 + η) f
m3
4/7

Lν
×
J.
(2.4)
WHz−1
Bmin and Emin correspond to a particular state of the system in which the
energy in magnetic ﬁeld is three quarters of the energy in particles.
Averaging the energy loss rate by synchrotron radiation over an isotropic
distribution of pitch angles, the lifetime of an electron emitting at the peak of
the synchrotron spectrum is:
 ν −1/2  B −3/2
min
t = 8.5 × 10
Hz
T
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s.

(2.5)

Application to Cir X-1

In order to estimate the minimum energy requirements for Cir X-1 we use
eq. (2.4). The nebula was detected between 0.4 GHz (Whelan et al. (1977);
considering that at low frequencies the radiation from the diﬀuse nebula dominates) and 2.5 GHz (this work), therefore we make the assumption that within
this frequency interval the spectrum is of synchrotron origin and has the slope
derived in section 2.2, α = −0.5. The energy Ee associated with the particles
is dominated by the lowest energy particles and so the above upper limit in
the frequency domain is not essential in the calculation. The volume of the
emitting region can be very roughly estimated in this particular case by assuming the radio lobe has a spherical geometry: for a 250 arcsec radius object
at 4.1 kpc (Iaria et al., 2005) the resulting volume (both radio lobes taken into
account) is 2.2 × 1052 m3 . We further assume that the synchrotron radiative
processes are dominated by electrons and therefore the ratio between the energy in protons and electrons η = 0. Applying eq. (2.4), the minimum energy
(in the comoving frame) required to account for the observed radio emission,
under the assumptions made above is 8.1 × 1046 erg. This value is of the same
order of magnitude as the one inferred for the W50 nebula around SS 433
(Dubner et al., 1998; Moldowan et al., 2005). This raises the possibility that
Cir X-1 might not be a jet-powered radio nebula only, but maybe a distorted
SNR as suggested for W50 (e.g. Green (2004)). The corresponding magnetic
ﬁeld derived from eq. (2.3) is 6.3 μG. The electron lifetime (eq. (2.5)) at 2.5
GHz is then 3.4 × 107 yr.
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This estimate does not include energy stored in bulk motions or in heating of
protons and so could be a signiﬁcant underestimate. Errors in the evaluation
of the volume (f ∈ [10−2 , 102 ]) would modify the minimum energy by not
more than a factor 10.
Assuming the energy in the nebula has not been injected continuously (i.e.
along the full orbit of the X-ray binary), Fig. 2.7 shows the dependence of the
averaged jet power as a function of the age of nebula and the duty cycle of the
binary system. We investigate this because the periodic X-ray ﬂares correlate
with the radio ﬂares (Whelan et al., 1977; Haynes et al., 1978; Thomas et al.,
1978; Fender, 1997) suggesting enhanced accretion onto the compact object
and ejection of matter via the jets. It is realistic to consider that the injection
of energy from the binary to the radio nebula is occurring mainly during the
ﬂare states and to identify the duty cycle in Fig. 2.7 with the duration of the
ﬂares. The solid (lowest) line in Fig. 2.7 corresponds to a duty cycle of unity.
For an active jet phase of less than one day (corresponding to a duty cycle
≤ 0.06), and an age of the nebula of 104 − 105 yr , the minimum jet power
would be of the order of 1036 − 1037 erg s−1 .
Fig. 2.8 presents the ASM/RXTE light curve of the central X-ray source of
the Cir X-1 complex. Over the period of the X-ray data plotted, the averaged
X-ray power (for a distance of 4.1 kpc) is 4.3×1037 erg s−1 . Such a high power
is typical for most of the Z sources, which are accreting at a large fraction of
the Eddington limit.
Making the simple assumption that in the ﬂare state the X-ray light curve
has a square shape and the increase in amplitude from the quiescent level is of
50 ASM counts s−1 (a more or less typical value in the last few years), then the
additional power in X-rays during the ﬂare is of the order 3.4 × 1037 erg s−1 .
In any case, these estimates suggest that the jet power during ﬂaring phases
may be a signiﬁcant fraction of the X-ray power.

2.4

Age of the radio nebula

Constraining the age of the nebula is a very diﬃcult task given the fact that
so little is known about the Cir X-1 complex. Only very weak constraints can
be imposed.
The size of the nebula can oﬀer a rough estimation of the age. Oversimplifying the problem and considering a constant expansion of the nebula with
an average velocity in the plane of the sky v, the time required to achieve its
present size (assuming a distance of 4.1 kpc) is:
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Figure 2.7: The averaged jet power of the radio nebula around Cir X-1 as a function
of its age and the duty cycle of the binary system.
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Figure 2.8: 2-10 kev ASM/RXTE X-ray light curve of Cir X-1 between February
1996 - July 2005.
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texpansion = 2.0 × 104



θ
arcsec



v −1
km s−1

yr,

(2.6)

where θ is the angular size. For v = (10; 50; 100; 500; 1000 km s−1 ), the expansion time is texpansion = (4×105 ; 8×104 ; 4×104 ; 8×103 ; 4×103 yr). Therefore if
the nebula is expanding with a velocity comparable to that of the jet powered
nebula around Cyg X-1 (Gallo et al., 2005), that is tens up to a few hundreds
km s−1 , its age is likely to be less than ∼ 105 yr.

2.5

A self-similar ﬂuid model

In order to attempt to understand the energetics and evolution of the nebula
better, we have developed a simple self-similar ﬂuid model for the jet-powered
nebula.
We identify the radio nebula of Cir X-1 with the radio synchrotron lobes
inﬂated by the jets. This situation is analogous to the model for the lobes of
radio galaxies described by Kaiser & Alexander (1997). In the following we
develop a simpliﬁed version of this model for Cir X-1. The main assumptions
of the model are: the jets are in pressure equilibrium with the lobes they
inﬂate. The energy transport rate of a single jet or “jet power”, Q0 , is constant
over the lifetime of the jet. The jet may go through phases of outbursts and
quiescence as long as the duration of these phases is short compared with
the overall jet lifetime. In this case, Q0 is the jet power averaged over the
lifetime of the jet. The expansion of the lobe is conﬁned by the ram-pressure
of the receding external gas in all directions. Under these conditions Kaiser
& Alexander (1997) showed that the expansion of the lobe is self-similar, e.g.
the ratio R = L/ (2r), where L is the length of the lobe in the direction of jet
propagation and r is the radius of the lobe perpendicular to the jet measured
at a ﬁxed fraction of L, say L/2, is a constant.
We now simplify the model by assuming a cylindrical geometry for the lobe
with the axis of the cylinder aligned with the jet. Figure 2.9 shows a schematic
of the lobe geometry. The jet ends in a high-pressure region, the “head”, where
the energy transported by the jet is thermalized. The pressure in the head,
ph , mainly drives the forward expansion of the lobe, which is conﬁned by the
ram-pressure of the external medium of mass density ρ. This can be expressed
as:
(2.7)
ph ≈ L̇2 ρ,
where we assume that the density of the external medium, ρ, is constant. The
sideways expansion of the lobe is mainly driven by the pressure in the lobe,
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pl , and so

pl ≈ ṙ 2 ρ.

The ratio of the two pressures is then:
 2
ph
L̇
≈
= 4R2 ,
pl
ṙ

(2.8)

(2.9)

where we have used the condition of self-similar expansion, i.e. r = L/ (2R)
with R = constant.

Figure 2.9: Cylindrical radio lobe seen from the side. In Cir X-1 our line of sight is
very close to the jet axis. The relative size of the head region is exaggerated.

The volume of the head region, Vh , will usually be small compared to the
volume of lobe, Vl and so Vh /Vl = RV  1 (Kaiser & Alexander, 1999). The
self-similar expansion of the lobe suggeststhat RV = constant, but we will see
in the following that as long as RV  1/ 4R2 any time dependence of RV is
unimportant.
The total internal energy of the lobe, U , contained in Vl changes according
to:
1
(2.10)
(Vl dpl + pl dVl ) = Q0 dt − pl dVl − ph dVh ,
dU =
γ−1
where γ is the adiabatic index of the lobe material. The last term describes
the expansion work of the head region. Using the results of the discussion
above we ﬁnd:
ph dVh = 4R2 RV pl dVl .
(2.11)
Thus we can eliminate all quantities referring to the head region from equation
(2.10). From equation (2.8) and remembering that r = L/ (2R) we get:
dt =

1
2R
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Finally, the self-similar expansion of the lobe and RV = constant imply

Vl = V0

L
L0

3
,

(2.13)

where L0 is an arbitrary scale length.
Substituting equations (2.11), (2.12) and (2.13) into equation (2.10) yields
after re-arranging
γ − 1 Q0
dpl
=
dL
2R V0

ρ
pl



L0
L

3

− 3 γ + (γ − 1) 4R2 RV

pl
.
L

(2.14)

The solution of this equation is:

pl = p0

L
L0

−4/3
,

(2.15)

with
p0 =


γ−1
Q0 L0 √ 2/3
ρ
.
2R {3 [γ + (γ − 1) 4R2 RV ] − 4/3} V0

(2.16)

From the observations we can determine r and an estimate for pl . We then
have to assume a value for the aspect ratio R, where 1 ≤ R ≤ 5 is reasonable.
With this we can determine the length of the lobe L. Since we are free to
choose L0 , it is convenient to set L0 = L. V0 then follows from L0 and R
 and
an assumption about RV . If RV  1/ 4R2 , then V0 ≈ πr 2 L0 = πL30 / 4R2
and we can neglect the term involving RV in the eq. (2.16). With a typical
value for ρ appropriate for the external medium we can then determine Q0 ,
the time-averaged jet power.
Finally, the age of the jet/lobe system can be found from equation (2.12)
and is, for our choice L0 = L,
t=

3
10R

ρ
L0 .
p0

(2.17)

We assume the lobe is populated by relativistic electrons and therefore the
adiabatic index γ = 4/3. ph can be estimated from the minimum energy
requirements as discussed in section 2.3 and using eq. (2.14) a minimum lobe
pressure pl is obtained. For an angular size of the lobe of 250 arcsec at 4.1
kpc, R=4, RV = 0.01 and a number density of the external medium of 2
cm−3 , the resulting long-term averaged jet power is 4 × 1035 erg s−1 while the
age is 2 × 104 yr. For lower duty cycles, as is very probably the case for Cir
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X-1, the jet power estimated here could be up to two orders of magnitude
higher. The orders of magnitude of the jet power and age of the nebula are
weakly dependent (i.e. do not aﬀect the statements we make) on diﬀerent
reasonable values assumed for the parameters of the model. For instance, for
a distance d a factor two higher than the one we preferred, the jet power
becomes 7.5 × 1034 erg s−1 and the age 1.1 × 105 yr.
With an averaged jet power of ∼ 1035 erg s−1 and an age of the nebula of
less than ∼ 105 yr, these results are compatible with the ones presented in
section 2.3 (see Fig. 2.7). Clearly, it is not unphysical that the jet could have
inﬂated the nebula.

2.6

Conclusions

We presented ATCA radio maps of the nebula around Cir X-1 at 1.4 and 2.5
GHz. Combining them with publicly available MOST data we obtained the
quiescent spectrum for the complex. The slope of the spectrum is within the
error identical to the ones obtained in the 1970’s-1980’s but is scaled down by
around 300 mJy at 1.4 GHz, compatible with the observed secular evolution of
the central source, both in radio and X-rays. As a whole, the radio nebula can
be seen as a galactic analogue of the radio lobes in AGNs: the jet interacts with
the interstellar medium and creates the synchrotron radio emission. Uniquely
in this case, we are probably seeing the central source through the jet-inﬂated
radio lobe, as the jet appears to be aligned very close to the line of sight.
In this respect, the Cir X-1 nebula may be an “end-on” analogue of the SS
433/W50 complex. The behavior of the small scale jet (Fender et al., 2004)
suggests that the energy that powers up the nebula is supplied intermittently
from the central binary system via the jets. Even though hard to strongly
constrain in value, the amount of energy transferred to the nebula is important
and should be taken into account whenever an energy balance of the whole
system is required. The calculations suggest an averaged jet power of at least
1035 erg s−1 for a preferred age of the nebula of ≤ 105 years and it may be that
the jet power becomes comparable to the X-ray luminosity during outbursts.
Transfer of considerable energy via jets is not rare, the case of SS 433 being
well studied (e.g. Dubner et al. (1998)); moreover such a process might be
more common than previously suspected, as pointed out recently by Gallo
et al. (2005).
Finally, we note that this is one of the best estimates to date for the power in
jets from a neutron star system. Such measurements may be key in attempts
to quantify the disc-jet coupling not only in other neutron star, but also in
black hole systems of all scales (Körding et al., 2006).
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Abstract
We present observations of the neutron star X-ray binary and relativistic
jet source Circinus X-1 made at 4.8 and 8.6 GHz with the Australia Telescope
Compact Array during a time interval of almost 10 years. The system shows
signiﬁcant variations in the morphology and brightness of the radio features
on all timescales from days to years. Using the time delay between the successive brightening of the diﬀerent components of the radio emission we were
able to provide further evidence for the relativistic nature of the arcsec scale
outﬂow, with an apparent velocity βapp ≥ 12. No compelling evidence for an
evolution of the orientation of the jet axis was found. We also place an upper
limit on the proper motion of the system which is consistent with previous optical studies. Besides the previously reported radio ﬂares close to the orbital
phase 0.0 (interpreted as enhanced accretion at periastron passage), we also
identiﬁed outbursts with similar properties near the orbital phase 0.5. The
global spectral index revealed a preferentially steep spectrum over the entire
period of monitoring with a mean value and standard deviation α=-0.9 ± 0.6
(Fν ∝ ν α ), which became signiﬁcantly ﬂatter during the outbursts. Polarization was detected in one third of the epochs and in one case Faraday rotation
close to the core of the system was measured.
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3.1

Introduction

Circinus X-1 is one of the most exotic X-ray binary systems. The detection
of type I X-ray bursts (Tennant, Fabian & Shafer, 1986b,a) and twin kHz
quasi-periodic oscillations in the X-ray power spectra (Boutloukos et al., 2006)
strongly suggests that the compact object in the system is a neutron star. The
nature of the companion star is more debatable: some evidence is pointing
towards a low-mass object (Johnston et al., 1999), while other towards a highmass one (Murdin et al., 1980; Jonker et al., 2007). If the companion star is a
supergiant, as recent evidence seems to suggest (Jonker et al., 2007), then this
is at odds with the low magnetic ﬁeld that must be present in the system (as
inferred from type I X-ray bursts observations, for instance). Thus Circinus
X-1 appears to be a very exotic system, harbouring a young neutron star with
a low magnetic ﬁeld.
Neutron star X-ray binaries (XRBs) are classiﬁed according to their X-ray
spectral and timing properties as Z and Atoll sources. The Z class comprises
seven objects accreting near the Eddington limit. All of them have been detected in the radio band and show variable emission at cm wavelengths. The
Atoll type form the largest class of neutron star XRBs and have X-ray properties similar to black hole XRBs. Due to their systematic lower radio ﬂuxes,
one order of magnitude less radio loud than Z sources, only ﬁve of them have
been detected in the radio band. The behaviour of Circinus X-1 is puzzling,
exhibiting similarities with Z sources (e.g. Shirey, Bradt & Levine 1999),
but at times showing characteristics reminiscent of Atoll sources (Oosterbroek
et al., 1995). The orbit of the binary system probably has a relatively high
eccentricity (e 0.4-0.9) that produces variations in the accretion rate on the
compact object (Murdin et al., 1980; Nicolson et al., 1980; Tauris et al., 1999;
Jonker et al., 2007). This oﬀers an explanation for the periodic ﬂares (P 16.6
d) observed in X-ray (Kaluzienski et al., 1976), infrared (Glass, 1978, 1994)
and radio (Whelan et al., 1977; Haynes et al., 1978), which are interpreted as
enhanced accretion near the periastron passage.
Circinus X-1 is associated with an arcmin scale synchrotron nebula (Haynes
et al., 1986; Stewart et al., 1993) which is probably powered by the jet originating close to the binary system (Heinz, 2002; Tudose et al., 2006). The jet is
observed in radio at arcmin as well as arcsec scales and was recently detected
in X-ray band by Chandra (Heinz et al. 2007; Soleri et al. 2008). Observations
at cm wavelengths oﬀered evidence for the presence of a relativistic outﬂow
aligned very close to the line of sight (Fender et al., 2004). However, X-ray
(Schulz et al., 2008; Iaria et al., 2008) and optical (Jonker et al., 2007) spectroscopy seem to favour a signiﬁcantly higher angle between the jet axis and
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the line of sight.
Besides the ﬂux modulation at the orbital period, Circinus X-1 also exhibits
‘secular’ changes, documented in X-ray and radio. The ASM/RXTE (All Sky
Monitor/Rossi X-ray Timing Explorer) light curve (2-10 keV) shows that after
a quasi-constant X-ray output, the ﬂux decreased starting from 2000 up to now
by one order of magnitude (Fig. 3.1, left, bottom panel). The picture is even
more dramatic in radio. In the 1970s-1980s the radio ﬂares reached up to 1
Jy (e.g. Whelan et al. 1977; Haynes et al. 1978), then they were detected
at mJy level only (Stewart et al., 1991; Fender, 1997; Fender et al., 1998),
until recently when a relatively increased radio activity from Circinus X-1 was
noticed (Fender et al., 2005; Nicolson, 2007; Deller et al., 2007). This oﬀered
the opportunity to obtain new VLBI (Very Large Baseline Interferometry)
observations of the system within the framework of the ﬁrst Southern e-VLBI
(electronic VLBI) experiment (Phillips et al., 2007), after almost 25 years since
the last successful VLBI observations (Preston et al., 1983).
Circinus X-1 complex is very close to the supernova remnant SNR G321.90.3 on the plane of the sky. Optical observations by Mignani et al. (2002)
ruled out the possibility that the two objects are physically associated as it
was assumed for a long time (Clark et al., 1975).

3.2

Observations

We have observed the X-ray binary Circinus X-1 during a time interval of
almost 10 years, between 1996 and 2006, simultaneously at 4.8 and 8.6 GHz
with the Australia Telescope Compact Array (ATCA). As primary calibrators
we used PKS J0825-5010 (PKS B0823-500) for epochs 15 and 37 (see Table
3.1) and PKS J1939-6342 (PKS B1934-638) for the rest. PMN J1524-5903
(B1520-58) was used as secondary calibrator for the entire data set. Its positional uncertainty is, according to the ATCA calibrator catalog, between 100
and 250 mas. Throughout the paper we assumed conservatively the above
upper limit as the systematic error in our determinations of positions. Standard calibration techniques were applied using the software MIRIAD (Sault,
Teuben & Wright, 1995).
The observations were carried out at diﬀerent spatial resolutions, although
very similar (see the array conﬁguration column in Table 3.1 and the ATCA
website1 ). To aid an homogeneous analysis, in obtaining the ﬁnal radio images
we have used the same restoring beams (size and orientation) for the entire
data set at each of the two observed frequencies, for each weighting scheme,
natural and uniform. The size of these beams is in general less than 5 percent
1

http://www.narrabri.atnf.csiro.au/observing/conﬁgs.html
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diﬀerent from the sizes of the default synthesized beams. The exceptions are
the observations from epoch 14 when the diﬀerence was up to 40 percents
(array conﬁguration 1.5D) and most of the observations from 1996 July for
which the default synthesized beams were very elongated due to the short
observational runs. Because of this limitation the radio images from the 1996
July epochs 3-7, 9 and 10 are very likely to contain artifacts. However, we
note that the calibration process was successful and the uv data should not be
signiﬁcantly aﬀected. The only special case is epoch 10, for which the phasereferencing calibration was only partially successful, but we are including it in
the analysis for completeness.
The ﬂux density within a run varied sometimes by up to 30 percent. In
general the variations were smooth over the duration of the observing sessions
and tests made by selecting only parts of the data showed that the maps
are not aﬀected signiﬁcantly by this behaviour. However, when a radio ﬂare
happened during an observational run the ﬂux density changed by almost a
factor 2 on timescales of hours. In these few cases artifacts could be present
in the radio maps (see section 3.3, paragraph 4).
As mentioned in the previous section, Circinus X-1 periodically ﬂares at
radio wavelengths. We used the ephemeris derived from the onset times of 21
well observed such outbursts spanning the past 28 years (Nicolson, 2007) to
illustrate in Fig. 3.2 the orbital phase coverage of our observations. During
the 10 years of data we have swept the entire orbit of the system, even though
more often than not only once for a given orbital phase, and gaps in the
coverage are present.

3.3

“Secular” evolution

Fig. 3.1 shows the “secular” light curves of Circinus X-1 in radio and X-ray,
between 1996-2006. The averaged X-ray output in the 2-10 keV band was
constant around 75 counts s−1 (∼ 1 Crab) up to the beginning of 2000 when
it started to decrease relatively fast reaching only a few tens of counts s−1
by the end of 2003. The radio ﬂuxes plotted (presented in columns 6 and 7
of Table 3.1) are determined in the image-plane and are total ﬂux densities,
in the sense that they contain both the contribution of the core and other
radio emitting regions (jet features, knots) associated with the system. The
radio data oﬀer a totally diﬀerent picture than in the 1970-1980s when the
ﬂares usually reached ﬂux density levels of up to 1 Jy. From 1996 till 2006
the outbursts only peaked at a few tens of mJy. Admittedly, we only observed
a few times close to the orbital phase 0.0, but the ﬂux densities measured
at other phases further support the evidence that indeed dramatic changes
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Table 3.1: Observational log. The table contains the ordinal number of the epoch
of observations, the date of the observations, the conﬁguration code of the ATCA
antennae, the modiﬁed Julian Day of the beginning of the observations, the total time
of the observing session, the orbital phase interval swept during the observational run
(radio ephemeris from Nicolson 2007), the total ﬂux densities (core+jet) at 4.8 and
8.6 GHz measured in the image plane. On epoch 39, at 8.6 GHz a 3 σ upper limit is
listed. On epoch 41 the target was detected at conﬁdence levels of less than 3 σ.
Epoch

Date

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

1996 Jul 01
1996 Jul 02
1996 Jul 03
1996 Jul 04
1996 Jul 05
1996 Jul 07
1996 Jul 08
1996 Jul 09
1996 Jul 10
1996 Jul 13
1998 Feb 05/06
1998 Feb 23/24
1998 Oct 03/04
1998 Oct 16/17
1998 Oct 29/30
1998 Nov 02
2000 Feb 05/06
2000 Oct 01
2000 Oct 07/08
2000 Oct 09/10
2000 Oct 14/15
2000 Oct 19
2000 Oct 20/21
2000 Oct 23
2000 Oct 25/26
2001 May 23
2001 May 25
2001 May 27
2001 May 29
2001 Sep 08
2002 Dec 02/03
2002 Dec 03/04
2002 Dec 04/05
2002 Dec 05/06
2002 Dec 06/07
2002 Dec 07/08
2002 Dec 08/09
2003 Dec 23/24
2005 Apr 06
2005 Jun 17
2006 Mar 22/23

Array
conﬁg.
6C
6C
6C
6C
6C
6C
6C
6C
6C
6C
6A
6B
6A
1.5D
6D
6D
6A
6A
6A
6A
6A
6C
6C
6C
6C
6F
6F
6F
6F
6B
6A
6A
6A
6A
6A
6A
6A
6A
6A
6B
6C

MJD
beginning
50265.282
50266.291
50267.275
50268.276
50269.252
50271.247
50272.249
50273.187
50274.267
50277.172
50849.573
50867.555
51089.883
51102.829
51115.810
51119.100
51579.647
51818.081
51824.875
51826.950
51831.998
51836.067
51837.922
51840.185
51842.909
52052.277
52054.230
52056.235
52058.219
52160.190
52610.795
52611.813
52612.848
52613.850
52614.813
52615.811
52616.822
52996.829
53466.476
53538.266
53816.562

Total time
[h]
11.5
8.4
0.8
0.8
1.2
1.2
0.8
4.4
1.2
0.8
12.3
12.3
13.1
9.2
7.6
7.6
12.7
8.8
4.0
11.5
10.0
8.8
11.5
6.4
11.5
10.7
9.2
9.2
10.0
6.4
11.5
11.9
11.5
11.9
12.3
11.5
10.0
11.5
11.5
11.5
11.5
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Orbital phase
0.102
0.163
0.223
0.283
0.342
0.463
0.523
0.580
0.645
0.821
0.424
0.512
0.954
0.736
0.521
0.720
0.568
0.987
0.398
0.524
0.829
0.075
0.187
0.324
0.489
0.151
0.269
0.390
0.510
0.677
0.933
0.994
0.057
0.117
0.176
0.236
0.297
0.285
0.699
0.043
0.882

-

0.131
0.184
0.225
0.285
0.345
0.466
0.525
0.591
0.648
0.823
0.455
0.543
0.987
0.759
0.540
0.739
0.600
0.009
0.408
0.553
0.854
0.097
0.216
0.340
0.518
0.178
0.292
0.413
0.535
0.693
0.962
0.024
0.086
0.147
0.207
0.265
0.322
0.313
0.727
0.071
0.910

F4.8
[mJy]
30.8 ± 7.0
31.5 ± 6.4
23.2 ± 5.3
23.7 ± 5.6
14.9 ± 3.3
5.9 ± 1.5
6.8 ± 1.8
9.4 ± 1.9
21.9 ± 4.9
8.2 ± 2.0
9.2 ± 1.6
10.8 ± 1.7
7.5 ± 1.0
6.0 ± 0.9
7.9 ± 1.3
5.0 ± 0.7
16.2 ± 2.2
21.1 ± 1.9
18.1 ± 2.2
20.0 ± 2.5
27.4 ± 3.3
34.1 ± 3.9
30.9 ± 4.2
25.1 ± 2.8
24.4 ± 3.0
19.2 ± 2.5
14.6 ± 1.9
16.9 ± 1.9
15.7 ± 2.0
9.3 ± 0.8
3.3 ± 0.2
3.7 ± 0.2
14.9 ± 1.4
11.7 ± 1.9
6.9 ± 0.9
4.3 ± 0.4
2.8 ± 0.3
1.7 ± 0.2
1.4 ± 0.1
42.8 ± 8.0
0.09 (1.4 σ)

F8.6
[mJy]
24.6 ± 5.0
26.6 ± 5.1
24.1 ± 5.7
22.7 ± 5.0
10.6 ± 2.5
3.9 ± 0.8
5.9 ± 1.2
8.5 ± 1.3
19.4 ± 4.0
4.7 ± 1.1
6.8 ± 0.8
7.4 ± 0.9
4.0 ± 0.4
3.9 ± 0.3
4.1 ± 0.6
2.8 ± 0.2
8.9 ± 0.9
9.2 ± 0.6
8.3 ± 0.7
10.4 ± 0.8
14.5 ± 1.2
21.0 ± 1.5
18.7 ± 1.9
14.2 ± 1.0
13.9 ± 1.0
12.6 ± 1.1
9.5 ± 0.7
10.0 ± 0.7
9.6 ± 0.7
4.0 ± 0.3
0.7 ± 0.1
1.7 ± 0.1
15.2 ± 1.8
6.8 ± 1.1
3.7 ± 0.5
1.8 ± 0.1
0.9 ± 0.1
0.4 ± 0.1
< 0.12 (3 σ)
40.0 ± 7.7
0.08 (1.6 σ)
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took place in the system since the 1980s. The true nature of these changes is
unclear.
At a shorter temporal scale, whether the decrease in the X-ray output observed starting with 2000 can be correlated with a change in the radio behaviour is hard to assess with conﬁdence. On the one hand it does seem that
the radio ﬂux density levels became lower by comparison with those observed
at similar orbital phases before, however the limited number of observations
cannot exclude the possibility of this being an observational bias. On the other
hand the ﬂare observed on 2005 June 17 (epoch 40, Table 3.1) had the highest
ﬂux densities in the whole data set, although this might just as well be associated with an increase in the radio activity of Circinus X-1 as was observed
in the last few years (Fender et al., 2005; Nicolson, 2007; Deller et al., 2007).
Fig. 3.3 and Fig. 3.4 present the radio images of Circinus X-1 at 4.8 and 8.6
GHz. In most of the images a jet-like structure is evident towards SE. This is
interpreted as the approaching jet in a system (a microquasar; e.g. Mirabel
& Rodrı́guez 1999) in which the ejection of matter is along a direction close
to the line of sight (e.g. Fender et al. 1998, 2004). This arcsec scale jet has
roughly the same position angle as the observed arcmin scale jet (e.g. Stewart
et al. 1993) and might constitute part of the channel through which the energy
is transferred from the core to the radio nebula (Tudose et al., 2006). In the
same frame-work of the microquasar interpretation, at a few epochs (e.g. 23,
25, 28) the receding jet was identiﬁed as the excess of emission towards the
NW.
Some of the observations close to phase 0.0 (images A,B - 18, 22, 32, 33,
40 in Fig. 3.3 and Fig. 3.4) show a signiﬁcantly diﬀerent orientation of the
jet axis than the “normal” NW-SE direction. This is very likely an artifact,
resulting from variability of the source during the aperture synthesis. Test
maps made in these cases with uv-plane selected data outside the instants of
the outbursts, show that the radio emission has a NW-SE orientation. In order
to accommodate the radio observations, which require a small angle between
the jet axis and the line of sight (Fender et al., 2004), with the optical and
X-ray data, which prefer a larger angle between the two (Jonker et al., 2007;
Schulz et al., 2008; Iaria et al., 2008), it was suggested (Iaria et al., 2008) that
the jet is precessing. Although the data analyzed here cannot entirely rule
out this possibility, we did not ﬁnd any unequivocal evidence for signiﬁcant
changes in the orientation of the jet axis with respect to the line of sight.
The radio images between 1996-2006 reveal a system in which the variations
in the morphology and brightness of the radio features are characterized by
timescales of days. Individual, well deﬁned emitting regions are seen sometimes as far as 10 arcsec from the core (0.05 r pc, with r the distance to
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Figure 3.2: Orbital phase coverage of each epoch of observations (see Table 3.1).
Radio ephemeris from Nicolson 2007.

Circinus X-1 expressed in kpc), along a NW-SE direction (e.g. images A 35, 39). Unfortunately, the limited amount of data (mainly the lack of enough
closely spaced observations) and the magnitude of the systematic errors didn’t
allow a conﬁdent measurement of the proper motion of the various features.
In addition to the usual radio ﬂares close to the orbital phase 0.0, we have
identiﬁed outbursts also near the orbital phase 0.5 at epochs 15 and 20 (Fig.
3.5). Strong evidence for similar outbursts was also present at epochs 8, 11
and 25. This has been noted just once previously in the literature (Fender,
1997). As is often the case for the ﬂares close to the orbital phase 0.0, these
outbursts also seem to appear preferentially as a series of ﬂares, with a time
separation of a few hours. Their relative amplitudes look similar, independent
of their association with the periastron or apastron passage (Figs. 3.5, 3.6).
We stress that according to the ephemeris used (Nicolson, 2007), orbital phase
0.0 (which is interpreted as periastron passage) corresponds to the moment
of the onset, not peak, of the ﬂare. Although given the orbital coverage we
cannot totally rule out observational biases (i.e. ﬂares at other orbital phases),
from our sample we can conclude that all the ﬂaring events were associated
with the orbital phases 0.0 and 0.5 (within a region of ± 0.1 in phase) and
that this correlation suggests the existence of a causal relation between the
increase in ﬂux density and these particular positions along the orbit.
As remarked before, the outbursts near orbital phase 0.0 are interpreted as
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episodes of enhanced accretion at the periastron passage (Murdin et al., 1980).
The accreting material is provided via Roche lobe overﬂow and wind accretion
from the massive star (if indeed the companion is a supergiant as suggested by
Murdin et al. 1980 and more recently by Jonker et al. 2007). The explanation
for the radio ﬂares close to the orbital phase 0.5 is less clear. We suggest that
the wind accretion is responsible for producing them. The wind accretion rate
is given by (e.g. Bondi & Hoyle 1944):

−3
Ṁ ∝ G2 M 2 ρw vrel

(3.1)

where G is the gravitational constant, M is the mass of the compact object,
ρw is the density of the stellar wind and vrel is the relative velocity between
the compact object and the stellar wind. In an eccentric binary system, assuming homogeneous wind, the accretion rate has two peaks: one near the
periastron, the other where the decrease in the relative velocity overcompensates for the decrease in the density of the wind. The exact position and
width of this second maximum depend on the properties of the system, notably on the characteristics of the stellar wind (e.g. Martı́ & Paredes 1995). In
this frame-work the multiple ﬂaring components observed during an outburst
can naturally be explained by invoking inhomogeneities present in the wind.
However, given the uncertainties in the parameters characterizing the system,
a more quantitative test of the hypothesis is not viable at the present time.
Alternatively, the ﬂares close to the orbital phase 0.5 might be related to the
disc settling down into another increased accretion rate state after a period of
reduced or suppressed accretion or settling down into a radio-loud state after
a radio-quiet one (cf. black holes; e.g. Fender 2006).
In order to provide a more quantitative record of the evolution of Circinus
X-1 over the period 1996-2006 we have ﬁtted the data in the image-plane
using the task IMFIT in MIRIAD. The number of components (admittedly
subjective) used in the ﬁtting process varied between one and three, according
to the appearance of the radio images. As a general rule, a new component
was added to the ﬁtting only in the case where the residual map (obtained
by subtracting the model map from the original, CLEAN-ed map) showed
compact emission at more than 3 σ level. All the components were reﬁtted then
simultaneously. The results are presented in Appendix A and Figures 3 and
4. To check the reliability of the image-plane ﬁttings, we have also performed
uv-plane ﬁttings of the data at 8.6 GHz using the software DIFMAP. The
two diﬀerent approaches gave similar results, within the errors.
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Figure 3.3: Radio images (natural weightings) of Circinus X-1 at 4.8 GHz. The
contour lines are at -2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 × the rms noise at each
epoch. The size of the restoring beam is 2.8 × 2.2 arcsec2 at PA=0.◦ 0. Superimposed
are the results of the image-plane ﬁtting process (see Appendix A). A ﬁlled circle next
to the date of observation warns that the map might contain artifacts (see section
3.2). The ﬁtted unresolved Gaussian components are represented as ellipses with
the size and orientation of the restoring beam. The ordinal number of the epoch of
observation and the corresponding date and orbital phase are shown on each map.
Observations made at relatively short time intervals (i.e. in a single campaign, often
within a single binary orbit) are organized in subsets separated by black vertical lines.
Epoch 41 is not shown.
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Figure 3.3: cont.
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Figure 3.4: Radio images (natural weightings) of Circinus X-1 at 8.6 GHz. The
contour lines are at -2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 × the rms noise at each
epoch. The size of the restoring beam is 1.6 × 1.3 arcsec2 at PA=0.◦ 0. Superimposed
are the results of the image-plane ﬁtting process (see Appendix A). A ﬁlled circle next
to the date of observation warns that the map might contain artifacts (see section
3.2). The ﬁtted unresolved Gaussian components are represented as ellipses with
the size and orientation of the restoring beam. The ordinal number of the epoch of
observation and the corresponding date and orbital phase are shown on each map.
Observations made at relatively short time intervals (i.e. in a single campaign, often
within a single binary orbit) are organized in subsets separated by black vertical lines.
Epoch 41 is not shown.

44

3.3 “Secular” evolution

B21

2000 October 14/15

B22

Φ=0.829−0.854

B25

2000 October 25/26

2001 May 29

B26

B30

2002 December 04/05

Φ=0.057−0.086

B37

2002 December 08/09

Φ=0.297−0.322

2001 May 23

B27

2001 September 08

B31

2001 May 25

2002 December 02/03

2002 December 05/06

B35

2002 December 06/07

B28

B39

Φ=0.285−0.313

2005 April 06

Φ=0.699−0.727

Figure 3.4: cont.

45

2001 May 27

Φ=0.390−0.413

B32

2002 December 03/04

Φ=0.994−0.024

B36

2002 December 07/08

Φ=0.236−0.265

Φ=0.176−0.207

2003 December 23/24

2000 October 23

Φ=0.324−0.340

Φ=0.933−0.962

Φ=0.117−0.147

B38

B24

Φ=0.269−0.292

Φ=0.677−0.693

B34

2000 October 20/21

Φ=0.187−0.216

Φ=0.151−0.178

Φ=0.510−0.535

B33

B23

Φ=0.075−0.097

Φ=0.489−0.518

B29

2000 October 19

B40

2005 June 17

Φ=0.043−0.071

3. A decade of radio imaging the relativistic outﬂow in Circinus X-1

0.021

0.018

0.015

0.021

0.018

0.015

0.012

0.016

0.014

0.012

0.010

51115.8

ATCA 8.6 GHz

13

1.0

51115.9

1.5

1998 October 29/30

51116.0
MJD [days]

1998 October/November

14

2.0
Orbital phase

15

ATCA 4.8 GHz

16

51116.1

ATCA 8.6 GHz

2.5

0.024
0.021
0.018
0.015
0.012

0.025
0.020
0.015

18

51827.0

ATCA 8.6 GHz

0.010
51826.9

0.016

0.014

0.012
1.0

20

51827.1

19

1.5

2000 October 09/10

51827.2
MJD [days]

2000 October

21

Orbital phase

51827.3

22

2.0

ATCA 4.8 GHz

25

51827.5

ATCA 8.6 GHz

51827.4

23

24

2.5
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3.4

Ultra-relativistic outﬂow

Using a sub-sample of our data at 4.8 GHz, Fender et al. (2004) found evidence
for an underlying relativistic ﬂow in the arcsec scale jet of Circinus X-1. We
have reanalyzed their data set in this context, taking also into account the
simultaneous 8.6 GHz data. Only the observations made in 2000 October,
2001 May and 2002 December were suitable for such a study due to their
dense temporal coverage (see Table 3.1). These are the same data presented
in Fender et al. (2004). The 1996 July subset was disqualiﬁed because of
the many short individual observations and the likely artifacts that might be
thus generated in the images. For each of the three subsets mentioned the
data were selected such as to ensure a quasi-identical uv-plane coverage for
the observations. For 2000 October and 2001 May we used for the imageplane ﬁtting uniformly weighted radio maps since they revealed with a higher
spatial resolution the structure of the radio emission. For 2002 December this
was not possible because on many epochs Circinus X-1 was too weak and so
we used the naturally weighted radio maps instead. The data from epoch 19
(2000 October 7/8) were not included in the analysis as a consequence of the
limited common uv-plane coverage with the other observations from the same
month. On a few epochs in 2002 December, the component 2 was not detected
or it was impossible to identify with certainty. The approximate location of
the components ﬁtted to the data is indicated in Fig. 3.7 along with the
corresponding light curves. Assuming that the peaks of the ﬂux density of
component 1 (the core) and component 2 observed at timescales of days are
causally related (see for instance Fig. 3.8 showing the successive variations in
the relative brightness of the diﬀerent features of the radio emission) then the
radio brightening of the core and of the knots further away appear to happen
with a delay of days. The X-ray burst peaks in the same time interval and at
least for some events evidence is mounting that the radio and X-ray outputs
are correlated (Soleri et al., 2007). This phenomenology can be interpreted
as evidence for a ﬂow propagating outward from the core. If that is the case,
then the outﬂow is indeed relativistic in Circinus X-1. The apparent velocity
of the outﬂow in the plane of the sky can be expressed as:
βapp

vapp
=
c


5.8

φ
arcsec



Δt
day

−1 

r
kpc


(3.2)

where c is the speed of light, φ is the angular distance traveled by the ﬂow in
the time interval Δt and r is the distance to Circinus X-1. Allowing for diﬀerent possible identiﬁcations of the succession of the peaks of the ﬂux densities,
estimations of the apparent velocity of the outﬂow can be made (Table 3.2).
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The formal error in column 5 of Table 3.2 is up to 30 percent. The most conﬁdent results are obtained for 2000 October, when relatively more observations
are available and the identiﬁcation of the peaks in the light curves is more
evident. A minimum apparent velocity of around 3r seems to be favoured by
this data. The other two data subsets tend to suggest a slightly higher value.
Even though the apparent velocities of the outﬂow might have diﬀerent values during diﬀerent outburst events, it is likely that this interval of variation
cannot be very large. In conclusion, given the limited amount of information
that could be extracted from the data, we consider that there is enough circumstantial evidence that a minimum apparent velocity of around 3 ± 1 r
can be conﬁdently assigned to the outﬂow in Circinus X-1. For a distance r
between 4 and 10.5 kpc (e.g. Jonker & Nelemans 2004; Iaria et al. 2005) this
conﬁrms the status of Circinus X-1 as harbouring the most relativistic outﬂow
discovered so far in the Milky Way (Fender et al., 2004), with βapp ≥ 12.
Table 3.2: The apparent velocity βapp of the outﬂow. Diﬀerent possibilities for the
identiﬁcation of the time of the leading and following peaks are listed (see Fig. 3.7).
φ is the angular distance between component 1 (core) and component 2. Δt is the
time delay between the leading and following peaks. r is the distance to Circinus X-1
(between 4 and 10.5 kpc, e.g. Jonker & Nelemans 2004; Iaria et al. 2005).
Leading peak
[MJD]
2000 October
51836.067
51836.067
2001 May
52052.277
52052.277
52056.235
2002 December
52612.848
52612.848
52613.850
52613.850

3.5

Following peak
[MJD]

φ
[arcsec]

Δt
[day]

βapp /r
[kpc−1 ]

51837.922
51840.185

2.3
2.3

1.86
4.12

7.2
3.2

52054.230
52058.219
52058.219

2.85
2.85
2.85

1.95
5.94
1.98

8.5
2.8
8.4

52614.813
52616.822
52614.813
52616.822

3.6
3.6
3.6
3.6

1.96
3.97
0.96
2.97

10.6
5.3
21.7
7.0

System proper motion

The Circinus X-1 complex is on the plane of the sky just ∼ 10 arcmin away
from the boundary of the supernova remnant SNR G321.9-0.3. This oﬀered
circumstantial evidence for the so called “runaway binary” scenario in which
the binary system and the supernova remnant are physically associated (Clark,
49

3. A decade of radio imaging the relativistic outﬂow in Circinus X-1

Flux density [mJy]

15

Count rate [c/s]

Flux density [mJy]

2000 October
10
8
6

component 1
component 2
component 3
components 2+3

8.6 GHz

component 1
component 2

4.8 GHz

8.6 GHz
component 1 (core)

4
2

component 3
component 2

10

4.8 GHz
component 1 (core)

5
2-10 keV ASM/RXTE

100
50

component 2
0
51815 51820 51825 51830 51835 51840 51845
MJD [day]
2001 May

Count rate [c/s]

Flux density [mJy]

Flux density [mJy]

7

component 1
component 2

8.6 GHz
6

8.6 GHz
component 1 (core)

5
4
3

10

4.8 GHz

component 1
component 2

component 2

8

4.8 GHz
6

component 1 (core)
2-10 keV ASM/RXTE

100

50

component 2
0
52050

52052

52054 52056
MJD [day]

52058

52060

Count rate [c/s]

Flux density [mJy]

Flux density [mJy]

2002 December
8.6 GHz

component 1
component 2

4.8 GHz

component 1
component 2

10

8.6 GHz
component 1 (core)

5
0
10

component 2

5

4.8 GHz
component 1 (core)
80

2-10 keV ASM/RXTE

60
40

component 2
20
52610

52612

52614
MJD [day]

52616

Figure 3.7: 8.6 and 4.8 GHz ATCA radio light curves and 2-10 keV ASM/RXTE
daily averaged X-ray light curves of Circinus X-1 for 2000 October, 2001 May and
2002 December (a few epochs not included, see text). The ﬁttings were done in the
image plane, after selecting the same uv-plane coverage for all the observations in each
of the three sessions. Uniformly weighted maps were used for 2000 October and 2001
May, and naturally weighted maps for 2002 December. The approximate location
of the ﬁtted components whose evolution was tracked is indicated. The successive
brightening of diﬀerent components happens within days.
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Figure 3.8: Diﬀerence radio maps for 2000 October obtained by subtracting the map
on 2000 October 1 (epoch 18) from the maps corresponding to subsequent epochs.
The subtraction was done in the image-plane using uniformly weighted images and is
model independent. The plus sign shows the approximate position of the core.
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Parkinson & Caswell, 1975). However, optical observations taken 8.6 years
apart (Mignani et al., 2002) placed a 3 σ upper limit to the proper motion of
the source of ∼ 5 mas yr−1 , much less than the expected value between 15
and 75 mas yr−1 predicted by the “runaway binary” hypothesis.
In Fig. 3.9 (top) we plot the positions of the core of Circinus X-1 between
1996-2006 as determined from the 8.6 GHz data. The observations from epoch
10 were excluded from the sample due to the phase-referencing problems encountered in calibrating this particular data set, which resulted in unaccountable errors in the position of the object, as can be actually clearly seen in the
radio maps not only at 8.6, but also 4.8 GHz (Figs. 3 and 4, images A10 and
B10). The diagram shows an apparent tendency of the points to align along
a NW-SE direction (this tendency is also observed at 4.8 GHz). However, the
position of the object “jumps” randomly from one epoch to another, with no
preferential direction. To test if this could be explained by errors in the phasereferencing process, we used a compact source ∼ 7  away from Circinus X-1,
designated J1520.6-571 by Fender et al. (1998) which was observed during the
runs starting with epoch 11. After phase-referencing it with respect to PMN
J1524-5903 we ﬁtted the data in the image plane. The resulting positions are
reported in Fig. 3.9 (bottom). The lack in this case of a similar trend in the
distribution of positions as observed for Circinus X-1 strongly suggests that
the phase-referencing process is not responsible for the tendency (or, more
conservatively, is not the dominant factor). Instead, given the magnitude of
the errors and the fact that the bulk of the radio emission in Circinus X-1 is
oriented on a NW-SE direction (the jet axis), it is very likely that this tendency
is an artifact of the ﬁtting process, due to diﬀerent jet structures at diﬀerent
epochs. Therefore, our roughly estimated upper limit to the proper motion
of Circinus X-1 of 50 mas yr−1 is extremely conservative. This nevertheless
places an independent constraint on the velocity of the system in the plane
of the sky of vsystem < 240 r km s−1 , where r is the distance to Circinus X-1
expressed in kpc.
The errors in the position of the core are dominated at most of the epochs
by the positional error of the phase-referencing calibrator (the exact value
of which being unknown and assumed here to be the upper limit quoted in
the catalog; see section 3.2). Future long-term observations of Circinus X-1
combined with a better knowledge of the systematic errors due to the calibrator
will enable to further constrain the proper motion down to, and ultimately
even better than the presently available optical limits.
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Figure 3.9: Positions of the core of Circinus X-1 (top) and J1520-571 (bottom)
between 1996-2006. The coordinates were obtained via image plane ﬁtting of the 8.6
GHz data. For an easier comparison the error bars do not contain the systematic
errors associated with the position of the phase-referencing calibrator. Epoch 10 was
excluded from the analysis (see text). The larger scatter in the ﬁtted position of
Circinus X-1 is along the jet axis and so is unlikely to be real.
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3.6

Spectrum

The global spectral index of Circinus X-1, determined between 4.8 and 8.6
GHz, over the 10 years period of observations shows preferentially a steep
spectrum with mean value and standard deviation (characterizing the scatter
over the entire observed period) α = −0.9 ± 0.6 (Fν ∝ ν α ) (Fig. 3.10). This
is, unsurprisingly, indicative of optically thin synchrotron emission.
In the observational runs in which ﬂares were detected, clear evidence was
found, both close to orbital phases 0.0 and 0.5, for a signiﬁcant ﬂattening of
the spectrum during these outbursts. This behaviour is due to the fact that
the ﬂux density peaks ﬁrst at 8.6 GHz, then at 4.8 GHz. The time lag is of
the order of a few hours (see Figs. 3.5 and 3.6). The peak ﬂux density is
higher at 8.6 GHz than at 4.8 GHz (however see epoch 23 in Fig. 3.6). Such
phenomenology was pointed out before, notably by Haynes et al. (1978).
These properties of the ﬂares are roughly consistent both with a model in
which the synchrotron radiation is produced in a cloud of relativistic particles
expanding adiabatically (van der Laan, 1966; Haynes et al., 1980), and with
the internal shock model, in which the particles are accelerated in successive
shocks produced in a quasi-continuous jet (Kaiser et al., 2000; Vadawale et al.,
2003; Fender et al., 2004). The data do not clearly rule out either of the two.
Free-free absorption in the wind of the companion might also be at work in the
system thus complicating any attempt at an interpretation at the moment.

3.7

Polarization properties

Polarization was detected at more than 3 σ conﬁdence level on 13 epochs at 4.8
GHz and 1 epoch at 8.6 GHz. Faraday rotation (i.e. rotation of the plane of
polarization due to the propagation of radiation through magnetized plasma)
was observed on epoch 21 at a level of -175 ± 30 rad m−2 (Fig. 3.11). A
less conﬁdent detection (< 3 σ), consistent with the previous one, was made
on epoch 22. We warn the reader that Nπ ambiguities might be aﬀecting the
calculations, especially since only 2 frequencies were available. The compact
source J1520.6-571 located 7’ away from Circinus X-1 (see section 3.5) is also
polarized. Its Faraday rotation measure is +185 ± 30 rad m−2 . Since these
two objects are so close on the plane of the sky, although the exact galactic or
extragalactic nature of J1520.6-571 is not known, it is reasonable to assume
that the galactic contribution to the detected Faraday rotation is about the
same in both cases. Then, given the opposite sign of the rotation measure
values observed in the two sources, the conclusion is that the galactic contribution has to be small in absolute value, of the order of a few tens of rad
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Figure 3.10: The global spectral index of Circinus X-1 between 4.8 and 8.6 GHz
as a function of the orbital phase (radio ephemeris from Nicolson 2007, during the
period 1996-2006). The mean value and standard deviation of the spectral index are
α = −0.9 ± 0.6 (Fν ∝ ν α ).

m−2 . Otherwise the intrinsic Faraday rotation measure (i.e. due to the immediate environment of the objects) would have to be fairly large for one or the
other of the sources. Another hint suggesting a low galactic Faraday rotation
measure towards Circinus X-1 comes from the attempts to map the whole
sky. Containing around 800 reliable Faraday rotation measures, the map of
Johnston-Hollitt, Hollitt & Ekers (2004) seems to favour a small in absolute
value, likely negative rotation measure towards Circinus X-1 (galactic coordinates: l=322.◦ 12; b=+0.◦ 04). We can therefore tentatively estimate that the
galactic Faraday rotation measure in the direction of Circinus X-1 is probably
somewhere between -50 and 50 rad m−2 . If this is true, it means that most of
the rotation measure in Fig. 3.11 is likely intrinsic, originating in a Faraday
screen in the vicinity of the object.
The polarization maps are shown in Fig. 3.12. Assuming a -50 / +50 rad
−2
m Faraday rotation measure within the galaxy, the electric vector position
angles in Fig. 3.12 have to be corrected by rotating them counter-clockwise
/ clockwise by ∼11◦ at 4.8 GHz and ∼3.◦ 5 at 8.6 GHz. For an optically thin
emitting region (as is the case; see section 3.6) the magnetic ﬁeld vectors are
practically perpendicular to the electric ﬁeld vectors. Although it is diﬃcult to
make strong statements, in the jet the electric ﬁeld vectors seem to be oriented
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preferentially along its axis (e.g. maps C - 12, 17, 22, 23 in Fig. 3.12) thus
suggesting the presence of shocks at the interface between the ejected matter
and the surrounding environment, while close to the core the electric vectors
tend to be oriented perpendicular to the jet axis. Moreover, the orientation
of the electric vectors position angles seems to be stable over the almost 10
year period covered by the observations. The fractional linear polarization is
of the order of a few percent.

Figure 3.11: Faraday rotation map of Circinus X-1 from epoch 21 (2000 October
14/15). The contour lines correspond to the radio image at 4.8 GHz and are at -2.8,
2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 × the rms noise. The size of the restoring
beam is 2.8 × 2.2 arcsec2 , PA=0.◦ 0. The gray code bar is expressed in rad m−2 . Only
the region with a conﬁdent detection is shown. Please note that only two frequencies
were used to generate the map.

3.8

Conclusions

We have presented ATCA radio data of the XRB Circinus X-1 at 4.8 and 8.6
GHz covering a period of time of almost 10 years. The radio maps reveal a
complex structure of the radio emission with variations in the morphology and
brightness of the diﬀerent compact emitting regions (sometimes seen as far as
10 arcsec from the core, corresponding to a physical scale of 0.05 r pc, with
r the distance to Circinus X-1 expressed in kpc) on timescales of days. The
orientation of the radio emission is in a NW-SE direction in the plane of the
sky and remains unchanged during the period covered by our observations.
This suggests that if the jet is indeed precessing, as proposed by Iaria et al.
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Figure 3.12: Radio polarization maps of Circinus X-1. The contour lines are at
-2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 × the rms noise at each epoch. The
size of the restoring beam is 2.8 × 2.2 arcsec2 , PA=0.◦ 0 at 4.8 GHz and 1.6 × 1.3
arcsec2, PA=0.◦ 0 at 8.6 GHz. The sticks correspond to the orientation of the electric
vector position angles. No correction for the Faraday rotation within our galaxy has
been applied. For an optically thin emitting region the magnetic ﬁeld vectors are
practically perpendicular to the electric ﬁeld vectors.
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(2008), then its precession period should be much larger than the time span
of our data set.
We were able to conﬁrm the claim of Fender (1997) for a radio ﬂare not
associated with the orbital phase 0.0. Further evidence was found that such
outbursts do occur near the orbital phase 0.5 (within a region of ± 0.1 in
phase). Their properties are similar to those of the outbursts commonly observed near the orbital phase 0.0. We suggested that the wind accretion from
the massive companion might be responsible for producing them.
Fender et al. (2004) showed that the outﬂow in the arcsec scale jet of Circinus
X-1 is relativistic. Reanalyzing the data in some more detail and determining
the time delay between the successive brightening of the various compact radio
emitting regions, it was found that indeed the outﬂow seems to be relativistic
with an apparent velocity βapp ≥ 12.
A study of the proper motion of the system was carried out. The errors
in determining the positions of the core (dominated by the errors associated
with the coordinates of the phase-referencing calibrator) allowed only an upper
limit to be estimated, namely 50 mas yr−1 (vsystem < 240 r km s−1 , where r is
the distance to Circinus X-1 expressed in kpc). This is however a conservative
value and future observations together with improvements in the systematic
errors of the calibrators will pull down the limit and oﬀer a better constraint.
The global spectral index of Circinus X-1 (between 4.8 and 8.6 GHz) had
a mean value and standard deviation of α = −0.9 ± 0.6 (Fν ∝ ν α ) during
the monitoring period. The spectrum was ﬂattening when ﬂares were active,
either close to phase 0.0 or 0.5.
Polarization emission was detected in one third of the epochs and in one
epoch Faraday rotation was observed at a level of -175 ± 30 rad m−2 . The
nature of the Faraday screen is unknown. Circumstantial evidence points
towards an intrinsic origin, related to the immediate vicinity of Circinus X1 itself, however this has to be tested in detail in future observations. In
the jet the electric ﬁeld vectors seem to be oriented preferentially along its
axis tentatively suggesting the presence of shocks at the interface between the
ejected matter and the surrounding environment.
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3.9

Appendix. Image-plane ﬁts

The methodology employed was the following. We ﬁrst ﬁtted the data iteratively with a single Gaussian component and at each iteration subtracted
the resulting model from the residual map obtained in the previous iteration.
We then used the ﬁtting parameters thus obtained as initial estimations in
re-ﬁtting the data this time with all the components simultaneously included.
Tables 3.3 and 3.4 show the results obtained by ﬁtting the natural weighted
radio maps at 4.8 and 8.6 GHz respectively.
For coordinates, the quoted errors take into account the systematic error
associated with the position of the phase-referencing calibrator (250 mas) and
the formal errors due to the ﬁtting process.
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Table 3.3: Results of the image-plane ﬁtting at 4.8 GHz. The table contains the
number of the epoch of observation, the corresponding date, the position (J2000) of
the component ﬁtted, its ﬂux density (integrated ﬂux density for Gaussian components or peak ﬂux density for unresolved Gaussian components), size (major × minor
axis), and orientation. The ﬁrst entry for each epoch corresponds to the core of the
system. For unresolved Gaussian components upper limits for the size are presented.
The errors are reported in parentheses. For coordinates, the quoted errors take into
account the systematic error associated with the position of the phase-referencing
calibrator and the formal errors within the ﬁtting process.
Ep
1

Date
96/07/01

2

96/07/02

3

96/07/03

4

96/07/04

5

96/07/05

6
7

96/07/07
96/07/08

8
9

96/07/09
96/07/10

10
11
12

96/07/13
98/02/05-06
98/02/23-24

13
14
15
16
17

98/10/03-04
98/10/16-17
98/10/29-30
98/11/02
00/02/05-06

18

00/10/01

19

00/10/07-08

20

00/10/09-10

21

00/10/14-15

22

00/10/19

23

00/10/20-21

24

00/10/23

25

00/10/25-26

26

01/05/23

27

01/05/25

28

01/05/27

29

01/05/29

30

01/09/08

RA [h:m:s]
15:20:40.856 (0.032)
15:20:41.141 (0.082)
15:20:40.645 (0.093)
15:20:40.861 (0.032)
15:20:40.446 (0.071)
15:20:41.570 (0.072)
15:20:40.862 (0.031)
15:20:41.610 (0.048)
15:20:40.816 (0.032)
15:20:39.679 (0.046)
15:20:40.865 (0.032)
15:20:41.666 (0.051)
15:20:40.902 (0.034)
15:20:40.926 (0.032)
15:20:41.666 (0.059)
15:20:40.896 (0.034)
15:20:40.854 (0.032)
15:20:41.604 (0.050)
15:20:41.065 (0.035)
15:20:40.892 (0.036)
15:20:40.894 (0.034)
15:20:41.803 (0.091)
15:20:40.892 (0.037)
15:20:40.910 (0.037)
15:20:40.886 (0.035)
15:20:40.876 (0.037)
15:20:40.791 (0.045)
15:20:41.018 (0.040)
15:20:40.739 (0.068)
15:20:41.013 (0.058)
15:20:40.768 (0.044)
15:20:41.043 (0.050)
15:20:40.828 (0.044)
15:20:41.068 (0.043)
15:20:40.835 (0.041)
15:20:41.102 (0.054)
15:20:40.880 (0.042)
15:20:41.104 (0.060)
15:20:40.812 (0.042)
15:20:40.998 (0.066)
15:20:40.243 (0.137)
15:20:40.797 (0.046)
15:20:41.032 (0.048)
15:20:40.863 (0.061)
15:20:41.088 (0.056)
15:20:40.365 (0.092)
15:20:40.838 (0.039)
15:20:41.075 (0.045)
15:20:40.816 (0.049)
15:20:41.066 (0.041)
15:20:40.842 (0.043)
15:20:41.085 (0.040)
15:20:41.692 (0.153)
15:20:40.814 (0.036)
15:20:41.065 (0.037)
15:20:40.833 (0.058)
15:20:41.056 (0.054)

DEC [◦ :  :  ]
-57:10:00.498 (0.267)
-57:10:02.513 (0.720)
-57:09:56.844 (0.924)
-57:10:00.545 (0.266)
-57:09:56.797 (0.639)
-57:10:05.709 (0.670)
-57:10:00.582 (0.258)
-57:10:05.966 (0.416)
-57:10:00.271 (0.261)
-57:09:50.584 (0.385)
-57:10:00.544 (0.267)
-57:10:05.440 (0.477)
-57:10:00.576 (0.282)
-57:10:00.862 (0.266)
-57:10:04.671 (0.492)
-57:10:00.685 (0.280)
-57:10:00.483 (0.261)
-57:10:06.415 (0.425)
-57:10:01.022 (0.292)
-57:10:00.560 (0.295)
-57:10:00.721 (0.276)
-57:10:11.592 (0.894)
-57:10:00.725 (0.289)
-57:10:00.700 (0.294)
-57:10:00.663 (0.283)
-57:10:00.663 (0.288)
-57:09:59.941 (0.381)
-57:10:01.496 (0.317)
-57:10:00.096 (0.437)
-57:10:01.692 (0.448)
-57:10:00.048 (0.409)
-57:10:01.578 (0.342)
-57:10:00.305 (0.361)
-57:10:01.905 (0.310)
-57:10:00.438 (0.339)
-57:10:01.852 (0.355)
-57:10:00.542 (0.341)
-57:10:01.720 (0.417)
-57:10:00.038 (0.460)
-57:10:01.650 (0.456)
-57:09:57.376 (0.855)
-57:10:00.087 (0.398)
-57:10:01.726 (0.341)
-57:10:00.619 (0.479)
-57:10:01.988 (0.391)
-57:09:57.374 (0.867)
-57:10:00.443 (0.349)
-57:10:02.322 (0.330)
-57:10:00.283 (0.378)
-57:10:02.138 (0.335)
-57:10:00.493 (0.348)
-57:10:02.380 (0.319)
-57:10:03.020 (0.478)
-57:10:00.214 (0.304)
-57:10:02.234 (0.293)
-57:10:00.105 (0.509)
-57:10:02.351 (0.450)
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Fν [mJy]
29.6 (0.4)
1.1 (0.3)
0.7 (0.3)
29.7 (0.3)
1.6 (0.3)
1.0 (0.2)
22.5 (0.1)
1.0 (0.1)
22.4 (0.2)
2.0 (0.2)
13.8 (0.2)
1.7 (0.1)
6.2 (0.1)
6.9 (0.1)
0.5 (0.1)
9.6 (0.2)
20.7 (0.2)
1.9 (0.1)
8.5 (0.3)
9.5 (0.2)
10.5 (0.1)
0.3 (0.1)
7.9 (0.1)
6.4 (0.1)
8.2 (0.1)
5.4 (0.1)
4.3 (0.6)
11.6 (0.3)
5.6 (1.1)
13.4 (0.6)
5.6 (0.8)
12.5 (0.4)
10.8 (0.3)
9.3 (0.6)
19.9 (0.4)
6.6 (0.8)
23.5 (0.6)
9.0 (1.2)
11.6 (2.6)
18.1 (1.6)
3.1 (0.2)
10.4 (0.7)
14.5 (0.6)
15.6 (0.8)
9.8 (2.0)
1.0 (0.4)
11.6 (0.3)
7.9 (0.5)
6.3 (0.3)
8.7 (0.4)
9.2 (0.2)
7.0 (0.5)
1.6 (0.1)
7.7 (0.1)
8.4 (0.2)
5.0 (0.2)
4.5 (0.3)

Size [arcsec × arcsec]
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
1.7 (0.4) × 0.7 (0.3)
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
2.8 (0.6) × 1.2 (0.4)
0.9 (0.1) × 0.4 (0.1)
< 2.8 × 2.2
< 2.8 × 2.2
1.7 (0.1) × 0.5 (0.1)
0.8 (0.1) × 0.3 (0.1)
2.6 (0.4) × 1.1 (0.4)
0.9 (0.1) × 0.6 (0.1)
2.1 (0.1) × 1.4 (0.1)
2.3 (0.1) × 0.8 (0.1)
< 2.8 × 2.2
3.5 (0.1) × 0.8 (0.1)
3.1 (0.1) × 0.8 (0.1)
2.6 (0.1) × 0.7 (0.1)
3.1 (0.1) × 1.2 (0.1)
< 2.8 × 2.2
1.6 (0.1) × 1.5 (0.1)
< 2.8 × 2.2
2.5 (0.4) × 1.8 (0.2)
< 2.8 × 2.2
2.4 (0.1) × 0.8 (0.3)
2.0 (0.2) × 0.6 (0.1)
< 2.8 × 2.2
2.4 (0.2) × 0.9 (0.1)
< 2.8 × 2.2
1.8 (0.2) × 1.2 (0.1)
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
6.0 (2.7) × 1.9 (0.9)
< 2.8 × 2.2
2.5 (0.1) × 0.2 (0.2)
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
1.8 (0.2) × 0.8 (0.1)
1.8 (0.1) × 0.6 (0.2)
< 2.8 × 2.2
1.7 (0.1) × 0.7 (0.1)
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
1.4 (0.1) × 0.7 (0.1)
1.5 (0.1) × 1.2 (0.1)
3.0 (0.3) × 1.5 (0.4)
3.0 (0.3) × 0.6 (0.4)

PA [◦ ]
-46.0 (21.6)
-25.9 (13.6)
-37.8 (4.4)
-54.2 (4.5)
-50.4 (1.6)
-47.5 (16.0)
-81.2 (7.6)
88.4 (53.4)
-73.7 (5.6)
-77.5 (3.3)
-75.3 (4.9)
-76.6 (5.9)
-87.9 (5.2)
13.5 (10.4)
-73.8 (41.1)
-74.8 (13.8)
-54.4 (6.4)
-44.7 (4.5)
-47.6 (9.1)
-59.7 (16.9)
75.2 (10.1)
-24.3 (5.2)
51.1 (8.3)
71.5 (14.3)
-46.3 (4.9)
78.2 (8.0)
31.7 (11.9)
41.4 (8.1)

3.9 Appendix. Image-plane ﬁts

Table 3.3: cont.
Ep
31

Date
02/12/02-03

32

02/12/03-04

33

02/12/04-05

34

02/12/05-06

35

02/12/06-07

36

02/12/07-08

37

02/12/08-09

38

03/12/23-24

39

05/04/06

40

05/06/17

41

06/03/22-23

RA [h:m:s]
15:20:40.749 (0.050)
15:20:41.060 (0.054)
15:20:40.749 (0.051)
15:20:41.009 (0.060)
15:20:41.309 (0.066)
15:20:40.842 (0.038)
15:20:41.447 (0.082)
15:20:40.313 (0.073)
15:20:40.839 (0.034)
15:20:41.220 (0.067)
15:20:40.834 (0.036)
15:20:41.129 (0.069)
15:20:41.796 (0.071)
15:20:40.866 (0.045)
15:20:41.388 (0.075)
15:20:40.775 (0.092)
15:20:40.936 (0.075)
15:20:40.822 (0.071)
15:20:41.075 (0.074)
15:20:40.780 (0.063)
15:20:41.784 (0.083)
15:20:40.841 (0.032)
15:20:40.453 (0.065)
15:20:41.130 (0.081)
-

DEC [◦ :  :  ]
-57:10:00.119 (0.450)
-57:10:02.451 (0.487)
-57:10:00.270 (0.452)
-57:10:02.129 (0.519)
-57:10:00.277 (0.592)
-57:10:00.670 (0.316)
-57:10:00.152 (0.770)
-57:10:02.107 (0.667)
-57:10:00.518 (0.292)
-57:10:03.509 (0.609)
-57:10:00.446 (0.321)
-57:10:03.140 (0.444)
-57:10:10.397 (0.667)
-57:10:00.793 (0.369)
-57:10:02.634 (0.650)
-57:09:59.857 (0.952)
-57:10:01.364 (0.633)
-57:10:00.495 (0.671)
-57:10:03.070 (0.692)
-57:10:00.737 (0.579)
-57:10:11.419 (0.791)
-57:10:00.561 (0.265)
-57:10:03.678 (0.607)
-57:09:56.866 (0.779)
-
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Fν [mJy]
1.4 (0.2)
1.1 (0.2)
1.4 (0.2)
1.1 (0.2)
0.8 (0.2)
11.1 (0.3)
1.0 (0.3)
1.2 (0.3)
10.6 (0.2)
0.9 (0.2)
5.4 (0.1)
1.5 (0.1)
0.35 (0.09)
4.1 (0.1)
0.5 (0.1)
0.5 (0.2)
3.1 (0.1)
0.9 (0.2)
0.9 (0.2)
0.8 (0.2)
0.47 (0.15)
38.8 (0.5)
1.7 (0.3)
1.1 (0.3)
-

Size [arcsec × arcsec]
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
3.2 (0.5) × 1.2 (0.5)
< 2.8 × 2.2
4.7 (0.4) × 1.5 (0.2)
< 2.8 × 2.2
< 2.8 × 2.2
6.6 (0.9) × 1.7 (0.4)
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
< 2.8 × 2.2
-

PA [◦ ]
70.3 (21.02)
-46.0 (4.1)
-45.3 (6.5)
-

3. A decade of radio imaging the relativistic outﬂow in Circinus X-1

Table 3.4: Results of the image-plane ﬁtting at 8.6 GHz. The table contains the
number of the epoch of observation, the corresponding date, the position (J2000) of
the component ﬁtted, its ﬂux density (integrated ﬂux density for Gaussian components or peak ﬂux density for unresolved Gaussian components), size (major × minor
axis), and orientation. The ﬁrst entry for each epoch corresponds to the core of the
system. For unresolved Gaussian components upper limits for the size are presented.
The errors are reported in parentheses. For coordinates, the quoted errors take into
account the systematic error associated with the position of the phase-referencing
calibrator and the formal errors within the ﬁtting process.
Ep
1

Date
96/07/01

2

96/07/02

3

96/07/03

4

96/07/04

5

96/07/05

6

96/07/07

7

96/07/08

8

96/07/09

9

96/07/10

10

96/07/13

11

98/02/05-06

12

98/02/23-24

13

98/10/03-04

14

98/10/16-17

15

98/10/29-30

16

98/11/02

17

00/02/05-06

18

00/10/01

19

00/10/07-08

20

00/10/09-10

21

00/10/14-15

22

00/10/19

23

00/10/20-21

24

00/10/23

25

00/10/25-26

RA [h:m:s]
15:20:40.847 (0.033)
15:20:40.983 (0.058)
15:20:40.854 (0.032)
15:20:41.256 (0.054)
15:20:40.601 (0.051)
15:20:40.851 (0.031)
15:20:41.392 (0.047)
15:20:40.817 (0.032)
15:20:40.124 (0.042)
15:20:40.849 (0.032)
15:20:41.441 (0.054)
15:20:40.849 (0.034)
15:20:40.973 (0.047)
15:20:40.885 (0.032)
15:20:41.102 (0.043)
15:20:40.501 (0.045)
15:20:40.860 (0.035)
15:20:41.022 (0.051)
15:20:40.639 (0.047)
15:20:40.848 (0.031)
15:20:41.288 (0.036)
15:20:40.471 (0.043)
15:20:41.075 (0.033)
15:20:40.572 (0.045)
15:20:40.848 (0.033)
15:20:40.994 (0.058)
15:20:40.851 (0.035)
15:20:41.046 (0.050)
15:20:40.834 (0.051)
15:20:41.082 (0.068)
15:20:40.806 (0.041)
15:20:41.058 (0.040)
15:20:40.831 (0.036)
15:20:40.894 (0.045)
15:20:40.783 (0.044)
15:20:40.993 (0.064)
15:20:40.819 (0.035)
15:20:41.038 (0.034)
15:20:40.779 (0.039)
15:20:41.014 (0.040)
15:20:40.782 (0.043)
15:20:41.066 (0.038)
15:20:40.806 (0.034)
15:20:41.038 (0.035)
15:20:40.808 (0.034)
15:20:41.044 (0.037)
15:20:40.835 (0.035)
15:20:41.021 (0.040)
15:20:40.771 (0.051)
15:20:40.823 (0.035)
15:20:41.037 (0.040)
15:20:40.517 (0.047)
15:20:40.799 (0.035)
15:20:41.034 (0.035)
15:20:40.804 (0.038)
15:20:41.058 (0.038)
15:20:40.524 (0.051)

DEC [◦ :  :  ]
-57:10:00.483 (0.264)
-57:10:00.910 (0.406)
-57:10:00.537 (0.262)
-57:10:03.360 (0.488)
-57:09:58.230 (0.472)
-57:10:00.566 (0.256)
-57:10:04.468 (0.400)
-57:10:00.335 (0.260)
-57:09:54.482 (0.345)
-57:10:00.502 (0.260)
-57:10:03.781 (0.412)
-57:10:00.267 (0.276)
-57:10:00.943 (0.380)
-57:10:00.689 (0.262)
-57:10:01.715 (0.378)
-57:09:58.457 (0.377)
-57:10:00.574 (0.276)
-57:10:01.357 (0.379)
-57:09:57.470 (0.413)
-57:10:00.472 (0.255)
-57:10:03.928 (0.298)
-57:09:56.609 (0.377)
-57:10:01.068 (0.273)
-57:09:59.757 (0.400)
-57:10:00.421 (0.279)
-57:10:00.697 (0.416)
-57:10:00.570 (0.274)
-57:10:01.004 (0.361)
-57:10:00.455 (0.327)
-57:10:01.209 (0.357)
-57:10:00.304 (0.293)
-57:10:00.929 (0.313)
-57:10:00.284 (0.329)
-57:10:00.801 (0.317)
-57:10:00.513 (0.313)
-57:10:01.372 (0.482)
-57:10:00.147 (0.293)
-57:10:01.637 (0.279)
-57:10:00.136 (0.314)
-57:10:01.873 (0.298)
-57:10:00.155 (0.325)
-57:10:01.795 (0.297)
-57:10:00.165 (0.283)
-57:10:01.824 (0.278)
-57:10:00.187 (0.282)
-57:10:01.789 (0.290)
-57:10:00.374 (0.289)
-57:10:02.017 (0.339)
-57:09:57.183 (0.458)
-57:10:00.320 (0.288)
-57:10:01.778 (0.300)
-57:09:58.979 (0.412)
-57:10:00.165 (0.279)
-57:10:01.772 (0.274)
-57:10:00.123 (0.311)
-57:10:01.703 (0.293)
-57:09:58.650 (0.449)
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Fν [mJy]
22.1 (0.4)
1.9 (0.7)
24.5 (0.4)
1.1 (0.3)
1.5 (0.4)
23.6 (0.2)
2.5 (0.1)
20.0 (0.2)
3.9 (0.2)
10.1 (0.1)
1.4 (0.1)
3.4 (0.1)
0.7 (0.1)
5.3 (0.1)
0.7 (0.1)
0.5 (0.1)
6.5 (0.2)
1.7 (0.2)
0.5 (0.1)
17.3 (0.1)
1.9 (0.1)
0.7 (0.1)
4.6 (0.1)
0.7 (0.1)
4.0 (0.1)
3.8 (0.1)
5.7 (0.1)
1.7 (0.1)
2.9 (0.1)
1.2 (0.2)
2.3 (0.1)
1.8 (0.1)
1.6 (0.2)
2.9 (0.1)
2.0 (0.1)
1.8 (0.1)
3.6 (0.1)
5.4 (0.1)
4.2 (0.1)
5.5 (0.1)
4.0 (0.2)
4.9 (0.2)
4.8 (0.1)
6.2 (0.1)
8.2 (0.2)
6.4 (0.2)
12.5 (0.3)
3.5 (0.3)
1.4 (0.3)
10.7 (0.3)
7.5 (0.2)
1.2 (0.2)
5.8 (0.1)
8.5 (0.1)
5.4 (0.2)
8.9 (0.2)
0.9 (0.2)

Size [arcsec × arcsec]
0.4 (0.1) × 0.2 (0.1)
< 1.6 × 1.3
0.6 (0.1) × 0.2 (0.1)
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
3.1 (0.4) × 0.8 (0.2)
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
2.5 (0.5) × 0.9 (0.3)
< 1.6 × 1.3
< 1.6 × 1.3
0.2 (0.1) × 0.1 (0.1)
1.1 (0.3) × 0.3 (0.2)
< 1.6 × 1.3
0.7 (0.1) × 0.2 (0.1)
0.9 (0.2) × 0.4 (0.2)
< 1.6 × 1.3
0.5 (0.1) × 0.1 (0.01)
0.8 (0.1) × 0.3 (0.1)
0.6 (0.3) × 0.3 (0.2)
0.5 (0.054) × 0.3 (0.1)
< 1.6 × 1.3
0.7 (0.1) × 0.3 (0.1)
5.0 (0.5) × 2.3 (0.3)
1.1 (0.1) × 0.4 (0.1)
2.2 (0.3) × 0.9 (0.2)
< 1.6 × 1.3
2.1 (0.3) × 0.3 (0.2)
1.7 (0.2) × 0.7 (0.1)
1.8 (0.1) × 0.8 (0.1)
< 1.6 × 1.3
3.2 (0.3) × 0.4 (0.1)
1.9 (0.2) × 0.6 (0.2)
4.6 (0.7) × 1.7 (0.4)
1.2 (0.1) × 0.4 (0.1)
1.1 (0.1) × 0.9 (0.1)
1.9 (0.2) × 0.9 (0.1)
2.6 (0.2) × 0.8 (0.1)
2.2 (0.3) × 0.3 (0.1)
1.4 (0.1) × 0.6 (0.1)
1.0 (0.1) × 0.9 (0.1)
1.7 (0.1) × 1.0 (0.1)
1.4 (0.1) × 0.7 (0.1)
1.8 (0.1) × 0.8 (0.1)
1.3 (0.1) × 0.9 (0.1)
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
1.5 (0.1) × 0.5 (0.1)
2.2 (0.1) × 0.8 (0.1)
1.4 (0.1) × 0.8 (0.1)
2.1 (0.1) × 1.0 (0.1)
< 1.6 × 1.3

PA [◦ ]
-8.3 (3.7)
-47.8 (3.6)
-43.0 (6.5)
-60.1 (13.8)
10.6 (3.5)
0.9 (18.1)
-28.1 (5.5)
-24.8 (21.7)
-46.1 (1.4)
-51.8 (14.4)
-30.5 (33.0)
-65.0 (8.2)
-15.9 (5.4)
44.1 (6.0)
-68.8 (8.8)
24.9 (8.4)
83.7 (15.3)
89.0 (11.8)
40.0 (7.3)
-78.9 (3.6)
81.7 (9.8)
46.4 (6.7)
-32.8 (6.5)
14.0 (7.3)
89.0 (12.5)
76.7 (4.6)
-63.5 (6.3)
80.8 (20.7)
53.0 (11.6)
75.4 (10.0)
-54.4 (6.3)
62.2 (6.7)
13.1 (7.7)
68.7 (6.4)
68.0 (3.2)
88.8 (51.2)
-89.5 (8.5)
-

3.9 Appendix. Image-plane ﬁts

Table 3.4: cont.
Ep
26

Date
01/05/23

27

01/05/25

28

01/05/27

29

01/05/29

30

01/09/08

31

02/12/02-03

32
33

02/12/03-04
02/12/04-05

34

02/12/05-06

35

02/12/06-07

36

02/12/07-08

37

02/12/08-09

38

03/12/23-24

39
40

05/04/06
05/06/17

41

06/03/22-23

RA [h:m:s]
15:20:40.836 (0.032)
15:20:41.058 (0.035)
15:20:40.817 (0.035)
15:20:41.060 (0.034)
15:20:40.818 (0.036)
15:20:41.063 (0.037)
15:20:40.815 (0.034)
15:20:41.055 (0.035)
15:20:40.844 (0.038)
15:20:41.065 (0.039)
15:20:40.807 (0.045)
15:20:41.010 (0.045)
15:20:40.819 (0.049)
15:20:40.846 (0.034)
15:20:41.095 (0.112)
15:20:40.587 (0.048)
15:20:40.837 (0.032)
15:20:41.117 (0.046)
15:20:40.835 (0.033)
15:20:41.045 (0.061)
15:20:40.650 (0.052)
15:20:40.827 (0.041)
15:20:41.133 (0.045)
15:20:40.691 (0.092)
15:20:40.846 (0.042)
15:20:41.012 (0.047)
15:20:40.644 (0.050)
15:20:40.849 (0.053)
15:20:40.945 (0.057)
15:20:40.722 (0.058)
15:20:40.841 (0.032)
15:20:40.959 (0.050)
15:20:40.645 (0.051)
-

DEC [◦ :  :  ]
-57:10:00.390 (0.272)
-57:10:02.296 (0.279)
-57:10:00.315 (0.280)
-57:10:02.102 (0.281)
-57:10:00.368 (0.292)
-57:10:02.197 (0.292)
-57:10:00.209 (0.286)
-57:10:02.164 (0.277)
-57:10:00.074 (0.327)
-57:10:02.198 (0.317)
-57:10:00.058 (0.396)
-57:10:02.442 (0.397)
-57:10:00.452 (0.392)
-57:10:00.619 (0.314)
-57:09:59.010 (0.590)
-57:10:01.862 (0.419)
-57:10:00.496 (0.273)
-57:10:02.735 (0.408)
-57:10:00.389 (0.283)
-57:10:02.769 (0.416)
-57:09:59.398 (0.421)
-57:10:00.455 (0.339)
-57:10:03.096 (0.393)
-57:09:58.070 (0.966)
-57:10:00.573 (0.364)
-57:10:02.392 (0.416)
-57:09:58.952 (0.440)
-57:10:00.399 (0.489)
-57:10:02.492 (0.524)
-57:09:58.897 (0.526)
-57:10:00.550 (0.264)
-57:09:58.450 (0.449)
-57:10:02.649 (0.454)
-
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Fν [mJy]
7.2 (0.1)
5.5 (0.1)
4.3 (0.1)
5.5 (0.1)
4.6 (0.1)
5.5 (0.1)
4.4 (0.1)
5.3 (0.1)
2.1 (0.1)
2.7 (0.1)
0.35 (0.05)
0.34 (0.05)
1.7 (0.1)
10.8 (0.5)
3.7 (0.2)
1.5(0.3)
6.2 (0.1)
0.6 (0.1)
2.7 (0.1)
1.6 (0.1)
0.34 (0.07)
1.4 (0.1)
0.36 (0.05)
0.09 (0.06)
0.44 (0.05)
0.30 (0.05)
0.26 (0.05)
0.24 (0.06)
0.19 (0.05)
0.20 (0.05)
36.1 (0.6)
2.4 (0.5)
2.2 (0.5)
-

Size [arcsec × arcsec]
1.3 (0.1) × 0.3 (0.1)
1.6 (0.1) × 0.9 (0.1)
1.5 (0.1) × 0.5 (0.1)
1.6 (0.1) × 1.2 (0.1)
1.7 (0.1) × 0.3 (0.1)
1.9 (0.1) × 1.3 (0.1)
1.5 (0.1) × 0.7 (0.1)
1.6 (0.1) × 1.1 (0.1)
1.9 (0.2) × 0.4 (0.1)
2.2 (0.2) × 0.7 (0.1)
< 1.6 × 1.3
< 1.6 × 1.3
2.7 (0.4) × 2.1 (0.4)
< 1.6 × 1.3
3.4 (1.4) × 1.2 (0.4)
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
4.1 (0.6) × 1.8 (0.3)
< 1.6 × 1.3
2.5 (0.3) × 0.3 (0.1)
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
< 1.6 × 1.3
-

PA [◦ ]
-16.1 (2.2)
63.1 (7.0)
-85.3 (9.5)
65.4 (11.5)
-58.6 (4.7)
80.2 (15.5)
-21.2 (3.8)
80.0 (17.5)
38.3 (6.5)
48.2 (5.6)
-74.8 (43.8)
67.1 (15.4)
-75.5 (10.0)
-47.8 (4.9)
-
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Abstract
We study the accretion/ejection processes (i.e. disc/jet coupling) in the
neutron star X-ray binary Aquila X-1 via a multi-wavelength approach. We
use in the radio band the publicly available Very Large Array archive containing observations of the object between 1986–2005, in the X-ray band the
archival Rossi X-ray Timing Explorer data (Proportional Counter Array and
High Energy X-ray Timing Experiment) between 1997–2008, and in optical
(R band) observations with the Small and Moderate Aperture Research Telescope System recorded between 1998–2007. In the combined data set we ﬁnd
three outbursts for which quasi-simultaneous radio, optical (R band) and Xray data exist and focus on them to some extent. We provide evidence that
the disc/jet coupling in Aquila X-1 is similar to what has been observed in
black hole X-ray binaries, at least from the point of view of the behaviour
in the hardness-intensity diagrams (the hysteresis eﬀect included), when the
phenomenology of the jet is taken into account. Although based on a very
small number of observations, a radio/X-ray correlation seems to exist for this
system, with a slope of α=0.40 ± 0.07 (Fradio ∝ FXα ), which is diﬀerent than
the slope of α=1.40 ± 0.25 found for another atoll source, 4U 1728-34, but
interestingly enough is relatively close to the values obtained for several black
hole X-ray binaries. No signiﬁcant correlation is found between the radio and
optical (R band) emissions. We also report a signiﬁcant drop in the radio
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ﬂux from Aql X-1 above an X-ray ﬂux of ∼ 5 × 10−9 erg cm−2 s−1 . This
behaviour, also reported in the neutron star X-ray binary 4U 1728-34, may
be analogous to the suppression of radio emission in black hole X-ray binaries
in bright, soft X-ray states. It suggests that from this point of view neutron
star X-ray binaries can mimic the behaviour of black hole X-ray binaries in
suppressing the jet in soft/disc-dominated X-ray states.
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4.1 Introduction

4.1

Introduction

The low-mass X-ray binary (LMXRB) Aquila X-1 (Aql X-1) is a recurrent
soft X-ray transient which shows quasi-periodic outbursts about once a year
(Priedhorsky & Terrell, 1984; Kitamoto et al., 1993; Šimon, 2002). The compact object in the system is a neutron star as implied by the detection of
type I X-ray bursts (e.g. Koyama et al. 1981; Czerny et al. 1987; Yu et al.
1999). The companion is a main sequence star likely of the spectral type K7
(Chevalier et al., 1999). The X-ray timing and spectral properties of Aql X-1
place it in the class of atoll sources (Reig et al., 2000) and recent observations
of coherent pulsations in the persistent X-ray emission (Casella et al., 2008)
makes it the ninth accretion-powered millisecond X-ray pulsar (AMP) known
to date. The atolls show two main X-ray states (Hasinger & van der Klis,
1989; van der Klis, 1989), identiﬁable in the colour-colour diagrams: a softer,
“banana state” (BS), and a harder, “island state” (IS). In order to accommodate later observations of harder X-ray spectra a new state was deﬁned (e.g.
Prins & van der Klis 1997): the “extreme island state” (EIS). From the point
of view of the X-ray spectral and timing properties, atoll sources (especially
in the EIS) share many properties with the black hole XRBs (BHXRBs) in
the low-hard state (e.g. van der Klis 1994b; Olive et al. 1998; Berger & van
der Klis 1998).
Aql X-1 also exhibits X-ray burst oscillations (e.g. Zhang et al. 1998) and
kHz quasi-periodic oscillations (QPOs), both lower kHz QPO (e.g. Cui, Barret, Zhang, Chen, Boirin & Swank 1998; Méndez, van der Klis & Ford 2001;
Reig, van Straaten & van der Klis 2004), and upper kHz QPO (a single detection, Barret, Boutelier & Miller 2008).
The optical counterpart has in quiescence a V band magnitude of 21.60
and is only 0. 48 away from a contaminating star of V band magnitude 19.42
(Chevalier et al., 1999) thus complicating the optical studies.
Besides the orbital period close to 19 h (Chevalier & Ilovaisky, 1991, 1998;
Shahbaz et al., 1998; Welsh et al., 2000), little is known about the other
parameters of the system. The inclination of the orbit is poorly constrained,
with values ranging between 36◦ and 70◦ (Shahbaz et al., 1997; Garcia et al.,
1999; Welsh et al., 2000). The distance to Aql X-1 is not well known, but
diﬀerent estimates place it in the range 4–6.5 kpc (Chevalier et al., 1999;
Rutledge et al., 2001; Jonker & Nelemans, 2004).
Reports of radio observations of Aql X-1 are extremely scarce in the literature: Hjellming, Han & Roussel-Dupre (1990); Rupen, Mioduszewski &
Dhawan (2004, 2005). To date, only ﬁve radio detections have been documented, all obtained by the VLA during outbursts: four at 8.4 GHz (two in
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1990 August and two in 2004 May), and one at 4.9 GHz (in 2005 April). This
is not surprising since the atoll sources are quite diﬃcult to observe given
their sub-mJy ﬂux density levels at cm wavelengths even during outbursts
(Fender & Kuulkers, 2001). Basically, although they represent the bulk of the
XRBs population (Fender, 2006), only a handful of atoll sources have been
detected in radio (e.g. Hjellming & Han 1995; Martı́ et al. 1998; Migliari et al.
2003, 2004; Moore et al. 2000). In the case of the atoll source 4U 1728-34 a
correlation was found between the radio and X-ray ﬂuxes in the hard state
(Migliari et al., 2003; Migliari & Fender, 2006), resembling the relation established for BHXRBs in the low-hard state (Corbel, Nowak, Fender, Tzioumis
& Markoﬀ 2003; Gallo, Fender & Pooley 2003; Gallo, Fender, Miller-Jones,
Merloni, Jonker, Heinz, Maccarone & van der Klis 2006; Corbel, Koerding &
Kaaret 2008, but see also Xue & Cui 2007), but with a steeper gradient.

4.2
4.2.1

Observations
Radio

We have analyzed all the public Very Large Array (VLA) radio data between
1986 February and 2005 December containing observations of Aql X-1 (close
to 100 epochs). The majority of the observations were carried out at multiple
frequencies, particularly at 4.9 and 8.4 GHz. Other frequencies, namely 1.5
and 15.0 GHz, were observed much less frequently. The bandwidth used was
100 MHz. All the runs were performed after reports of increased activity from
Aql X-1 mainly at optical and X-ray wavelengths, and thus generally trace the
outburst history of the object. Given the target of opportunity nature of the
observations, the array conﬁgurations were varying between runs, and the effective observing time ranged roughly between 5 and 60 min, with the median
around 10–20 min. Primary calibrators were either 3C286 or 3C48. As secondary calibrators we used, upon availability, J1950+081 or J1925+211 for the
vast majority of the epochs, J1922+155, J1939-100, J2007+404, J1851+005,
or J1820-254. The data were calibrated in AIPS04 using standard procedures
as highlighted in Diamond (1995). The imaging was done in DIFMAP 2.4e
(Shepherd, 1997) by progressively cleaning the residual map using the CLEAN
algorithm of Högbom (1974). The uv-plane ﬁtting was carried out with elliptical Gaussians within the same software.
We detected Aql X-1 at more than 3σ levels on 7 epochs at 8.4 GHz (Table
4.1) and 4 epochs at 4.9 GHz (Table 4.2). In two occasions the detections were
quasi-simultaneous at both frequencies. At least in the cases of some outbursts
it is likely that the lack of detection in the radio band is partly due to the very
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1990
1990
2002
2002
2002
2002
2002
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004
2004

Date

August
August
March
March
April
May
May
March
March
March
March
May
May
June
June
June
June
July

MJD
radio
[day]
48111.23
48129.23
52334.62
52355.67
52379.60
52399.58
52413.52
53073.71
53077.48
53085.56
53091.56
53144.50
53151.42
53162.37
53170.35
53176.29
53183.29
53187.23

Flux density
radio
[μJy]
415 ± 38
150 ± 21
< 69
179 ± 26
< 68
< 57
< 63
< 183
< 147
< 174
< 150
179 ± 22
216 ± 19
205 ± 19
274 ± 22
< 114
< 126
< 117

MJD
optical
[day]
52334.39
52354.87
52400.82
52414.29
53092.38
53144.36
53151.35
53162.38
53169.40
53177.15
53182.27
53187.30

Flux density
optical
[μJy]
372 ± 12
302 ± 10
16 ± 2
1±2
297 ± 10
610 ± 19
793 ± 24
540 ± 17
440 ± 14
121 ± 5
51 ± 3
15 ± 2

MJD
PCA
[day]
52335.04
52355.84
53074.90
53078.84
53085.93
53088.90
53144.63
53151.71
53162.67
53170.40
53176.92
53182.75
-

Flux
PCA
[10−9 erg cm−2 s−1 ]
5.57 ± 0.56
1.40 ± 0.20
1.26 ± 0.11
1.06 ± 0.11
1.06 ± 0.11
0.84 ± 0.21
1.44 ± 0.14
1.97 ± 0.13
2.41 ± 0.20
3.89 ± 0.51
0.40 ± 0.04
< 0.04
-

MJD
HEXTE
[day]
52332.92
52356.69
53074.91
53078.84
53085.93
53143.65
53151.71
53162.67
53172.37
53176.92
-

Count rate
HEXTE
[c s−1 ]
1.1 ± 0.3
2.3 ± 0.4
11.3 ± 0.3
8.7 ± 0.3
9.2 ± 0.3
16.1 ± 0.7
17.1 ± 0.4
17.3 ± 0.4
0.6 ± 0.5
4.2 ± 0.4
-

BS
IS
EIS
EIS
EIS
EIS
EIS
EIS
EIS
BS
EIS
EIS
-

X-ray
state

Table 4.1: The VLA 8.4 GHz radio detections and a selection of upper limits (3 σ) together with the corresponding quasisimultaneous observations in optical (R band) and X-ray (PCA/RXTE and HEXTE/RXTE) bands.
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August
March
April
May
May
June
June
June
June
March
April
April
May
May

MJD
radio
[day]
48111.23
52355.67
52379.58
52399.54
53151.42
53162.37
53170.35
53176.35
53183.29
53446.71
53465.54
53472.50
53494.52
53506.48

Flux density
radio
[μJy]
289 ± 24
154 ± 17
< 105
< 93
< 255
< 276
< 246
< 174
< 282
< 159
245 ± 29
317 ± 30
< 156
< 207

MJD
optical
[day]
52354.87
52400.82
53151.35
53162.38
53169.40
53177.15
53182.27
53465.34
53492.33
53508.31

Flux density
optical
[μJy]
302 ± 10
16 ± 2
793 ± 24
540 ± 17
440 ± 14
121 ± 5
51 ± 3
444 ± 14
228 ± 8
107 ± 5

MJD
PCA
[day]
52355.84
53151.71
53162.67
53170.40
53176.92
53182.75
53465.66
53472.81
53493.79
53505.85

Flux
PCA
[10−9 erg cm−2 s−1 ]
1.40 ± 0.20
1.97 ± 0.13
2.41 ± 0.20
3.89 ± 0.51
0.40 ± 0.04
< 0.04
± 0.11
± 0.47
± 0.07
± 0.01
1.13
2.70
0.84
0.09

MJD
HEXTE
[day]
52356.69
53151.71
53162.67
53172.37
53176.92
53465.66
53472.81
53493.79
-

Count rate
HEXTE
[c s−1 ]
2.3 ± 0.4
17.1 ± 0.4
17.3 ± 0.4
0.6 ± 0.5
4.2 ± 0.4
10.4 ± 0.4
19.5 ± 0.4
6.7 ± 0.3
-

IS
EIS
EIS
BS
EIS
EIS
EIS
EIS
EIS
EIS

X-ray
state

Table 4.2: The VLA 4.9 GHz radio detections and a selection of upper limits (3 σ) together with the corresponding quasisimultaneous observations in optical (R band) and X-ray (PCA/RXTE and HEXTE/RXTE) bands.
Date

1990
2002
2002
2002
2004
2004
2004
2004
2004
2005
2005
2005
2005
2005
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short integration times which generated relatively high noise levels. In Tables
4.1 and 4.2 we also include the upper limits (3 σ) of the ﬂux densities for the
observations pertaining to outbursts for which there are radio detections.
When detected, the object was unresolved. All the ﬂux densities reported
here are determined via uv-plane ﬁtting and the corresponding errors are estimated based on the rms noise of the images and the diﬀerences between ﬂux
densities measured in the uv-plane using diﬀerent initial conditions. Two contaminating sources are present in the ﬁeld of view, ∼40 and ∼290 arcsec away
from the position of Aql X-1, and aﬀect the quality of the images in compact
conﬁgurations at lower frequencies (i.e. 4.9 GHz). However, this should not
signiﬁcantly inﬂuence the ﬂux measurements. Our values are in agreement,
within the errors, with those reported by Hjellming et al. (1990) and Rupen
et al. (2004, 2005). The only exception is the data at 4.9 GHz from 2005 April
(MJD 53465.54) when we clearly detect the target while in the previous work
only a marginal detection is noted. This inconsistency comes probably from a
misidentiﬁcation of the source on this particular epoch. Generally speaking,
the radio ﬂux density levels of Aql X-1 are relatively low. At times, noise
features are present in the radio maps and can be misidentiﬁed as the target.
This could have happened on this instance we mention.

4.2.2

X-ray

We used archival Rossi X-ray Timing Explorer (RXTE) Proportional Counter
Array (PCA) and High Energy X-ray Timing Experiment (HEXTE) data
of Aql X-1 available in NASA’s High Energy Astrophysics Science Archive
Research Center (HEASARC).
We ﬁltered out data taken when the spacecraft was pointing away from the
source (oﬀset > 0.02 degrees), too close to the Earth (elevation < 10 degrees)
or during and up to 15 minutes after the South Atlantic Anomaly passages. All
RXTE products were extracted using the standard HEASOFT tools (version
6.5).
In the case of the PCA, the count rates were extracted using the Standard
2 data of all active PCUs (with 16 s time resolution) and averaged over each
observation. Following previous work (e.g. Reig et al. 2004) we used the
following energy bands: A: 2.0–3.5 keV; B: 3.5–6.0 keV; C: 6.0–9.7 keV; D:
9.7–16.0 keV. The colours and intensity were deﬁned as: soft colour SC=B/A,
hard colour HC=D/C, intensity I=A+B+C+D. We applied dead-time corrections and subtracted the background using pcabackest (version 3.6), the
latest models and updated SAA history ﬁles1 . Following the recommended
1

http://heasarc.gsfc.nasa.gov/docs/xte/pca news.html
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procedure2 , we used the faint source model when the source was below ∼40
c/s/PCU and the bright source model otherwise.
The PCA gains changed several times during the lifetime of RXTE, generating diﬀerent “gain epochs”. On top of these sudden changes, a long term gain
decay is also present (Jahoda et al., 2006). In order to conﬁdently compare
count rates measured at diﬀerent epochs, months to years apart, we normalized the count rates to those of the Crab nebula, which is known to be a steady
X-ray source. The conversion from count rate to Crab was done using the value
of the Crab rate closest in time and within the same PCA gain epoch (e.g.
Kuulkers et al. 1994; van Straaten et al. 2003). To obtain the unabsorbed ﬂux
in the 2–10 keV band we extracted background and dead-time corrected PCA
spectra using only PCU 2, as it has been the most active and best calibrated
throughout the RXTE mission. We estimated the background spectra and
created response matrices using pcabackest (as explained above) and pcarsp,
respectively (both part of the same HEASOFT v. 6.5 package), and added a
1% systematic error to all channels and grouped them in order to have a minimum of 20 counts per energy bin. We then ﬁtted the spectra within XSPEC
11.3.2ag using the following model: wabs*(bbody+diskbb+powerlaw), and
ﬁxing the hydrogen column density to 0.5 × 1022 cm−2 (Church & BalucińskaChurch, 2001). In one case the system was in quiescence and we determined
the corresponding upper limit on the ﬂux using an absorbed power-law to ﬁt
the unmodeled background (diﬀuse emission).
In addition, we extracted 20–200 keV dead-time and background corrected
count rates from the HEXTE standard mode data, and averaged them within
each observation. We averaged both rocking directions in order to measure the
background spectrum during each observation. For the analysis in section 4.6
we used cluster B data (excluding detector 2, which was damaged in March
1996), while for the rest of the paper cluster A data (all detectors). This
choice was determined by the periods of anomalous rocking of cluster A, which
otherwise might have aﬀected the long-term analysis done in section 4.6. The
overall gain and response matrix of the HEXTE detectors are independent
of time and hence no Crab nebula normalization was applied to the HEXTE
data.

4.2.3

Optical

For the current work we used part of the data from the long-term monitoring
campaign on Aql X-1 reported in Maitra & Bailyn (2008). Details of the data
reduction and analysis can be found in section 4.2.1 of the aforementioned
2

http://heasarc.gsfc.nasa.gov/docs/xte/pca news.html#quick table
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reference.
The R-band observations were taken using the ANDICAM3 instrument on
the 1.0 m and 1.3 m Small and Moderate Aperture Research Telescope System
(SMARTS) at Cerro Tololo Inter-American Observatory (CTIO). The data
reduction was done via the standard IRAF pipeline developed for ANDICAM.
Around 83 percent of the quiescent R-band ﬂux is estimated to come from
the contaminating star (Welsh et al., 2000) and was thus subtracted from the
total observed ﬂux from all the observations.
For magnitude to ﬂux conversion it was assumed that R=0 magnitude corresponds to 3064 Jy (Campins, Rieke & Lebofsky, 1985; Bessell, Castelli & Plez,
1998). In Chevalier et al. (1999) the colour excess of Aql X-1 was estimated
as E(B-V)=0.5 ± 0.1. The R-band extinction AR was determined using the
standard total to selective extinction coeﬃcient AV /E(B − V )=3.1 and the
interstellar extinction law AR /AV =0.748 (Rieke & Lebofsky, 1985; Cardelli
et al., 1989).

4.3

Multi-wavelength light curves

For the three radio detections in 1990 August no multi-wavelength information
was available and therefore we do not discuss these data here. We only note
that during the quasi-simultaneous detections at 4.9 and 8.4 GHz on MJD
48111.23 the spectrum between these frequencies was inverted (i.e. α ≥ 0
where Fν ∝ ν α ).

4.3.1

2002 March outburst

During this outburst (Fig. 4.1) Aql X-1 was detected in radio quasi-simultaneously
at 4.9 and 8.4 GHz and showed then an inverted spectrum. The optical and
PCA data clearly indicate that the source was passing through an active state.
It is also apparent that the beginning of the outburst was missed. The level
of the HEXTE count rate is low during the ∼40 days of monitoring and tends
to rise slightly towards the end of the data set. As indicated by the hardness
ratio, most of the period the system was in a soft state which it left suddenly
and transited quickly to a hard state around MJD 52355. The radio detections
are coincident with this X-ray state transition.
3

http://www.astro.yale.edu/smarts/ANDICAM
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Figure 4.1: Multi-wavelength light curves for the outburst of Aql X-1 from 2002
March and the variation of the hardness ratio between two PCA bands (9.7–16 keV
and 6–9.7 keV), and the HEXTE (20–200 keV) and PCA (2–16 keV) bands. If not
appearing in the plots, the errors are smaller than the size of the points. The open
symbols in the radio light curve denote 3 σ upper limits.
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Figure 4.2: Multi-wavelength light curves for the outburst of Aql X-1 from 2004
May–June and the variation of the hardness ratio between two PCA bands (9.7–16
keV and 6–9.7 keV), and the HEXTE (20–200 keV) and PCA (2–16 keV) bands. If
not appearing in the plots, the errors are smaller than the size of the points. The
open symbols in the radio light curve denote 3 σ upper limits.
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Figure 4.3: Multi-wavelength light curves for the outburst of Aql X-1 from 2005
April and the variation of the hardness ratio between two PCA bands (9.7–16 keV
and 6–9.7 keV), and the HEXTE (20–200 keV) and PCA (2–16 keV) bands. If not
appearing in the plots, the errors are smaller than the size of the points. The open
symbols in the radio light curve denote 3 σ upper limits.
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4.4 Hardness–Intensity diagrams

4.3.2

2004 May–June outburst

This is so far, relatively speaking, the most well covered outburst of Aql X-1
in the radio band (Fig. 4.2). The source was detected on 4 occasions and
only at 8.4 GHz, however the lack of detection at 4.9 GHz might be partly
attributable to the high rms noise due to the short integration times. On the
epoch with the highest 8.6 GHz ﬂux density detected, the quasi-simultaneous
upper limit at 4.9 GHz allows us to constrain the spectrum in this frequency
range to an inverted one. The optical light curve is well sampled and the PCA
data reveal a major outburst preceded by a smaller ﬂaring event at about
MJD 53150. After an apparent peak, the HEXTE registered a drop in the
count rate soon after the onset of the intensity increase in the PCA band.
This has been observed before in Aql X-1 during two previous outbursts, by
Yu et al. (2003). The hardness ratio diagram indicates that during the active
period the system made a series of X-ray state transitions, from hard to soft
and back to hard. A similar behaviour is observed for the smaller ﬂare, when
the hardness ratio decreased by 10 percent, with the diﬀerence that in this
case the system never reached the soft state, but only temporarily softened its
spectrum. The increases in the radio ﬂux density seem to trace the intensity
enhancements in the PCA band.

4.3.3

2005 April outburst

For this outburst (Fig. 4.3), observations at 8.4 GHz were not available. Aql
X-1 was detected twice at 4.9 GHz. The optical data is quite sparse and the
onset of the burst was not covered well. The PCA and HEXTE intensity
peaks are more or less coincident. The hardness ratio diagram reveals that
the system never left the hard X-ray state during the active period.

4.4

Hardness–Intensity diagrams

The hardness-intensity diagrams (HIDs) corresponding to the three outbursts
are represented in Fig. 4.4. The hardness ratio is the hard colour deﬁned in
section 4.2.2. Note that the scales for all the HIDs are identical. The system
is tracing the HIDs counter-clockwise.
In 2002 March (Fig. 4.4, upper-left) the radio upper limit denoted “A”
corresponds to a soft X-ray state of the system at a relatively high X-ray
intensity. This situation is reminiscent of the similar behaviour observed in
BHXRBs, when the radio emission is “quenched” above some X-ray ﬂux level.
We postpone a further discussion of the issue to section 4.6. The system stays
in a soft X-ray state for a while and then makes a fast transition to a hard
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Figure 4.5: The cumulative HID for all the outbursts of Aql X-1 observed with the
PCA/RXTE between 1997–2008. A hysteresis phenomenon is clearly at work in Aql
X-1. The hardness is the ratio of the count rates in the PCA bands 9.7–16.0 keV and
6.0–9.7 keV. Superimposed (see section 4.7 for details) is the “jet line” of e.g. Fender
et al. (2004).

state. The radio detection (“B”) caught the system during this transitional
phase.
In 2004 May–June (Fig. 4.4, bottom-left) the system traced a full cycle in
the diagram. It looks similar to the HIDs observed in BHXRBs (e.g. Fender
et al. 2004) and recently in a dwarf nova (Körding et al., 2008). The ﬁrst four
radio non-detections (“A” to “D”) as well as the ﬁrst three detections (“E”
to “G”) correspond to a hard X-ray state. Then suddenly the system jumped
to a soft X-ray state and the radio ﬂux density increased signiﬁcantly (“H”),
by more than 30 percent (with the errors on the individual measurements of
less than 10 percent). On a timescale comparable to the rise of the radio ﬂux
density, the system dropped bellow the radio detection limit, in a hard X-ray
state (“I”, “J”).
In 2005 April (Fig. 4.4, upper-right) the system stayed constantly in a
hard X-ray state. It experienced what is sometimes called a hard outburst
(e.g. Migliari & Fender 2006). This has been observed in Aql X-1 on a few
occasions (e.g. Rodriguez et al. 2006).
Fig. 4.4 clearly illustrates hysteresis in Aql X-1 (the X-ray luminosity at
the transition from hard to soft state is diﬀerent, i.e. higher, than the luminosity at the transition from soft to hard state). This kind of behaviour was
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previously noted for Aql X-1 (Maccarone & Coppi, 2003; Maitra & Bailyn,
2004; Gladstone, Done & Gierliński, 2007). A HID with all the PCA data
for all the X-ray outbursts of Aql X-1 between 1997 and 2008 clearly shows
this (Fig. 4.5). Three major ﬂares have been relatively well sampled and the
corresponding hard to soft transitions in Fig. 4.5 are therefore not observationally biased. This phenomenon of hysteresis has been seen in BHXRBs
(e.g. Rodriguez et al. 2003; Rossi et al. 2004; Belloni et al. 2005; Dunn et al.
2008) suggesting a common origin for the state transitions in NSXRBs and
BHXRBs. In Fig. 4.5 the hard to soft transitions might appear to be signiﬁcantly quicker than the soft to hard ones. This is an artifact due to the adding
together of the data as some minor outbursts also follow tracks in the region
between 0.01–0.10 Crab. Whether or not they trace a scaled down version of
the large-scale diagram is not clear, but the superposition creates a region with
a higher density of points, which could falsely be interpreted as symptoms of
slower soft to hard transitions.

4.5

Colour–Colour diagrams

The colour-colour diagrams (CCDs) for the three outburst studied here in
detail are shown in Fig. 4.6. The system is tracing the CCDs clockwise.
Already in Fig. 4.6 the CCD for the three outbursts hints that Aql X-1 seems
to spend most of the time in two main X-ray states during the active periods:
a harder state roughly with HC>0.9, and a softer state with HC<0.6 and a
narrower interval of variation of SC. This is clearly conﬁrmed by the CCD
for all the outbursts observed with the PCA between 1997-2008 (Fig. 4.7).
Besides the two main X-ray states, a transitional one is now evident, linking
the two. This CCD is, not surprisingly, entirely consistent with the CCD built
by Reig et al. (2004) with all the PCA data between 1997–2002 (note that
we averaged the data over each observation). Following these authors and the
nomenclature for atoll sources, we have identiﬁed the harder X-ray state as
the EIS, the softer one as the BS and the transitional state in between as the
IS.
An almost complete cycle in the CCD was traced during the outburst in 2004
May–June (Fig. 4.6, bottom-left). Before the ﬂare the system was in the EIS.
As the count rate in the HEXTE band started to decline, the PCA intensity
went up triggering a fast jump of the system to the BS. Aql X-1 stayed in this
X-ray state for about 10 days and then, again relatively suddenly, within a
couple of days, returned to the EIS via the IS. This kind of behaviour seems to
be typical for many of the outbursts of Aql X-1 (see also Reig et al. 2004 who
analyze in some detail diﬀerent outbursts than we do here). Although some
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outbursts do not undergo a full cycle in the CCD, like the one on 2005 April
(Fig. 4.6, upper-right), they do follow the same general trend in the CCD. The
general pattern is the following: right before the onset of a major outburst in
the PCA band the system is in the left side of the EIS, migrates towards the
right side of the EIS and as the PCA intensity increases considerably it jumps
suddenly to the BS. Here, moving towards its leftmost side (sometimes with
excursions back to the right side), the peak of the PCA intensity is reached.
Then, as the PCA intensity decreases the system jumps back to the EIS,
passing quickly through the IS.

4.6

Correlations

Although established only for a limited sample of objects, a correlation seems
to exist, extending over many orders of magnitude, between the X-ray and
radio emissions of BHXRBs in the low-hard X-ray state (Corbel et al., 2003,
2008; Gallo et al., 2003, 2006). Recent evidence (Xue & Cui, 2007; Gallo, 2007)
suggests that this correlation is not universal. More observations are deﬁnitely
needed in order to settle the issue since given the relatively sparse nature of
the data (particularly in the radio band) a conﬁdent conclusion cannot be
reached at the moment. In the case of NSXRBs the situation is no better due
to the fact that most of them systematically show weaker radio emission than
BHXRBs (e.g. Fender & Kuulkers 2001). However, a correlation between the
radio and X-ray emission has also been found for some of these objects in
certain X-ray states, in particular the atoll source 4U 1728-34 (Migliari et al.,
2003; Migliari & Fender, 2006).
For Aql X-1 we have found indications in the data that also for this object a
correlation seems to exist between the radio and X-ray bands. Given the small
number of observations under consideration this should be taken as tentative
only, subject to conﬁrmation or refutation when more data will be available
(particularly in the radio band). Fig. 4.8 shows the radio ﬂux density versus
the PCA X-ray ﬂux for Aql X-1 (data from Tables 4.1 and 4.2). When the
system was in the EIS, the 8.4 GHz data (3 points only) reveal that the radio
and X-ray bands have a positive correlation with a correlation coeﬃcient of
0.78. The slope of the correlation function is α=0.29 ± 0.23 (Fradio ∝ FXα ).
Here and further on, the errors on the correlation function are standard errors
of the regression ﬁt. When considering only the 4.9 GHz data in the EIS
(2 points only) the slope becomes 0.30. Taking into account all the radio
detections in the EIS, independent of the frequency (i.e. 5 points), the data
show no correlation between the radio and X-ray bands (correlation coeﬃcient
0.38). One possible explanation for this, assuming the correlation at 8.4 GHz
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Figure 4.7: The cumulative CCD for all the outbursts of Aql X-1 observed with the
PCA/RXTE between 1997–2008. While in the active state, the system spends most
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is real, is that the spectrum between 4.9 and 8.4 GHz was not ﬂat during
these observations. In BHXRBs for instance, in general in the low-hard state
the radio spectrum is ﬂat or optically thick (e.g. Fender 2001), however on
a few occasions it was observed that the spectrum changes rapidly and tends
to become optically thin prior to a radio ﬂare (Fender et al., 2004). Perhaps
something similar happens in Aql X-1. Unfortunately, in our data set the
only constraints to the radio spectrum comes from the observations of the
outbursts from 2002 March (Fig. 4.1) and 2004 May–June (Fig. 4.3), when
the system was not in the EIS. When all the 8.4 GHz data are taken into
account, independent of the X-ray states of the system (i.e. 5 points), the
slope of the correlation function is α=0.40 ± 0.07 with a correlation coeﬃcient
of 0.96 (dashed line in Fig. 4.8). A similar analysis, for all the 4.9 GHz data
(3 points) reveals an at best marginal correlation (correlation coeﬃcient 0.60)
with a slope α=0.48 ± 0.64.
The radio upper limit denoted “Q1” in Fig. 4.8 is notable. It has a relatively
high PCA ﬂux and represents a deep radio upper limit. The system was in the
BS at the time (point “A” in Fig. 4.4, top left). It looks as if the radio emission
was “quenched”. A very similar situation is observed in some BHXRBs in the
high-soft state, where the radio emission drops signiﬁcantly above some X-ray
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ﬂux (Gallo et al., 2003).
4U 1728-34 is the atoll source with the most numerous quasi-simultaneous
detections in the radio and X-ray band (i.e. 10 up to now). We have used
these data (VLA at 8.5 GHz with 100 MHz bandwidth, and PCA/RXTE in
the energy band 2–10 keV) reported in Migliari et al. (2003) and Migliari &
Fender (2006) to compare them against the Aql X-1 data from the point of
view of the radio/X-ray correlations (Fig. 4.9). For Aql X-1, in calculating
the luminosity we assumed the distance of 5.2 kpc used by Migliari & Fender
(2006). A ﬂat radio spectrum extending up to 8.5 GHz was also assumed.
Following Migliari et al. (2003) and Migliari & Fender (2006), using all the
data for 4U 1728-34 (except for the point denoted “Q2”) we found a positive
correlation between the radio and X-ray bands, with the correlation coeﬃcient
0.90 and the slope of the correlation function α=1.40 ± 0.25 (Lradio ∝ LαX ),
in perfect agreement with previous authors. If moreover we consider only the
data corresponding to the hard state (i.e. 7 points; see Migliari & Fender 2006
for an identiﬁcation of the X-ray states) the correlation coeﬃcient becomes
0.96 and the slope 1.42 ± 0.20. It seems therefore that the correlation function
for Aql X-1 is ﬂatter than the corresponding correlation function for 4U 172834. The normalization of the trends however, appears to be similar. This
result seems to be signiﬁcant, although given the very sparse data available
at the moment in the radio band it is not possible to draw a solid conclusion.
More radio observations are stringently needed in order to further constrain
the correlation between the radio and X-ray bands for these sources.
As noted before by Migliari et al. (2003) the point “Q2” is interesting. It’s
the highest PCA X-ray ﬂux at which the radio counterpart was detected, and
the radio emission is relatively weak. Moreover, the system was perhaps in a
soft X-ray state, but this is not clear given the slightly contradictory spectral
and timing properties (see the discussion in Migliari et al. 2003). Thus, it
might be that the radio emission was “quenched” during this observation.
The radio detection “Q2” of 4U 1728-34 and the radio upper limit “Q1” of
Aql X-1 therefore suggest that NSXRBs might show a behaviour similar to
BHXRBs with respect to the suppression of the radio emission above some
X-ray ﬂux levels.
No signiﬁcant correlation was found between the radio and optical bands.
The correlation coeﬃcient for the 3 observations in 2004 May–June for which
quasi-simultaneous data exists at radio (8.4 GHz) and optical wavelengths (see
Table 4.1) in the EIS is 0.52. Adding also the observations in which the system
was in the IS and the BS does not improve the correlation coeﬃcient (0.01).
Maitra & Bailyn (2008) found correlations between the optical (R band)
and ASM X-ray bands. The slope of the correlation function seems to be
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steeper when the system is in the hard state, however outliers are present and
it’s not entirely clear what role, if any, the observational bias is playing. In
turn, we were able to conﬁrm this behaviour using PCA instead of ASM X-ray
data (Fig. 4.10, top). All the multi-wavelength observations presented in Fig.
4.10 were quasi-simultaneous (separated by less than 1 day). The system in
the EIS follows a diﬀerent optical/X-ray correlation than in the BS.
Aql X-1 also shows distinct behaviours in the EIS and the BS X-ray states
when the optical (R band) and HEXTE bands are compared (Fig. 4.10, middle). In the BS the HEXTE X-ray count rate is systematically low, independent of the optical ﬂux. This is contrary to the trend observed in the PCA
band where it is in the EIS that the system shows low X-ray intensities at
very diﬀerent optical ﬂux levels (Fig. 4.10, top).
The interplay between the X-ray emission in the PCA and HEXTE bands
can be seen in Fig. 4.10, bottom. Please note that in relation to Fig. 4.10
the term “correlation” was used loosely, more like in the sense of “trend”.
Formally speaking, due to the scatter in the data, the correlation coeﬃcients
associated with Fig. 4.10 are not signiﬁcant, with two exceptions: 0.93 for
the optical/PCA X-ray bands in the BS (Fig. 4.10, top) and 0.95 for the
HEXTE/PCA X-ray bands in the EIS (Fig. 4.10, bottom). Since only data
during outbursts are available, and we only plotted the quasi-simultaneous
observations (thus only part of the total amount of data was selected), the
analysis might be biased, in particular in the top and middle panels of Fig.
4.10. More quasi-simultaneous multi-wavelength observations are needed in
order to constrain the behaviour of Aql X-1.

4.7

Discussion and Conclusions

Given the scarcity of the radio observations of Aql X-1 in the literature, we
have searched the public VLA archive in the period 1986–2005 and found
previously unreported detections thus bringing up the number of secure detections (more than 3 σ) from 5 (Hjellming et al., 1990; Rupen et al., 2004,
2005) to 11. To attempt a multi-wavelength characterization of the system
we used archival RXTE X-ray data (PCA and HEXTE) between 1997–2008
and the optical observations (R band) between 1998-2007 reported in Maitra
& Bailyn (2008).
In the combined data set on Aql X-1 we found 3 outbursts for which quasisimultaneous radio, optical and X-ray data exist (Figs. 4.1, 4.2 and 4.3).
These light curves look quite diﬀerent from each other, at all the wavelengths,
showing that the source is revealing a rich phenomenology. Judging by the
hardness ratio, the three outbursts under discussion can be considered as cor85
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α
). The radio upper limit denoted “Q1” is discussed in section 4.6.
(Fradio ∝ FX

responding to distinct classes of outbursts: in 2002 March the radio ﬂare can
be associated with a soft to hard transition; in 2004 May–June with a “classical” hard to soft transition; and in 2005 April with a “hard ﬂare”. In the
optical band Maitra & Bailyn (2008) pointed out that the light curves of most
of the outbursts of Aql X-1 do not belong to the pure fast rise exponential
decay (FRED) topology and showed that FREDs occupy a particular region
in the optical/X-ray plane that is distinct from the non-FRED outbursts.
But in spite of the diverse morphologies of the light curves, the outbursts of
Aql X-1 tend to converge to a common behaviour when the HIDs and CCDs
are investigated. The three outbursts presented in detail here, as well as most
of the other events, track generally a similar path: counterclockwise in the
HIDs and clockwise in the CCDs. There might be nonetheless exceptions. In
one case during a minor outburst in the soft state the system tracked partially
the HID (Fig. 4.5, the left side of the diagram) clockwise. During two or
three minor outbursts the system was transiting between the hard and soft
states and back again within a very small range in the X-ray intensity (Fig.
4.5, the bottom side of the diagram, between 0.01–0.10 Crab) and it’s hard to
say with certainty whether it mimicked a scaled down version of the diagram
or was doing something completely diﬀerent. The fact remains that the HIDs
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of Aql X-1 exhibit similar characteristics to the HIDs of some BHXRBs (e.g.
Rodriguez et al. 2003; Rossi et al. 2004; Belloni et al. 2005; Dunn et al. 2008;
Fender et al. 2009). For these objects a phenomenological model was developed
that accounts for the connection between the radio and X-ray emission via
the presence or absence of jets in the system (Fender et al., 2004, 2009). It
goes as follows, starting from the lower right corner of the HID in Fig. 4.5.
In the hard X-ray state a steady, optically thick jet is produced. During a
typical outburst the X-ray intensity increases (moving up in the HID) and
after a while the X-ray spectrum begins to soften (moving to the left in the
HID). At the “jet line” the system enters the soft X-ray state when no jet is
produced. The switching oﬀ of the jet is associated with relativistic ejections
of matter, generally optically thin. The X-ray intensity decreases (moving
down in the HID) and soon the X-ray spectrum starts to harden (moving
right in the HID). At the crossing of the “jet line” the system switches on the
steady jet and ﬁnishes the cycle back in the lower right corner of the HID.
This kind of behaviour is roughly consistent with what is observed during the
three outbursts of Aql X-1 (Fig. 4.4), but given the small number of radio
detections it is practically impossible to test the model in more depth. The
radio detection in a soft X-ray state with a likely inverted spectrum during
the outburst from 2004 May–June (point “H” in Fig. 4.4, bottom left) does
not necessarily contradict the idea of a turned oﬀ jet in the soft X-ray state
since ad-hoc explanations are readily available, for instance by invoking a blob
of matter ejected during the hard to soft transition at the “jet line”, which is
expanding adiabatically (van der Laan, 1966).
The presence of hysteresis in Aql X-1 has already been established (e.g.
Maccarone & Coppi 2003; Maitra & Bailyn 2004; Gladstone et al. 2007) and
conﬁrmed in the present work (Fig. 4.5). Another atoll source, 4U 1608522, shows a behaviour resembling that of Aql X-1 (Linares & van der Klis,
in preparation). The similarity with the hysteresis phenomenon observed in
BHXRBs (e.g. Rodriguez et al. 2003; Rossi et al. 2004; Belloni et al. 2005;
Dunn et al. 2008) seems to suggest a common mechanism. What might be
its nature is still a matter of debate. This is connected to the fact that at
the moment, no self-consistent physical model of the X-ray states exists, although a few promising candidates are available (e.g. Remillard & McClintock
2006; Done, Gierliński & Kubota 2007 for reviews). Therefore the trigger of
the transitions between these states, which is likely the mechanism responsible for the hysteresis, is still an open issue (e.g. Done & Gierliński 2003;
Zdziarski, Gierliński, Mikolajewska, Wardziński, Smith, Harmon & Kitamoto
2004; Meyer-Hofmeister, Liu & Meyer 2005).
Evidence for radio/X-ray correlations was found in Aql X-1 (Fig. 4.8). Tak-

89

4. The disc-jet coupling in the neutron star X-ray binary Aquila X-1
ing into account the radio detections at 8.4 GHz, the slope of the correlation
function is α=0.40 ± 0.07 (Fradio ∝ FXα ) with a correlation coeﬃcient of 0.96.
This is signiﬁcantly diﬀerent from the radio/X-ray correlation for another atoll
source, 4U 1728-34 (Migliari et al., 2003; Migliari & Fender, 2006), for which
the data indicate a slope of 1.40 ± 0.25 with the correlation coeﬃcient 0.90,
although the normalizations of the correlation functions are similar for both
sources. However, these results are based on a very limited sample of data
points, 5 in the case of Aql X-1 and 9 for 4U 1728-34, and therefore need
further testing with future observations. Nevertheless, it’s interesting to note
that the slope of the correlations between the radio (8.5 GHz) and X-ray bands
(2–10 keV) observed in some BHXRBs in the hard state are relatively close to
what we obtained for Aql X-1: 0.51 ± 0.06 for V404 Cyg (Corbel et al., 2008),
0.58 ± 0.16 for A0620-00 (Gallo et al., 2006). But the normalizations of the
correlation functions are higher for BHXRBs. This is related to the fact that
the ratio between the radio and X-ray luminosity for BHXRBs is between one
and two orders of magnitude higher than the corresponding ratio for NSXRBs
(Fender & Kuulkers, 2001; Migliari & Fender, 2006). This can be explained
for instance by a more eﬃcient (i.e. “radio loud”) jet production mechanism
in BHXRBs than in NSXRBs (Fender et al., 2003) which might come about
due to the fact that the geometrically thick disks are more eﬃcient at producing outﬂows (e.g. Meier, Koide & Uchida 2001) and the disks of NSXRBs
are truncated at larger radii than those of BHXRBs. Or it might be that in
the case of BHXRBs a large fraction of the extracted gravitational energy is
advected across the event horizon, the end product of the process being more
“X-ray quiet” systems (e.g. Narayan et al. 1997). From a more general point
of view, it was shown that a scaling relation between the X-ray (2–10 keV)
and radio (5 GHz) bands with a slope of 0.60 ± 0.11 holds for a fairly large
sample of BHXRBs and active galactic nuclei (AGN) when the mass of the
compact objects is taken into account (Merloni, Heinz & di Matteo, 2003; Falcke, Körding & Markoﬀ, 2004). Given also the recent advancements (e.g. the
relation between the mass of the black hole, the accretion rate and the break
frequency in X-ray power spectra for AGNs and XRBs [McHardy et al. 2006],
or the similarity between the HIDs of XRBs and the HID of a dwarf nova in
outburst [Körding et al. 2008]), it seems that evidence is mounting at a fast
pace that the accretion/ejection process works in a similar way in a broad
class of objects: stellar mass black holes in XRBs, super-massive black holes
in AGNs, and perhaps neutron stars in XRBs and white dwarfs in cataclysmic
variables.
Aql X-1 shows evidence for the “quenching” of the radio emission in the
soft X-ray state, above some X-ray ﬂux (the radio upper limit “Q1” in Fig.
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4.9). Migliari et al. (2003) found a similar behaviour in 4U 1728-34 (“Q2”
in Fig. 4.9). Although it’s premature to jump to conclusions with such a
limited sample, these are at least good indications that NSXRBs could mimic
the behaviour of some BHXRBs from this point of view.
Maitra & Bailyn (2008) found a correlated behaviour between the optical
(R band) and X-ray bands depending on the state of the system. Using the
same optical data set, and PCA X-ray data instead of ASM, we conﬁrmed
their ﬁndings. Moreover, we showed that trends exist also between the optical (R band) and HEXTE X-rays bands, and between the PCA and HEXTE
bands (Fig. 4.10). Maitra & Bailyn (2008) proved that during the outbursts
the evolution of the optical/infrared colour magnitude diagrams of Aql X-1 is
consistent with thermal heating of an irradiated outer accretion disc. They
noted that the optical/infrared colour and ﬂux do not seem to change suddenly during the X-ray state transitions. This can be interpreted as evidence
against a non-thermal origin of the optical/infrared emission. We didn’t ﬁnd
any signiﬁcant correlation between the optical (R band) and radio emission
(at cm wavelengths), and although based on a very limited number of radio
observations, this adds further support to this interpretation.
As a general remark, our data are roughly consistent with a truncated disc
model of the X-ray states (e.g. McClintock & Remillard 2006 for a review).
In hard X-ray states a standard accretion disc is truncated relatively far from
the compact object. In soft X-ray states the disc is advancing closer to the
innermost stable circular orbit. In the soft states the radiation is well described
by blackbody thermal emission from the inner regions of the accretion disc.
But in the hard states the nature of the emitting material ﬁlling the gap
between the compact object and the truncated disc (generically called the
“corona”) is still under debate (e.g. Esin et al. 2001; Markoﬀ et al. 2001;
Blandford & Begelman 2004), although it is quite clear that synchrotron and
Compton mechanisms are important. The fact that the optical emission (R
band) does not seem to change signiﬁcantly in the two X-ray states is further
circumstantial evidence for the interpretation of Maitra & Bailyn (2008) of its
origin as irradiation of the outer accretion disc.
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Abstract
We report the results of the ﬁrst two 5 GHz e-VLBI observations of the
X-ray binary Cygnus X-3 using the European VLBI Network. Two successful
observing sessions were held, on 2006 April 20, when the system was in a quasiquiescent state several weeks after a major ﬂare, and on 2006 May 18, a few
days after another ﬂare. At the ﬁrst epoch we detected faint emission probably
associated with a fading jet, spatially separated from the X-ray binary. The
second epoch in contrast reveals a bright, curved, relativistic jet more than 40
milliarcseconds in extent. In the ﬁrst, and probably also second epochs, the Xray binary core is not detected, which may indicate a temporary suppression
of jet production as seen in some black hole X-ray binaries in certain Xray states. Spatially resolved polarisation maps at the second epoch provide
evidence of interaction between the ejecta and the surrounding medium. These
results clearly demonstrate the importance of rapid analysis of long-baseline
observations of transients, such as facilitated by e-VLBI.
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5.1

Introduction

The X-ray binary Cygnus X-3 was ﬁrst detected in X-rays by Giacconi et al.
(1967). The infrared (e.g. Becklin et al. 1973) and X-ray ﬂuxes (e.g. Parsignault et al. 1972) show a periodicity of 4.8 hours which is interpreted as the
orbital period of the system. The nature of the compact object is not known
(Schmutz, Geballe & Schild, 1996; Mitra, 1998). As for the companion star,
there is compelling evidence pointing toward a WN Wolf-Rayet star (van Kerkwijk et al., 1996; Fender et al., 1999; Koch-Miramond et al., 2002).
Giant outbursts and large ﬂares have been observed at radio wavelengths
in Cygnus X-3 since 1972 (Gregory et al., 1972). In quiescence the soft X-ray
emission is correlated with the radio emission, while the hard X-ray is anticorrelated with the radio; in a ﬂare state, the situation is reversed: the hard
X-ray correlates with the radio and the soft X-ray emission is anti-correlated
(Watanabe et al., 1994; McCollough et al., 1999; Choudhury et al., 2002).
Radio observations made during such large ﬂares at diﬀerent resolutions
with the Very Large Array (VLA), Multi-Element Radio Linked Interferometer
Network (MERLIN), Very Long Baseline Array (VLBA), and European VLBI
Network (EVN) (Geldzahler et al., 1983; Spencer et al., 1986; Molnar et al.,
1988; Schalinski et al., 1995, 1998; Mioduszewski et al., 2001; Martı́ et al.,
2001; Miller-Jones et al., 2004) directly show or are consistent with two-sided
relativistic jets (with the notable exception of the VLBA observations of a
ﬂare in February 1997, when the jet was apparently one-sided; Mioduszewski
et al. (2001)).

5.2

Observations

One of the aims of e-VLBI is to enable mapping with long-baseline networks
of radio telescopes in a manner which makes it possible to map transient
phenomena, such as microquasars, in near real-time. This will provide the
ability to make informed decisions about the optimum observing strategy to
employ (frequency of observations, array composition, calibrator selection,
etc.) and the need for repeated mapping observations, as well as greatly
simplifying the observing procedure and improving its reliability. In the case
of the EVN, the data are transported to the correlator at JIVE (Joint Institute
for VLBI in Europe) in real-time using IP routed networks, connecting the
radio telescopes through national research networks and the pan-European
research network GÉANT 2 via the Dutch national research network SURFnet
to JIVE. At the time of our observations, a sustainable data rate of 128 Mbit
s−1 could be achieved. This is expected to improve signiﬁcantly in the near
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future. Description of some of the development work in this ﬁeld was given
by Parsley et al. (2003); Szomoru et al. (2004) and reports of more recent
development are in preparation (Szomoru et al.; Strong et al.). The data were
transferred using Mark5A recorders with 1 Gbit s−1 network interface cards
(Whitney, 2003).
We observed Cygnus X-3 at 5 GHz on three occasions, on 2006 March 16,
April 20 and May 18 using the six antennas forming the current European eVLBI network (e-EVN): Onsala 20 m, Torun, Jodrell Bank MkII, Cambridge,
Medicina and Westerbork (phased array). The observing run on March 16
was made in response to the ﬁrst open call for e-EVN observations two weeks
earlier. Unfortunately, due to technical problems with the oﬀ-line correlator
software, the data from March 16 were not useable and have been omitted
from the present study. In our second e-VLBI session, on April 20, we observed
Cygnus X-3 for an eﬀective integration time of about 7 hours in a complex
experiment consisting of interleaved observations of Cygnus X-3 and GRS
1915+105 (Rushton et al. 2007 for the latter target). Occasionally, delay
and rate jumps were introduced in the data at the correlator Station Units,
caused by a combination of limited memory buﬀer size and long correlation
jobs. Although the eﬀect was station based and thus the closure phases were
unaﬀected, this may have resulted in erroneous phase transfer in a couple of
phase-referencing scans. The problem was eventually solved by self-calibrating
the target data. During this run, the target was in a ‘quiescent’ state, with the
ﬂux density levels in the decay phase following the major radio ﬂares in 2006
March. At the beginning of May, Cygnus X-3 underwent another signiﬁcant
ﬂare and we observed it during an active state via a target of opportunity
proposal for around 12 hours on May 18 (Fig. 5.1). During both observations
the amplitude of the ﬂux density variations was around 10 percent, except
for some ∼1 h long larger enhancements in the ﬂux density registered at the
beginning and end of the April run and at the beginning of the May run.
Although this might have introduced artifacts in the radio images, we are
conﬁdent that they would not be of signiﬁcant importance.
The data were calibrated in aips (e.g. Diamond 1995) using standard procedures. For phase-referencing we used J2007+4029, a bright (∼2 Jy correlated
ﬂux) calibrator located 4.◦ 7 away from the target, employing a cycle time of 8
min (5 min on the target, 3 min on the phase-calibrator). The solutions derived from J2007+4029 were smoothed, extrapolated and applied to Cygnus
X-3. The a priori amplitude calibration was improved using the unresolved calibrator J2002+4725. Bandpass calibration was employed, using J2007+4029
in epoch I (2006 April) and J2002+4725 in epoch II (2006 May). We used
J2007+4029 as fringe ﬁnder in the former run and OQ208 in the latter. The
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data were self-calibrated once in phase with a 30-s solution interval and once
in amplitude and phase simultaneously with a 30-min solution interval. The
resulting radio maps are presented in Fig. 5.2.
The instrumental polarisation leakage (the D-terms) was also determined
for epoch II from observations of the unpolarised calibrator OQ208. For calibration of the electric vector position angles (EVPAs) at VLBI scales we
analyzed separately the J2007+4029 Westerbork Synthesis Radio Telescope
(WSRT) data. We found that this calibrator has a fairly compact polarisation
structure at VLBI scales enabling us to calibrate the EVPAs with an estimated
error of 10 degrees. The distribution of the EVPAs (in the observer frame) and
the fractional linear polarisation of Cygnus X-3 are shown in Fig. 5.3. The
level of Faraday rotation due to the galactic interstellar medium, aﬀecting the
overall distribution of EVPAs, is unknown and therefore unaccounted for. For
an arbitrary high rotation measure in the galactic plane (Simard-Normandin,
Kronberg & Button, 1981) of, say, 200 rad m−2 , the corresponding rotation of
the EVPAs at 5 GHz would be up to ∼40◦ .

5.3

Results and Discussion

Fig. 5.2 presents the images from 2006 April 20 (epoch I) and May 18 (epoch
II). Epoch I reveals a single faint component, possibly slightly resolved, while
epoch II reveals a bright curved structure based around three bright knots.
Also indicated on Fig. 5.2 is the location of the X-ray binary radio core as
estimated by Miller-Jones et al. (2004; consistent also with Mioduszewski et
al. 2001).
In order to facilitate comparison between these two epochs, and more generally to allow us to extract as much information as possible from the observations we ﬁtted the data in the uv-plane with elliptical Gaussians using
difmap (Shepherd, 1997). For epoch I we used one Gaussian while for epoch
II we used as a starting model three Gaussians at the positions of the bright
features as seen in the radio image before self-calibration. The results are
summarized in Table 5.1. The errors in the coordinates consist of the errors
in the position of the calibrator J2007+4029 (σα =0.000180 s; σδ =0.00240 arcsec; Fey et al. 2004) plus the error in the phase-referencing procedure itself
(estimated as 0.3 mas; Pradel, Charlot & Lestrade 2006). We note that due
to the poor uv-coverage at short baselines the ﬁtted models are not well constrained, particularly the sizes of the Gaussians reported are probably slightly
underestimated. Scatter-broadening is an issue for Cygnus X-3; its geometric
mean size is 15 ± 6 mas at 5 GHz (Wilkinson et al., 1994; Schalinski et al.,
1995) and might be correlated with the ﬂux at short VLBA baselines (Newell,
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May 18

Apr 20

Mar 16

Figure 5.1: Top: RXTE/ASM hardness ratio HR2=5–12 keV / 3 – 5 keV. Middle:
RXTE/ASM 2-10 keV X-ray light curve. Bottom: 15 GHz radio (Ryle Telescope)
light curve. Vertical lines indicate the dates of our e-VLBI observations.
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Figure 5.2: Left: 5 GHz e-VLBI radio map of Cygnus X-3 on 2006 April 20 (epoch I). The contours are at -15, 15, 25, 35,
45, 55, 65, 75, 85 and 95 times the rms noise of 0.03 mJy beam−1 . The beam size is 7.9 × 7.4 mas2 at PA=-19.◦6. The code
bar on top of the map is expressed in mJy beam−1 . Right: 5 GHz e-VLBI radio map of Cygnus X-3 on 2006 May 18 (epoch
II). The contours are at -15, 15, 25, 35, 45, 55, 65, 75, 85 and 95 times the rms noise of 0.2 mJy beam−1 . The beam size is
7.6 × 6.9 mas2 at PA=88.◦ 3. The code bar on top of the map is expressed in mJy beam−1 . The positions of the centres of the
elliptical Gaussians ﬁtted to the data are represented by a cross for epoch I and stars for epoch II. The estimated location of
the radio core from Miller-Jones et al. (2004), J 2000 coordinates: RA 20h 32m 25.s 77335, Dec. 40◦ 57 27. 9650, is indicated with
a diamond. Note the change in scale between the two images.
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Garrett & Spencer, 1998).
We draw attention to the fact that the maps shown in Fig. 5.2 account for
a small fraction of the total ﬂux density of the source. The 5 GHz e-VLBI
integrated ﬂux density measured in the image plane for epoch I is 4.8 mJy.
However, in the uv-plane, the data were ﬁtted well by a (larger) elliptical
Gaussian with a ﬂux density of 87 mJy. For epoch II, the total ﬂux density
in the uv-plane (determined by adding the ﬂux densities contributed by the
three elliptical Gaussians ﬁtted to the data) is 909 mJy (much of the ﬂux being
observed on the shortest baseline), while in the image plane only 200 mJy is
recovered. The explanation for these diﬀerences resides in the fact that because
of the lack of uv-coverage at short baselines the large scale emission could
not be imaged properly. It is also worth mentioning that the simultaneous
Westerbork integrated ﬂux density in epoch II is 1.5 Jy, so at the e-VLBI scale
we are missing almost 40 per cent of the emission due to the unavailability of
very short baselines. As an overall comment, the relatively sparse sampling
at intermediate baselines has resulted in some considerable loss of ﬂux and
uncertainty as to the true strengths of individual knots. While we are conﬁdent
that the morphology of the imaged structure is real, it is clear that there is a
signiﬁcant, more diﬀuse component present which we were unable to image.
The single radio-emitting component from epoch I and knot C from epoch
II are positionally coincident within uncertainties. This identiﬁcation of the
radio emitting regions in quiescence and outburst might intuitively lead to
the conclusion that the core was located here. However, the large positional
discrepancy with the previously estimated core position, plus the high degree
of linear polarisation (10 per cent, Fig. 5.3) in the region suggests that knot
C is probably not the core (see further discussion below). Therefore, epoch I
probably shows not the core but extended radio emission physically separate
from the X-ray binary which may be associated with the 2006 March ﬂaring
events (Fig. 5.1). This in turn implies that the core itself was below detection
levels, with a 3σ upper limit of 0.4 mJy, about two orders of magnitude fainter
than typical levels for the source, and four orders of magnitude fainter than
the brightest ﬂares. Such ‘quenched’ emission, lasting for periods of weeks
to months, was reported before other major ﬂares of Cygnus X-3 (Waltman
et al., 1994, 1995; Fender et al., 1997).
Epoch II reveals a much brighter and more complex structure, with the
appearance of a curved jet with three bright knots. Knot A is clearly much
closer to the previously estimated core location, but is still ∼24 mas away.
Mioduszewski et al. (2001) and Miller-Jones et al. (2004) report the same
core position to within 1 mas in data separated by 4.5 years (but note that
this is rather uncertain given the fact that Mioduszewski et al. reported
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Figure 5.3: 5 GHz e-VLBI radio map of Cygnus X-3 on 2006 May 18 (epoch II) with the distribution of the EVPAs (left) and
of the fractional linear polarisation (right) i.e. the ratio between the polarised ﬂux and the total I ﬂux, (Q2 +U2 )1/2 I−1 with I,
Q and U being the Stokes parameters. The code bar is expressed in percentage. In both images the Stokes I contours are at
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epoch I - April 20, 2006
epoch II - May 18, 2006

Epoch
single
A
B
C

Component
20h 32m 25.s 771437
20h 32m 25.s 771628
20h 32m 25.s 771051
20h 32m 25.s 771525

RA (J2000)
+40◦ 57 27. 92800
+40◦ 57 27. 96566
+40◦ 57 27. 95621
+40◦ 57 27. 93000

Dec. (J2000)

Size
(mas × mas)
17.5 ± 0.3 × 8.8 ± 0.5
23.2 ± 0.7 × 10.6 ± 2.5
38.4 ± 2.1 × 30.7 ± 8.1
19.4 ± 1.1 × 12.2 ± 2.3

PA
(deg)
150 ± 2
69 ± 13
82 ± 22
55 ± 7

Flux density
(mJy)
87 ± 9
60 ± 6
748 ± 17
101 ± 3

Table 5.1: Results of the uv-plane elliptical Gaussian ﬁtting. The formal errors in coordinates (see text) are 0.000200 s in RA
and 0.00270 arcsec in Dec.
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that their phase-referencing was not entirely successful). For a distance to
Cygnus X-3 of ∼9 kpc (Predehl et al., 2000) and an arbitrary speed in the
plane of the sky of 100 km s−1 , the upper limit to the positional shift due
to the proper motion in the time interval between the observations of MillerJones et al. and ours is ∼10.5 mas. Higher speeds are deﬁnitely possible
(for instance GRS 1915+105, at ∼11 kpc has a proper motion of ∼5.8 mas
yr−1 ; Dhawan, Mirabel & Rodrı́guez 2000), but given the present knowledge
we cannot conﬁdently identify the proper motion of the system as the cause
of the shift. It seems likely therefore that even knot A may not correspond to
the core, but simply to the nearest knot to it, indicating that at this epoch
the core is also quenched. The orientation of the knots with respect to the
core implies that all three are associated with the same side of the jet (likely
to be approaching, although the complex environment of Cygnus X-3 may
strongly inﬂuence appearances), and were ejected in the sequence C – B – A.
Associating knot C with the large radio ﬂare which occurred about a week
earlier would imply proper motions in the jet of order 10 mas d−1 , consistent
with those reported in Miller-Jones et al. (2004). For a distance of ∼9 kpc,
this corresponds to a projected velocity of ∼ 0.5c, and an intrinsic jet velocity
at least as large.
It is interesting to compare the ‘quenching’ of the core radio emission to
that observed in the soft X-ray state of black hole candidate X-ray binaries
(e.g. Fender et al. 1999). Gallo et al. (2003) have reported a correlation between X-ray and radio luminosities in black hole candidates in the hard X-ray
state, below which the radio emission falls dramatically in softer X-ray states.
Assuming a distance of 9 kpc, the core radio emission of Cygnus X-3 in epoch
I is almost two orders of magnitude below the correlation, comparable to the
strongest limits on quenching found for other systems. Since neutron stars
do not appear to show such strong quenching in soft X-ray states (Migliari
et al. (2004) – admittedly this is based on a very small sample), this may be
circumstantial evidence that Cygnus X-3 contains a black hole (although the
extreme nature of the environment in this system might be responsible in some
other way). However, the extreme scattering of X-rays in the system is always
going to make it hard to relate the X-ray behaviour to that of the other black
hole candidates. It is noteworthy that in many cases ‘residual’ radio emission,
such as that we believe we are imaging in epoch I, will limit the extent to
which observations on arcsec or coarser angular scales can measure the true
extent or rapidity of such quenching. As a result, VLBI observations such as
these are required to truly probe rapidly-quenched radio states in bright jet
sources.
In epoch II, the integrated ﬂux densities from WSRT (1.5 Jy at 5 GHz)
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and the Ryle Telescope (0.8 Jy at 15 GHz; Fig. 5.1) reveal a steep spectrum
(∝ ν −0.6 ), indicative of optically thin synchrotron emission. However, since
the map presented in Fig. 5.2 recovers ≤ 15 per cent of this integrated ﬂux
density, we cannot immediately draw the conclusion that the imaged structures
are also therefore optically thin synchrotron emission. Nevertheless, based on
simple physical arguments and comparison with other relativistic jet sources,
this is likely, and is consistent with the relatively high levels of polarisation
observed along the jet. As noted above, knot C in particular shows a high
level of polarisation, which supports the interpretation that it is not the core.
The highest fractional polarisation, almost 25 per cent, appears to the east of
knot B. This is suggestive of an interaction site between the ejected matter
and the surrounding medium. The same conjecture can be made about the
region of relatively high polarisation, 15 per cent, in the north of the complex,
albeit with lower conﬁdence due to the fact that artifacts might appear at the
edges of the emission. The coincidence of emission at the location of knot C
in both epochs may suggest that this is the location of some standing shock
in the ﬂow or a site of repeated jet-ISM interactions.
To summarize, a possible explanation for the radio emission detected in the
two experiments is the following: the radio emitting region of epoch I is a
jet-like structure probably ejected during the March activity. Epoch II shows
multiple radio features of what appears to be a one-sided jet. The new ejecta
interact with the material ejected during the previous outburst and generate
the high polarisation on the eastern edge of the radio structure and a slight
bending of the jet in this region towards the south-west (note that precession
of the jet is likely at work – Mioduszewski et al. 2001; Miller-Jones et al.
2004, thus complicating the interpretation). The core – corresponding to the
location of the X-ray binary, and base of the relativistic jet – is probably not
detected at either epoch, indicating a temporary suppression of jet production
at these times. It is important to bear in mind that the jet is very close to the
line of sight, at an angle of less than ∼ 15◦ (Mioduszewski et al., 2001; MillerJones et al., 2004) – this will cause an exaggeration of apparent bends in the
jet, and an underestimate of true jet velocities (see more extensive discussions
in Mioduszewski et al. 2001 and Miller-Jones et al. 2004).

5.4

Conclusions

We have presented results on the X-ray binary Cygnus X-3 obtained in the
frame-work of the ﬁrst open call for European e-VLBI observations. The two
successful experiments captured Cygnus X-3 initially in an almost quiescent
state after the outburst in 2006 March, and subsequently in an active state a
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few days after the major ﬂare in 2006 May. By the second epoch, a bright,
curved, relativistic jet is observed. The total intensity and polarisation radio
maps provide evidence for interaction of the jet with the surrounding medium
and, if our interpretation is correct, with the material ejected in the previous
active state. In the ﬁrst epoch, two weeks prior to the onset of the major ﬂare
of 2006 May, the core is in a deeply radio-quenched state, with a 3σ upper limit
to the ﬂux density of 0.4 mJy. The use of e-VLBI enabled very quick access
to the data, practically within one day from the end of the runs, compared to
sometimes weeks in the ‘traditional’ VLBI experiments. This facility for rapid
response and analysis of VLBI data is of paramount importance for the study
of transient sources, enabling decision making with respect to potential followup observations (not only at radio wavelengths) to be much more eﬀective.
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Abstract
In order to test the recently proposed classiﬁcation of the radio/X-ray states
of the X-ray binary Cyg X-3, we present an analysis of the radio data available for the system at much higher spatial resolutions than used for deﬁning
the states. The radio data set consists of archival Very Long Baseline Array
data at 5 or 15 GHz and new electronic European Very Long Baseline Interferometry Network data at 5 GHz. We also present 5 GHz Multi-Element
Radio Linked Interferometer Network observations of an outburst of Cyg X3. In the X-ray regime we use monitoring and pointed Rossi X-ray Timing
Explorer observations, quasi-simultaneous with radio. We ﬁnd that when the
radio emission from both jet and core is globally considered, the behaviour
of Cyg X-3 at milliarcsecond scales is consistent with that described at arcsecond scales. However, when the radio emission is decomposed into a core
component and a jet component the situation changes. It becomes clear that
in active states the radio emission from the jet dominates that from the core.
This shows that in these states the overall radio ﬂux cannot be used as a direct
tracer of the accretion state.
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6.1

Introduction

Cygnus X-3 (Cyg X-3) is an exotic X-ray binary system (XRB) discovered
in the X-ray band by Giacconi et al. (1967). The nature of the compact
object is unknown, circumstantial evidence existing for both a black hole
(Cherepashchuk & Moﬀat, 1994; Schmutz et al., 1996; Hjalmarsdotter et al.,
2008; Szostek & Zdziarski, 2008) and a neutron star (Tavani, Ruderman &
Shaham, 1989; Mitra, 1998; Stark & Saia, 2003). Strong evidence points toward a Wolf-Rayet star companion (van Kerkwijk et al., 1996; Fender et al.,
1999; Koch-Miramond et al., 2002) which makes Cyg X-3 a rather special object among the XRB population given the fact that at present only two other
objects of this class, both extragalactic (Prestwich et al., 2007; Carpano et al.,
2007), seem to harbour such a companion star type. The system is at a distance of 7–9 kpc (Predehl et al., 2000; Ling et al., 2009) and has an orbital
period of 4.8 h inferred from infrared (e.g. Becklin et al. 1973) and X-ray (e.g.
Parsignault et al. 1972) observations.
In the radio band the system shows ﬂares of diﬀerent amplitudes, the
strongest of them reaching up to a few tens of Jy at cm wavelengths (e.g.
Waltman, Fiedler, Johnston & Ghigo 1994; Trushkin, Nizhelskij & Bursov
2008). During these outbursts, Cyg X-3 reveals the presence of relativistic
jets (Geldzahler et al., 1983; Spencer et al., 1986; Molnar et al., 1988; Schalinski et al., 1995, 1998), with a complex structure that was clearly resolved on
a few occasions (Mioduszewski et al., 2001; Martı́ et al., 2001; Miller-Jones
et al., 2004; Tudose et al., 2007). Based on arcsec-scale radio observations
Waltman et al. (1994, 1995, 1996) identiﬁed four distinct radio states of the
system: quiescent (ﬂux densities ∼ 100 mJy), minor ﬂaring (< 1 Jy), major
ﬂaring (> 1 Jy), and quenched (< 30 mJy).
In the X-ray band the study of Cyg X-3 has been hindered by the strong
absorption existing in the system which is likely caused by the wind of the
companion star (Szostek & Zdziarski, 2008). The system shows two main Xray states, hard and soft, plus a couple of transitional ones that are understood
less (e.g. Hjalmarsdotter et al. 2009). These states are similar to the canonical
X-ray states of black hole XRBs (e.g. Zdziarski & Gierliński 2004).
Quasi-simultaneous multi-wavelength studies, focused primarily on the Xray and radio bands, have been carried out on Cyg X-3 (Watanabe et al., 1994;
McCollough et al., 1999; Choudhury et al., 2002; Gallo et al., 2003; Szostek
et al., 2008). It was found that in quiescence the soft X-ray emission (< 12
keV) is correlated with the radio emission (GHz regime) and anti-correlated
with the hard X-ray emission (> 20 keV). During major radio ﬂares, the
hard X-ray emission correlates with the radio emission, while the soft X-ray
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emission is anti-correlated with the radio emission. Recently, based on the
relationship between the radio and soft X-ray emissions, Szostek et al. (2008)
have revisited the classiﬁcation of the radio states of Waltman et al. (1994,
1995, 1996), identifying six radio/X-ray states for Cyg X-3: quiescent, minor
ﬂaring, suppressed, quenched, major ﬂaring, and post-ﬂare.

6.2
6.2.1

Observations and Analysis
New e-VLBI data

Electronic very-long-baseline interferometry (e-VLBI) is a technique in which
the data from radio telescopes separated by hundreds or thousands of km are
streamed in real-time to the central data processor (i.e. the correlator). This
technique is under continuous development and has been successfully used for
the study of transient phenomena (Rushton et al., 2007; Tudose et al., 2007).
We observed Cyg X-3 with the European e-VLBI Network (e-EVN) at 5
GHz on ﬁve occasions, in 2007 Jun and 2008 Apr (Table 6.1). The data
transfer rate was 256 Mbps for the run in 2007 and 512 Mbps for the rest.
During the observations the target did not vary signiﬁcantly in ﬂux density
with the exception of the run on 2007 Jun 25 when a smooth gradient was
recorded during the ﬁrst two hours. Although eﬀorts were made to ensure
accurate imaging of the data, artifacts might be present in the radio map for
this epoch (Fig. 6.1). In particular, the reality of the extended radio emission
towards South-West is hard to assess with certainty. It also appears in the
image made with a segment of the whole data set, when no variations in the
amplitude took place and therefore it seems not to be an artifact.
The data were calibrated in AIPS (e.g. Greisen 2003) and imaged in
Difmap (Shepherd, 1997) using standard procedures. We used, as available,
3C 345 or 3C 84 as a fringe ﬁnder. J2007+4029, located 4.◦ 7 away from Cyg X-3
was the phase referencing calibrator. To improve on the amplitude calibration
of the data we used the unresolved calibrator J2002+4725. Corrections of the
antenna gains have been applied manually by imposing explicitly a constraint
on the ﬂux density of the mentioned point-like source, more exactly 0.5 Jy, as
implied by the data.

6.2.2

Archival VLBA and previous e-VLBI data

In order to maximize the size of the sample to be used in the study we complemented the recent e-VLBI observations with archival Very Long Baseline Array
(VLBA) and previous e-VLBI data. Whenever 5 GHz data were not available,
we used 15 GHz observations. This choice was motivated by the fact that this
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Figure 6.1: 5 GHz e-EVN radio maps of Cyg X-3. The contours are at the levels
of -2.8, 2.8, 4, 5.6, 8, 11, 16, 23, 32, 45, 64, 90 times the rms noises of respectively
0.15, 0.07, 0.10, 0.17 and 0.45 mJy beam−1 . The code bars on top of the maps are
expressed in mJy beam−1 .
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Table 6.1: e-EVN observations of Cyg X-3 at 5 GHz. The table contains the date of
the observation, the corresponding modiﬁed Julian Day, the total observing time and
the participating radio telescopes (Cm-Cambridge, Mc-Medicina, Jb2-Jodrell Bank
Mk2, On-Onsala, Tr-Torun, Wb-Westerbork).

Date
2007
2008
2008
2008
2008

Jun 25
Apr 09
Apr 23
Apr 25
Apr 27

MJD
day
54276
54565
54579
54581
54583

Total time
h
10.3
8.0
10.3
10.0
9.1

Radio telescopes
Cm Mc Jb2 On Tr Wb
Cm Mc Jb2 On Tr Wb
Mc Jb2 Tr Wb
Cm Mc Jb2 Tr Wb
Cm Mc Jb2 Tr Wb

was the frequency closest to 5 GHz for which a relatively large amount of data
was present in the archive. Whenever possible we used the results published
in the literature (see the column “comments” in Table 6.2), however, some
data have not been reported before or the information of interest to us (e.g.
ﬂux densities) was not available and in these cases we calibrated and imaged
the data using standard procedures (see references in section 6.2.1). Before
imaging, a selection in the uv-plane was made for the VLBA data, the details
and reasons of which are presented in section 6.2.3. The calibrators 3C 84
or J2202+4216 were used as fringe ﬁnders. Phase referencing was performed
involving J2052+3635 or J2025+3343, situated respectively 5.◦ 9 and 7.◦ 4 away
from Cyg X-3. For four epochs, not listed in Table 6.2, three from 2000 Apr
and one from 1995 May, it was not possible to identify with certainty the
location of the target and hence were not considered in the study.

6.2.3

MERLIN data

To support the VLBI observations we also used Multi-Element Radio Linked
Interferometer Network (MERLIN) data for the Cyg X-3 outburst of 2008
April (Fig. 6.2). MERLIN was operated for approximately 80 h between April
18–April 28 at 5 GHz with 6 radio telescopes: Jodrell Bank Mk2, Cambridge,
Knockin, Darnhall, Pickmere and Deﬀord. The resulting maximum baseline
length was 217 km, i.e. about 3.5 Mλ at 5 GHz. The ﬂux density scale
was determined from observations of 3C 286, using the three short baselines
between the Jodrell Bank Mk2, Pickmere and Darnhall radio telescopes. A
ﬂux density of 7.361 Jy was assumed for 3C 286 (Perley et al., 1986). We used
J2007+4029 as phase-referencing calibrator.
Only a small part of the ﬂux density detected by MERLIN is recovered at
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the VLBI scales. This is due to the lack of relatively short baselines in the
EVN array.

MERLIN 5 GHz

Flux density [Jy]

10

1

0.1

23
54574

54576

54578

24

54580
MJD [day]

25
54582

54584

Figure 6.2: 5 GHz MERLIN 5 min averaged radio light curve of Cyg X-3 between
2008 Apr 18-Apr 28. The time intervals of the e-EVN observations and their number
(see Table 6.2) are indicated. The horizontal dashed line corresponds to the transition
level of 300 mJy (see section 6.3).

6.2.4

Analysis of radio VLBI data

Cyg X-3 is heavily scattered (Wilkinson et al., 1994) and this is of relevance
for VLBI observations. The size of the scattering disc is (Mioduszewski et al.,
2001):
 ν −2.09
θ = 448
mas
(6.1)
GHz
meaning about 15 mas at 5 GHz and 1.5 mas at 15 GHz.
The maximum uv-distance for which the data contain useful information is
then given by:
206.265  ν 2.09
Mλ
(6.2)
uvmax =
448
GHz
corresponding to 13 Mλ at 5 GHz and 132 Mλ at 15 GHz.
All the e-EVN observations reported here and labeled as such in column
“comments” of Table 6.2 were observed at 5 GHz. Their maximum intrinsic
uv-distance is about 24 Mλ. A cut at 13 Mλ was found to be unnecessary
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Obs
nr.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
1997 Feb 06 (MJD 50485)
1997 Feb 08 (MJD 50487)
1997 Feb 11 (MJD 50490)
2000 Apr 02 (MJD 51636)
2000 Apr 03 (MJD 51637)
2000 Apr 21 (MJD 51655)
2001 Sep 18 (MJD 52170)
2001 Sep 19 (MJD 52171)
2001 Sep 20 (MJD 52172)
2001 Sep 21 (MJD 52173)
2001 Sep 22 (MJD 52174)
2001 Sep 23 (MJD 52175)
2002 Feb 15 (MJD 52320)
2004 Jan 11 (MJD 53015)
2004 Oct 17 (MJD 53295)
2004 Nov 21 (MJD 53330)
2005 Jun 10 (MJD 53531)
2005 Dec 28 (MJD 53732)
2006 Apr 20 (MJD 53845)
2006 May 18 (MJD 53873)
2007 Jun 25 (MJD 54276)
2008 Apr 09 (MJD 54565)
2008 Apr 23 (MJD 54579)
2008 Apr 25 (MJD 54581)
2008 Apr 27 (MJD 54583)

Date

Freq.
GHz
15
15
15
5
5
5
5
5
5
5
5
5
15
15
15
15
15
15
5
5
5
5
5
5
5

Core FD
mJy
224 ± 10
167 ± 5
611 ± 5
1500 ± 15
870 ± 6
21 ± 5
39 ± 5
73 ± 5
8±2
77 ± 6
136 ± 4
98 ± 3
59 ± 2
65 ± 1
63 ± 2
87 ± 9
101 ± 3
23 ± 1
4±1
52 ± 4
19 ± 1
62 ± 1

Total FD
mJy
1800 ± 200
537 ± 50
611 ± 5
1500 ± 15
870 ± 6
1890 ± 262
13120 ± 300
13120 ± 300
6120 ± 300
4736 ± 300
2922 ± 300
1389 ± 300
77 ± 6
136 ± 4
98 ± 3
59 ± 2
65 ± 1
63 ± 2
87 ± 9
909 ± 18
42 ± 3
4±1
52 ± 4
19 ± 1
62 ± 1

CR (ASM)
c s−1
6.48 ± 0.09
6.59 ± 0.10
7.58 ± 0.10
10.45 ± 0.33
12.08 ± 0.31
5.86 ± 0.13
6.96 ± 0.18
6.23 ± 0.13
5.11 ± 0.11
6.22 ± 0.14
4.96 ± 0.20
6.34 ± 0.12
9.88 ± 0.26
1.74 ± 0.16
1.68 ± 0.09
1.29 ± 0.09
1.29 ± 0.12
3.52 ± 0.34
6.92 ± 0.15
5.79 ± 0.11
2.40 ± 0.12
8.91 ± 0.15
7.27 ± 0.45
10.83 ± 0.21
7.77 ± 0.14
1.59
1.50
1.41
1.09
1.17
1.86
1.68
1.89
1.97
1.85
2.20
1.74
1.00
2.65
2.29
3.10
2.56
2.04
1.40
1.70
2.24
1.14
1.65
1.25
1.31

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
0.03
0.03
0.02
0.05
0.04
0.05
0.06
0.05
0.05
0.05
0.10
0.04
0.04
0.27
0.15
0.25
0.28
0.23
0.05
0.04
0.13
0.03
0.17
0.04
0.04

HR2
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et
et
et
et
et
et

al.
al.
al.
al.
al.
al.

(2004)
(2004)
(2004)
(2004)
(2004)
(2004)

e-EVN; Tudose et al. (2007)
e-EVN; Tudose et al. (2007)
e-EVN
e-EVN
e-EVN
e-EVN
e-EVN

ASM data from 2005 Jun 17

ASM data from 2004 Jan 3

Miller-Jones
Miller-Jones
Miller-Jones
Miller-Jones
Miller-Jones
Miller-Jones

Comments

Table 6.2: Observational log. The table contains the number of the observation, the corresponding date, the frequency of the
radio observation, the radio ﬂux densities of the core and core+jet, the ASM-RXTE count rate in the 3–5 keV energy band,
the hardness ratio HR2=(5–12 keV)/(3–5 keV), and comments.
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with respect to improving the image quality and so the values given in Table
6.2 are based on maps with the original uv-distance range.
For the VLBA data the situation is diﬀerent. Their maximum nominal
uv-distance is around 140 Mλ at 5 GHz and close to 440 Mλ at 15 GHz.
Imposing an upper cut in the uv-distance plane according to the limits given
by equation (2) did result in a signiﬁcant increase in the quality of the maps.
We therefore adopted the procedure for all the VLBA data sets we analyzed.
The only exceptions are the epochs from 2001 Sep when we quote the results
from Miller-Jones et al. (2004). This is justiﬁed by the fact that these authors
limit the maximum uv-distance taken into account in the imaging process by
selecting a group of close-by antennae, which it turned out produced a very
similar eﬀect on the uv-plane to what our approach would. The two methods
rendered insigniﬁcant diﬀerences in the resulting radio maps.
The total ﬂux densities (of core plus jets, if present) were measured in the
image-plane using Difmap or AIPS. uv-plane ﬁtting with elliptical Gaussians
were also performed under Difmap as a check and the results were consistent,
within the errors.
The core ﬂux densities are less secure, despite the quoted errors, due to
unknown systematics. One of the largest source of uncertainty is the lack of
knowledge of the precise proper motion of Cyg X-3. In this paper we adopt
the value of the proper motion obtained by analyzing the VLBI data listed in
Table 6.2. The detailed results are presented elsewhere (Miller-Jones et al.,
2009).
In order to obtain the core ﬂux density, whenever a jet was present in the
image we subtracted it in the uv-plane and then measured the ﬂux density
at the expected position of the core after correcting for the proper motion.
This approach is sensitive to any errors associated with the phase referencing
process. Given the fact that for the VLBA observations the distance between
the target and the phase reference calibrators was signiﬁcant, such errors cannot be ruled out. In fact, in a few cases (ﬂagged with a minus sign in the
fourth column of Table 6.2) it was impossible to identify the core because of
evident shifts from the expected position of Cyg X-3 which likely were due
to unsuccessful phase referencing. However, in many of the images the target
actually appeared as a single compact emitting region and we assumed it to
be the core of the system, irrespective of any small shifts from the expected
position as registered in a minority of cases.
Correctly locating the core has far reaching consequences. Building their
argument on the apparent lack of proper motion of what was considered to be
the core in VLBA data separated by 4.5 yr (Mioduszewski et al., 2001; MillerJones et al., 2004), Tudose et al. (2007) suggested that one of the compact
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emitting regions (denoted “knot C”) in their e-EVN data (from 2006 May
18) is probably not the core of the system. However, in the light of the new
knowledge provided by the analysis of the VLBI data with respect to the
proper motion of the system, it is almost sure that “knot C” is actually the
core. This has important implications with respect to the orientation of the jet
of Cyg X-3, but are beyond the scope of this work and are addressed elsewhere
(Miller-Jones et al., 2009). The core ﬂux density reported in Table 6.2 for the
2006 May 18 epoch is the ﬂux density of “knot C”.
A clariﬁcation has to be made as well with respect to the short communication presented by Tudose et al. (2008) about the e-EVN run on 2008 Apr
9. The authors report that the preliminary analysis of the data reveals the
presence in the radio map of two distinct compact emitting regions. After a
detailed analysis we discovered that one of those emitting regions is an artifact. This was due to a temporary bug in the standard post-correlation
software used prior to the data release, which allowed for visibilities near scan
boundaries to appear in both scans, thus resulting in phase-reference source
visibilities in the Cyg X-3 data. This way an artiﬁcial source was introduced
near the phase-centre. Coincidentally, the location of the artifact was very
close to the position of a compact emitting region (“knot A”) observed in the
e-EVN observations of 2006 May 18 making it even more believable. In Fig.
6.1 we present the correct version of the radio map corresponding to the 2008
Apr 9 epoch.
Note that the term “core” used throughout the paper does not necessarily
reﬂect the actual size of Cyg X-3 system (i.e. the size of the region at whose
boundaries the optical depth for the radio emission becomes unity). MillerJones et al. (2009) used the minimum variability timescales observed during
a period of low-level activity to set constraints on the size of the source at 43
GHz and 15 GHz. For an outﬂow traveling at the speed of light at a distance
of 10 kpc it translated to a size of 0.2–0.3 mas. This is smaller then the size
of the scattering disc at the two frequencies we used here.

6.2.5

X-ray data

We used Rossi X-ray Timing Explorer (RXTE) All Sky Monitor (ASM)/
Proportional Counter Array (PCA)/High-Energy X-ray Transient Experiment
(HEXTE) data observed quasi-simultaneously (i.e. within one day) with the
radio observations.
As pointed out for instance by Szostek et al. (2008), due to the shape of
the X-ray spectra the best ASM band to study the radio/X-ray correlation in
Cyg X-3 is the 3–5 keV and therefore further on, unless otherwise noted, we
will refer to this band whenever an ASM count rate is quoted. To calculate
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Figure 6.3: The daily-averaged ASM-RXTE 3–5 keV light curve of Cyg X-3 between 1996 Nov–2008 May (ﬁlled circles) and
the ASM-RXTE hardness ratio HR2=(5–12 keV)/(3–5 keV) for the same object and time interval (empty circles). The vertical
dashed lines correspond to the radio observations in Table 6.2, labeled by observation number. The horizontal dashed line
corresponds to the transition level of 3 counts s−1 (see section 6.3).
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Table 6.3: Classiﬁcation of the PCA/HEXTE-RXTE X-ray spectra of Cyg X-3. The
spectra were taken quasi-simultaneously with the radio data in Table 6.2. The table
lists the number of the observation (associated to ﬁrst column of Table 6.2), the date,
the RXTE ID of the observation, the detectors used, and the X-ray spectral group
following the nomenclature of Szostek et al. 2008.
Obs
nr.
5
6-1
6-2
20-1
20-2
23
24
25

Date

Obs ID

2000 Apr 03 (MJD 51637)
2000 Apr 22 (MJD 51656)
2000 Apr 22 (MJD 51656)
2006 May 17 (MJD 53872)
2006 May 17 (MJD 53872)
2008 Apr 23 (MJD 54579)
2008 Apr 25 (MJD 54581)
2008 Apr 27 (MJD 54583)

50062-02-01-00
50062-01-01-00
50062-01-01-01
91090-03-01-00
91090-03-02-00
93434-01-01-00
93434-01-02-00
93434-01-03-00

Detectors
PCU
PCU
PCU
PCU
PCU
PCU
PCU
PCU

0,2;
0,2;
0,2;
0,2;
0,2;
1,2;
1,2;
1,2;

HEXTE
HEXTE
HEXTE
HEXTE
HEXTE
HEXTE
HEXTE
HEXTE

A
A
A
B
B
B
B
B

Spectral
group
5
4
3
3/4 ?
3/4 ?
3/4 ?
5
4

the hardness ratio (HR2) we used the ASM count rates in the 5–12 keV and
3–5 keV bands. In order to put the particular values used in this work in retrospective, Fig. 6.3 shows the variations of the ASM count rate and hardness
ratio between 1996 Nov–2008 May.
In the case of PCA we used the ﬁrst layer only and the Proportional Counter
Units (PCU) 0 and 2, or 1 and 2, upon availability. For HEXTE we analyzed
data from either clusters A or B. The X-ray spectra were extracted in the
PCA energy band 3–20 keV and HEXTE energy band 15–90 keV. The spectra
were ﬁtted in XSPEC11 (e.g. Arnaud 1996) with a model including Comptonization by thermal and non-thermal electrons (EQPAIR; Coppi 1992, 1999;
Gierliński et al. 1999), Compton reﬂection (PEXRIV; Magdziarz & Zdziarski
1995), absorption by two neutral media, fully and partially covering the source
(ABSND), and a broad Gaussian Fe Kα ﬂuorescent line (GAUSS). Similar
models were used for Cyg X-3 by Vilhu et al. (2003); Hjalmarsdotter et al.
(2008); Szostek & Zdziarski (2008); Szostek et al. (2008). A detailed description of the model is given by Hjalmarsdotter et al. (2009). A systematic error
of 3 per cent was added to the data. The ﬁts had a reduced χ2 around 1 or
less.
Following Szostek et al. (2008) both in methodology and nomenclature (Fig.
6.4), the resulting absorbed spectra were classiﬁed according to their shape
and ﬂux at 20 keV (Table 6.3). In a few cases it was not possible to identify
with certainty the X-ray spectral group.
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Figure 6.4: Classiﬁcation of the X-ray spectra of Cyg X-3 (Szostek et al., 2008).
Panel a): PCA/HEXTE-RXTE spectra of Cyg X-3 between 1996–2000. Group 1:
continous red line; Group 2: dotted blue line; Group 3: dash-dotted black line; Group
4: long-dashed magenta line; Group 5: short-dashed green line. Panels b)-i): spectra
corresponding to observations in Tabel 3. Numbers indicate the observation epoch.
For representation purposes the spectra for epochs 20-1, 20-2 and 23 were considered
to pertain to Group 4.
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6.3

Milliarcsecond behaviour

Working with Green Bank Interferometer (GBI) radio data and ASM/PCA/
HEXTE RXTE X-ray data between 1996–2000, Szostek et al. (2008) classiﬁed
six radio/X-ray states of Cyg X-3. Four of them correspond to the radio
states previously identiﬁed by Waltman et al. (1994, 1995, 1996) using GBI
observations obtained during the period 1988–1992. Fig. 6.5, upper panel (an
adaptation of Figs. 4 and 6 of Szostek et al. 2008) shows the position of these
states in a log-log representation of the radio versus X-ray ﬂux, together with
the corresponding X-ray spectral groups with which they can be associated.
This schematic representation is purely phenomenological. It is based on the
above cited works as well as on the VLBI data that will be discussed further
on. The two transition levels, represented by the dashed lines, are chosen to
coincide with the values favoured by Szostek et al. (2008): 3 counts s−1 ASM
count rate and 300 mJy radio ﬂux density at 8.3 GHz.
Based on the monitoring campaigns with GBI (e.g. Waltman et al. 1994),
Ryle Telescope (e.g. Fender et al. 1997; Pooley 2006), RATAN-600 (e.g.
Trushkin et al. 2006, 2008), strong evidence is mounting that major ﬂares
of Cyg X-3 are preceded by periods of quenched radio emission. Szostek et al.
(2008) found that after a major ﬂare state the system is entering the minor
ﬂaring or the suppressed states, via the post-ﬂare stage. They also note that
the minor ﬂares happen during transitions, in both directions, between the
quiescence and the suppressed states. The changes through diﬀerent states
are mirrored by variations in the X-ray spectra. An approximate correspondence can be established between them (Szostek et al., 2008): spectral X-ray
group 1 is associated with the quiescence state, group 2 with the minor ﬂaring state, group 3 with the suppressed state, group 4 with the major ﬂaring
state, group 5 with the post-ﬂaring state. This was a summary of a few of the
characteristics of Cyg X-3 when the arcsec scale radio observations are considered. However, at VLBI scales (i.e. mas scales) extended radio emission (i.e.
jets) was resolved (Mioduszewski et al., 2001; Miller-Jones et al., 2004; Tudose
et al., 2007). Unfortunately, such high angular resolution radio observations
are much more sparse than those at lower angular scales and hence it is not yet
clear, for instance, what is the interplay between the radio emission from the
core and from the jets, or what is the exact nature of the jets themselves (discrete knots of adiabatically expanding plasma or internal shocks propagating
within a quasi-steady ﬂow).
In this context, despite the limited amount of data available at the moment,
an attempt at probing the behaviour of Cyg X-3 at mas scales has two important advantages over the arcsec scales approach: it potentially oﬀers a more
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accurate image of the system, free of possible ﬂux contamination from other
sources present in the ﬁeld of view, and it gives the opportunity to disentangle
the jet contribution to the total ﬂux density.
Fig. 6.5, middle panel, shows the relation between the soft X-ray and radio
emissions when both the contribution of the jet and core are taken into account
in the radio band. In the same ﬁgure, in the bottom panel, the contribution
of the jet to the radio ﬂux density has been removed. As mentioned at the
beginning of this section, the superimposed dashed lines should be taken as
guides for the eye and reﬂect the model of the radio/X-ray states of Cyg X-3
as proposed by Szostek et al. (2008). In deﬁning this scheme these authors
used GBI data at 8.3 GHz, but noted that the use of 2.25 GHz GBI data or the
15 GHz Ryle Telescope data yielded relatively similar results. This gives us
conﬁdence that the use of the two frequencies in our study, namely 5 GHz and
15 GHz, on the one hand should not infringe on the direct comparison with
their results, and on the other should not aﬀect signiﬁcantly any trend present
in the data due to the unaccounted for eﬀect of the shape of the radio spectrum
at the moment of the observations. Regarding this latest aspect we also add
that after the onset of an outburst period, that is when the system is in the
major ﬂaring, post-ﬂaring or minor ﬂaring state, the radio spectrum between
5 and 15 GHz is usually optically thin (Miller-Jones et al., 2004; Trushkin
et al., 2006; Lindfors et al., 2007; Trushkin et al., 2008; Miller-Jones et al.,
2009) which means that the 15 GHz ﬂux densities from Table 6.2 and Fig. 6.5
corresponding to these three states are likely lower limits for the unknown 5
GHz ﬂux densities. But again, given the log-log representation of Fig. 6.5,
this should not aﬀect any of the conclusions to follow.
With respect to Fig. 6.5, middle panel, acknowledging the small number of
observations, the mas scale behaviour of Cyg X-3 does seem consistent with
the arcsec scale one reported by Szostek et al. (2008) in their Figs. 4 and 5,
at least from the point of view of the overall distribution of points and the
normalization.

6.3.1

Quiescence state

The observations 14, 15, 16 and 17 strongly suggest that the system was in
the quiescence state: the levels of the radio and X-ray emissions as well as
the apparent correlation between them are those expected, but note that the
X-ray data is not simultaneous with the radio on two of the epochs.
The observation 21 (2007 Jun 25) requires some discussion. About three
weeks before, Cyg X-3 exhibited a major ﬂare (Trushkin et al., 2007) with the
peak ﬂux density on 2007 Jun 1. Within one week the ﬂux density decreased
signiﬁcantly, from ∼3.5 Jy down to ∼200 mJy and the monitoring stopped.
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Figure 6.5: Top: The radio/X-ray states of Cyg X-3 as proposed by Szostek et al.
2008. The numbers correspond to the X-ray spectral group. The transition levels at
3 counts s−1 and 300 mJy are chosen to coincide with those used in the above cited
reference. The curved dashed line is a guide for the eye and mirrors the trend found
by those authors. Middle: Quasi-simultaneous radio/X-ray emission of Cyg X-3 when
the radio emission of core and jet are both considered (data from Table 6.2). Radio
data at 5 GHz represented with open circles and at 15 GHz with open squares. The
numbers correspond to the observation number (ﬁrst column of Table 6.2). Bottom:
The same as middle panel, but this time only the radio emission from the core of the
system is taken into account.
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No further indication with respect to the immediate radio evolution exists.
However, one might make the case that during the observation 21 the system
was likely in quiescence. It might be that after the major ﬂare faded away,
Cyg X-3 passing through the post-ﬂare state entered the minor ﬂaring state
(via the suppressed state perhaps) and from there ended up in the quiescence.
Then the jet observed on 2007 Jun 25 (Fig. 6.1), if real (see section 6.2.1), is
the reminiscence of the excursion in the minor ﬂaring state. Support for this
scenario comes from the ASM X-ray data. After the major ﬂare about 2007
Jun 1 the X-ray emission became harder, with count rates decreasing steadily
from around 12 counts s−1 down to the transition level of 3 counts s−1 about
10 days later. The system crossed the threshold and after reaching 2 counts
s−1 evolved back towards softer X-ray emission, crossed again the transition
level and, ﬁnally, made a last pass over the 3 counts s−1 limit (close to 2007
Jun 20), ending up in the region of ∼2 counts s−1 (and going dimmer) where
it was probed by the radio observation of 2007 Jun 25.

6.3.2

Suppressed state

During the observation 18 Cyg X-3 was very likely in a suppressed state (see
Fig. 6.4 of Trushkin et al. 2006). This state, introduced by Szostek et al.
(2008), is characterized by the fact that it is not immediately followed by a
major radio ﬂare.
The isolated observation 13 on 2002 Feb 15 is quite hard to classify with
certainty. The only independent radio information available is from the unpublished Ryle Telescope data on G.G. Pooley’s web page1 : the system was
in a kind of suppressed state, just a few days before a quenched state.

6.3.3

Quenched state

On 2008 Apr 9 (observation 22; Fig. 6.1) Cyg X-3 was at the level of 4 mJy
at 5 GHz. The system was in a quenched radio state. This is the faintest
radio VLBI detection of Cyg X-3 at cm wavelengths so far. Two weeks later
the system was already in an active state (observations 23, 24, 25). Such a
behaviour is consistent with previous observations showing that major radio
ﬂares of Cyg X-3 are preceded by periods of quenched radio emission.

6.3.4

Major ﬂare/post ﬂare states

Two weeks after the faint radio detection on 2008 Apr 9, a series of three
e-EVN observations (23, 24 and 25; Fig. 6.1), separated by 2 days followed.
1

http://www.mrao.cam.ac.uk/∼guy/cx3/2002.ps.gz
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Meanwhile the system underwent a major outburst with the peak on 2008 Apr
18 (see Fig. 6.2) and these observations actually reveal Cyg X-3 during the
descending stage of the ﬂare (however, note the signiﬁcant rebrightening on
2008 Apr 27). X-ray spectra were also available on these dates (Table 6.3).
For observation 23 it is not clear to which group the spectrum belongs; it
might be group 3 or 4. Given the fact that the next two observations show
spectra pertaining to groups 5 and 4 respectively, the likely interpretation is
that the system didn’t have time to reach the suppressed state by the time of
observation 23, but was rather still in the major ﬂaring/post-ﬂaring states.
On 2006 Apr 20 and 2006 May 18 (observations 19 and 20; Fig. 6 of Tudose
et al. 2007) Cyg X-3 was observed a few weeks and a few days respectively
after the peak of two major ﬂares. In the ﬁrst instance the system was in a
post-ﬂare state, while in the second very likely still in the ﬂare state. The
X-ray spectrum taken on 2006 May 17 (Table 6.3) does not permit a clear
classiﬁcation, but given the radio data (e.g. the presence of a resolved jet) it
would be perhaps reasonable to expect that the spectrum belongs to group 4.
The observations 1 to 3 started two days after a major ﬂare and were made
when the system was in the major ﬂare/post-ﬂare states (Fig. 6.1 of Mioduszewski et al. 2001). Much like during the e-EVN observations of 2008 Apr,
a rebrightening event was detected on 1997 Feb 11, which can very likely be
associated with the core of the system.
Some very interesting data were taken in 2000 Apr (observations 4, 5 and
6). No reference was found in the literature to these runs. According to
unpublished Ryle Telescope data2 , the observations were made within a couple
of days after two major outbursts. During observation 4 the system was in a
major ﬂare/post-ﬂare state in which it persisted also during the observation
5, as suggested also by the X-ray spectrum (Table 6.3) with characteristics
particular to group 5. Regarding observation 6, judging by the radio data
alone, Cyg X-3 seemed to have been in a major ﬂare/post-ﬂare state. However,
the X-ray data (Table 6.3) is intriguing since it suggests that the spectra
changed during the run from group 4 to group 3, i.e. the system switched
from the ﬂare state to the suppressed state. In the context of the model of
Szostek et al. (2008), such an evolution is to be expected but not at this quite
high radio ﬂux density. Recalling the situation of the observation 20 for which
the X-ray spectrum revealed ambiguity with respect to the exact classiﬁcation
we can note that in both cases, i.e. observations 6 and 20, the radio emission
can be disentangled into a core component and a jet component (although for
observation 6 it was impossible to identify with certainty the location of the
core; see section 6.2.3). The high radio ﬂux density in these cases is due to
2

http://www.mrao.cam.ac.uk/∼guy/cx3/2000.ps.gz
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the jet component, while, perhaps, in fact the core of the system was already
close to the suppressed state (see the location of observation 20 in Fig. 6.5,
bottom panel, after removing the jet component). Anyway, this implies that
very quick spectral changes are possible in the core of the system.
A very good coverage of the evolution of a major ﬂare was obtained in 2001
Sep (observations 7–12; Fig. 6 of Miller-Jones et al. 2004). Cyg X-3 was
observed at or slightly after the peak of the outburst and during the dimming
phase. It is no doubt that these data correspond to the major ﬂare state of
the system.

6.3.5

Jet/core disentanglement

So far, the focus of the discussion was on the mas behaviour of Cyg X-3
when the radio emission from both the core and jet were taken into account.
Removing this latter component of the radio emission, we obtained the plot
represented in Fig. 6.5, bottom panel. The trend in the distribution of the
points observed at mas scale in Fig. 6.5 middle panel and which looks so similar
to that observed at arcsec scales by Szostek et al. (2008) is lost. Basically what
happens is that the data in Fig. 6.5 corresponding to the major ﬂare/post-ﬂare
states, in which the jet emission is dominant, are shifted towards lower radio
ﬂux densities thus blurring the classiﬁcation of the states, roughly speaking,
beyond and below the respective ad-hoc X-ray and radio transition levels.
While these states may be able to be classiﬁed via their X-ray spectra, the
radio emission cannot be used as a diagnostic here.
The important conclusion is that since in active states most of the radio
emission is not coming from the core then during outbursts the overall radio
ﬂux is not a direct tracer of the accretion state.
However, when the overall radio ﬂux is considered we do observe an anticorrelation/trend between the radio and X-ray emissions in the ﬂare/postﬂare states (Fig. 6.5, middle and Fig. 6.4 of Szostek et al. 2008). Moreover,
also in the soft X-ray states of the system (more precisely on the major ﬂare
branch and part of the post-ﬂare branch) Szostek et al. (2008) found a correlation/trend (their Fig. 7) between the radio emission and the hard X-rays in the
energy band 20–100 keV as measured by the Burst and Transient Source Experiment (BATSE) on-board the Compton Gamma-Ray Observatory. These
correlations or, more conservatively, trends are quite interesting and deserve an
explanation attempt. Using arcsec scale radio data Lindfors et al. (2007) and
Miller-Jones et al. (2009) ﬁtted satisfactorily the light curves of Cyg X-3 during
minor as well as major outbursts. They employed a shock-in-jet model originally developed by Marscher & Gear (1985) and later generalized by Türler
et al. (2000). The model assumes an adiabatically expanding, conical, con122
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stant Doppler factor jet through which a shock is propagating. Stronger radio
ﬂares seem to evolve on longer timescales than the fainter ones, consistent
with the formation of the shocks downstream in the jet, further away from
the core of the system. With this in mind, the radio/X-ray trends mentioned
above can be qualitatively explained within the truncated disc model of the
X-ray states (Remillard & McClintock 2006; Done, Gierliński & Kubota 2007
for reviews). In the soft X-ray states the innermost region of the accretion
disk is relatively close to the compact object and slowly recedes further away
as the outburst proceeds. As the disc gets colder the level of the soft X-rays
(i.e. ASM and PCA energy bands) is decreasing, while the corona starts to
build up leading to an increase in the hard X-rays (i.e. HEXTE and BATSE
energy bands). Therefore stronger radio ﬂares, which tend to peak at later
times, will be associated with states in which the accretion disc is truncated
further away from the compact object, where the soft X-ray levels are lower
and the hard X-ray levels are higher. This explanation is reasonable, but it
should be noted that other factors are likely to be involved in the behaviour
of Cyg X-3 during major outbursts. For instance the interaction of the jet
with the interstellar medium or the stellar wind from the companion is to be
expected during major ﬂares. The external shocks thus formed will perhaps
contribute a fair amount of radio synchrotron radiation to the overall radio
emission. Unfortunately the environment of Cyg X-3 is poorly known, and
given also the orientation of the jets in the system, supposedly close to the
line of sight, make any such estimations uncertain.
Continuing the discussion on the multi-wavelength behaviour, in some XRB
systems in hard X-ray states correlations seem to exist between the radio
and X-ray emissions. Also, above some X-ray ﬂux, in the soft X-ray states,
the radio emission drops signiﬁcantly. These properties are relatively well
established in the case of black hole XRBs (BHXRBs) [Corbel, Nowak, Fender,
Tzioumis & Markoﬀ 2003; Corbel, Koerding & Kaaret 2008; Gallo, Fender &
Pooley 2003; Gallo, Fender, Miller-Jones, Merloni, Jonker, Heinz, Maccarone
& van der Klis 2006] and very tentative in the case of neutron star XRBs
(NSXRBs) [Migliari, Fender, Rupen, Jonker, Klein-Wolt, Hjellming & van der
Klis 2003; Migliari & Fender 2006; Tudose, Fender, Linares, Maitra & van
der Klis 2009]. A similar behaviour is observed as well in Cyg X-3, as can
be seen in Fig. 6 of Szostek et al. (2008) and Fig. 6.5 of the present work.
Unfortunately, this does not oﬀer important hints with respect to the nature
of the compact object in the system.
Looking forward to the future, an increase in the number of high resolution
observations should oﬀer more insights into the complex behaviour of Cyg X-3.
But the quantity of observations in itself is not a guarantee of advancement.
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Ideally one would have to probe the system in diﬀerent stages of its evolution.
This is certainly doable. Our VLBI detection of the system in a relatively deep
quenched state (2008 Apr 9) shows that Cyg X-3 can be traced over a very
broad range of ﬂux densities. So far the VLBI observations have been performed almost exclusively in response to major outbursts and if they happen
to catch Cyg X-3 in a diﬀerent state it was mainly due to the slow reaction
time of the radio facilities after the triggering. With proper planning, it is
possible to trigger on the pre-ﬂare quenched state to observe a major ﬂare at
high resolution right from the onset to the end. The e-VLBI technique, with
its rapid turnaround time would then allow to optimize the response to such
an outburst by modifying the observing strategy in real time as necessary to
best track the development of the ﬂare. Furthermore, it can oﬀer the practical
possibility to observe more ephemeral states (like perhaps the post-ﬂare) in
which the system spends only days to weeks.

6.4

Conclusions

We have reported new e-VLBI radio observations of Cyg X-3 and analyzed
them together with previous e-EVN and archival VLBA data. Support MERLIN observations were also presented. We have complemented the radio observations with quasi-simultaneous X-ray data: ASM-RXTE, and in a few cases
pointed PCA/HEXTE-RXTE.
It was found that the behaviour of Cyg X-3 at mas scales, as probed here,
is well described by the radio/X-ray classiﬁcation scheme proposed by Szostek
et al. (2008) based on arcsec scale radio observations, when the whole contribution of the system to the radio ﬂux density is taken into account (i.e.
radio emission from both jet and core). More precisely, this means that our
results are in good agreement with those obtained by Szostek et al. (2008)
from the point of view of the evolutionary track followed by the system in the
radio ﬂux density/X-ray count rate plane as well as from the point of view of
the overall normalization of this pathway. Equally important, we didn’t ﬁnd
any clear evidence for departures in the behaviour of Cyg X-3 from that expected within the above mentioned model. Some minor question marks were
indeed raised by a few observations, but given the small data set available no
conﬁdent conclusion can be inferred with respect to their origin, statistical or
otherwise.
However, when the contribution of the jet to the total radio ﬂux density is
removed, and therefore only the radio emission corresponding to the core is
considered, the situation changes signiﬁcantly. What is obvious is that when
Cyg X-3 is in an active state (for sure during the major ﬂaring and most of
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the post-ﬂaring states) the observed radio ﬂux density at cm wavelengths is
dominated by the emission from the jet. Hence the data imply that during
these states there is no unambiguous connection between the accretion state
and the total radio emission.
The mas behaviour of Cyg X-3 during major outbursts seems consistent
with the shock-in-jet model (Lindfors et al., 2007; Miller-Jones et al., 2009)
but the interaction of the jet with the surrounding medium should also play a
role although its importance is not known for the moment. Hence the more intimate relation between the radio emission of the core and the jet with respect
to the radio/X-ray states of the system is not evident from the observations
analyzed here. At least partially this is due to the limited size of our data set:
only in a few epochs was a jet component present and its contribution to the
radio ﬂux quantiﬁed. Then the systematic errors associated with the identiﬁcation of the location of the core might play an important role in altering
any such relation. But the prospects for the future are not at all bleak. We
have shown that the VLBI technique can be a powerful tool in probing the behaviour of Cyg X-3. Carefully chosen observational set-ups (particularly with
respect to the selection of the phase referencing calibrator) and, importantly,
a better knowledge of the proper motion of the system, will no doubt alleviate
some of the diﬃculties we encountered in the present analysis.

Acknowledgments
The European VLBI Network (EVN) is a joint facility of European, Chinese, South African and other radio astronomy institutes funded by their
national research councils. e-VLBI developments in Europe are supported
by the EC DG-INFSO funded Communication Network Developments project
“EXPReS”, Contract No. 02662. The National Radio Astronomy Observatory (NRAO) is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc. The X-ray data were
provided by the ASM/RXTE teams at MIT and at the RXTE SOF and GOF
at NASA’s GSFC. AS is supported by the European Community via contract
ERC-StG-200911.

125
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Een röntgen-dubbelstersysteem (XRB) is een systeem waarin een compact object (een neutronenster of een zwart gat) materie aantrekt en opneemt van
een begeleidende (donor) ster via een zogenaamde accretieschijf of via de sterwind. Een gedeelte van de materie wordt soms uitgestoten in de vorm van
gebundelde uitstromingen, ook wel jets genoemd.
XRBs kunnen worden ingedeeld in neutronenster XRBs (NSXRBs) en zwarte gaten XRBs (BHXRBs). Onafhankelijk van de aard van het compacte object kan men een andere classiﬁcatie gebruiken gebaseerd op de massa van de
begeleidende ster: lage massa XRBs (LMXRBs) en hoge massa XRBs (HMXRBs). De donorster in een LMXRB heeft over het algemeen een massa lager
dan die van de zon en draagt zijn materie over via het proces van het overstromen van de Roche lob (Roche lobe overﬂow). Voorbeelden zijn witte dwergen,
late hoofdreekssterren, A sterren of F tot G sub-reuzen. In het geval van HMXRBs is de donor ster een Be-ster of een superreus en gaat de massa-overdracht
via sterwind òf Roche lobe overﬂow.
Tot op heden zijn er 187 LMXRBs bekend in het melkwegstelsel en de
Magellaanse wolken, 114 HMXRBs in het melkwegstelsel en 128 HMXRBs in
de Magellaanse wolken. 56 LMXRBs en 9 HMXRBs hiervan zijn gedetecteerd
in de radioband, en er worden er voortdurend meer gevonden.
BHXRBs zijn het grootste gedeelte van hun leven rustig en ondergaan plotselinge, heldere en meestal maandenlange uitbarstingen met een karakteristieke herhalingstijd van jaren. In sommige BHXRBs zijn de jets ruimtelijk opgelost. Het meest spectaculair zijn de jets in GRS 1915+105 en GRO J1655-40
die schijnbare bewegingen sneller dan het licht vertonen.
Op grond van hun röntgen-spectrum en -variabiliteit worden NSXRBs geclassiﬁceerd als Z of Atoll bronnen. De Z-klasse bevat een half dozijn objecten waarin de accretie bijna de Eddington limiet bereikt. Ze zijn allemaal
waargenomen bij radiogolﬂengtes en vertonen variabele emissie bij centimetergolﬂengtes. Voor twee Z-bronnen, Sco X-1 en Cir X-1, is de radio-emissie ruimtelijk opgelost en de bewijzen laten geen twijfel dat er in deze systemen ultrarelativistische uitstromingen aanwezig zijn. Op schalen van boogseconden laat
127

Samenvatting
de jet in Cir X-1 schijnbare beweging sneller dan het licht zien. De Atoll-type
NSXRBs vormen de grootste groep van XRBs. Door hun systematisch lagere
radioﬂux (ten minste één orde van grootte lager dan voor Z-bronnen) bij gegeven röntgenﬂux zijn er vergeleken met BHXRBs maar een paar waargenomen
in het radio gebied. Opvlammingen komen ook veel voor in NSXRBs, en bijna
alle radiowaarnemingen zijn gedaan in deze actieve perioden.
Naast bestaande methoden die eerder gebruikt werden door andere onderzoekers wordt er in dit proefschrift ook voor het eerst gebruik gemaakt van
een nieuwe benadering in de zeer lange basislijn radio-interferometrie, namelijk
e-VLBI.
Zeer lange basislijn radio-interferometrie (VLBI) is een techniek waarbij
radiosignalen van verschillende radiotelescopen (tot duizenden km van elkaar)
die tegelijkertijd hetzelfde gedeelte van de hemel waarnemen, coherent worden
gecombineerd. Het netto resultaat is een enorme verbetering (met ordes van
groote) van het ruimtelijk oplossend vermogen vergeleken met dat wanneer er
slechts één antenne wordt gebruikt. De studie en ontwikkeling van de techniek
van de apertuur-synthese, die leidde tot de geboorte van VLBI, leverde Martin
Ryle de Nobelprijs voor de natuurkunde op in 1974 (gedeeld met Antony
Hewish).
De gegevens verkregen met elke radiotelescoop worden lokaal op schijven
opgeslagen, met daarbij een zeer precies tijdmerk, vaak van een atoomklok.
De schijven worden dan verscheept naar een centrale verwerkingsinstallatie,
de correlator, waar de gegevens gecombineerd worden.
e-VLBI is een nieuwe versie van de VLBI-techniek die bestaat uit het overdragen van de data van de radiotelescopen naar de correlator via het internet
en op bijna hetzelfde moment correleren van de data. Qua tijd is dit een
enorme verbetering vergeleken met de traditionele methode. Op deze manier
bereiken de gegevens de eindgebruiker in dagen in plaats van weken. e-VLBI
biedt dus nieuwe mogelijkheden voor het bestuderen van tijdelijke radiobronnen (radio transients). Het vermogen snel te reageren bevordert een eﬃciënter
besluitvormingsproces ten aanzien van mogelijke vervolgwaarnemingen en niet
slechts bij radiogolﬂengtes. De hoge reactiesnelheid maakt het bovendien mogelijk om bijna instantaan de waarneemstrategie aan te passen om de ontwikkeling van het tijdelijke verschijnsel zo goed mogelijk te volgen.
Hoofdstukken 2 en 3 presenteren een verzameling gegevens die bijna 10 jaar
aan waarnemingen omvat van een eigenaardige NSXRB, Circinus X-1. Bijzonder aan dit systeem is dat het tegenstrijdige röntgen-eigenschappen vertoont
(soms laat het eigenschappen van een Z-bron zien en op andere momenten die
van een Atoll-bron) en dat het dubbelstersysteem is, ingebed in een radionevel.
Tot nu toe is slechts één andere XRB bekend, SS433, met vergelijkbare morfo-
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logie. De gegevens zijn verkregen met de Australia Telescope Compact Array
(ATCA) bij 1.4, 2.5, 4.8 en 8.6 GHz en tonen de ontwikkeling van de radio jet
in het systeem gedurende het decennium dat het in de gaten is gehouden (op
boogminuut [hoofdstuk 2] en boogseconde [hoofdstuk 3] schalen).
Hoofdstuk 4 gaat over de geschiedenis van de uitbarstingen van de NSXRB
Aquila X-1 in de laatste ∼ 10 jaar. Dit object is een zachte röntgenbron
die quasi-periodiek, ongeveer één keer per jaar, terugkerende uitbarstingen
vertoont. Het onderwerp is de schijf-jet koppeling in het systeem, waarbij
er in het bijzonder gekeken wordt naar 3 uitbarstingen die quasi-simultaan
zijn waargenomen bij verschillende golﬂengtes: röntgen (Rossi X-ray Timing
Explorer-RXTE), optisch (Small and Moderate Aperture Research Telescope
System-SMARTS) en radio (Very large Array-VLA, 4.9 and 8.4 GHz).
Hoofdstukken 5 en 6 doen verslag van VLBI-waarnemingen van de XRB
Cygnus X-3, een behoorlijk exotisch systeem met een compact object van onzekere aard. Hoofdstuk 5 presenteert enige van de eerste wetenschappelijke
resultaten die verkregen zijn met de e-VLBI-techniek. De waarnemingen zijn
uitgevoerd bij 5 GHz met de e-EVN. Hoofdstuk 6 test een eerder voorgestelde
classiﬁcatie van de radio/röntgen toestanden van Cygnus X-3 met gegevens
met een goed ruimtelijk oplossend vermogen. 5 GHz e-EVN waarnemingen,
5 GHz Multi-Element Radio Linked Interferometry Network (MERLIN) gegevens, en 5 en 15 GHz Very Long Baseline Array (VLBA) archiefgegevens
werden gebruikt samen met RXTE waarnemingen.
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Högbom J. A., 1974, A&AS, 15, 417
Hynes R. I., Haswell C. A., Cui W., Shrader C. R., O’Brien K., Chaty S.,
Skillman D. R., Patterson J., Horne K., 2003, MNRAS, 345, 292
Hynes R. I., Robinson E. L., Pearson K. J., Gelino D. M., Cui W., Xue Y. Q.,
Wood M. A., Watson T. K., Winget D. E., Silver I. M., 2006, ApJ, 651, 401
Hynes R. I., Steeghs D., Casares J., Charles P. A., O’Brien K., 2004, ApJ,
609, 317
Iaria R., D’Aı́ A., Lavagetto G., Di Salvo T., Robba N. R., Burderi L., 2008,
ApJ, 673, 1033
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