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Promotiecommissie:
Promotor:
Co-promotor:

Prof. dr. M.B.M. van der Klis
Prof. dr. R.P. Fender

Overige leden:

Prof. dr. E.P.J. van den Heuvel
Prof. dr. R.A.M.J. Wijers
Prof. dr. W. Hermsen
dr. R.A.D. Wijnands
dr. T.M. Belloni
dr. P. Casella

Faculteit der Natuurwetenschappen, Wiskunde en Informatica

The research reported in this thesis was carried out at the Astronomical
Institute Anton Pannekoek, at the Universiteit van Amsterdam, The Netherlands.

Che fai tu, luna, in ciel? dimmi, che fai,
silenziosa luna
Sorgi la sera, e vai,
contemplando i deserti; indi ti posi.
Ancor non sei tu paga
di riandare i sempiterni calli?
Ancor non prendi a schivo, ancor sei vaga
di mirar queste valli?
Giacomo Leopardi,
Canto notturno di un pastore errante dell’Asia

A mia mamma,
perché mi ha insegnato a non demordere, mai
A mio papà,
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1

Introduction
Oh Paolo, veramende,
ci devi credere!
Mario Valvo

This thesis has the aim of studying the connection between accretion processes and ejection mechanisms around low-magnetic ﬁeld neutron stars and
black holes in X-ray binaries. These systems are the most powerful objects
in our Galaxy and they constitute a source of energetic particles that deeply
aﬀect the surrounding medium. In this Chapter I provide an overview on the
physics of X-ray binaries and I describe the techniques adopted to investigate
them.

1.1

X-ray binaries

X-ray binaries (XRBs, see Figure 1.1) are binary systems in which a compact
object, either a neutron star (NS) or a stellar-mass black hole (BH) accretes
matter from a companion star. Depending on the evolutionary stage of the
donor star, on its mass and on the mass ratio between the two objects in the
binary system, the accretion of matter can be be driven by two diﬀerent mechanisms. If the donor is a massive-early type star (with mass M & 10M⊙ ), the
stellar wind plays the major role in accreting matter onto the compact object.
If the companion is a low-mass star (M . 1M⊙ ), the accretion is driven by
Roche-lobe overﬂow. In this case, the mass transfer can be triggered by the
evolution of the companion star that expands until it ﬁlls its Roche lobe. Another possibility is that the binary orbital separation reduces until the donor
Roche lobe shrinks to the star surface. In both cases, matter starts falling
onto the compact object.
1
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Figure 1.1: Artist’s impression of an X-ray binary system, in which all its main
elements are marked. Illustration from R. Hynes, 2001.

Here I will focus on Roche-lobe overﬂow systems, although in one XRB examined in this thesis (Cir X-1, Chapters 3 and 4) the accretion by stellar wind
could be signiﬁcant.
When the accretion process begins, matter falls onto the compact object because of its gravitational attraction. In the case of XRBs, the infalling matter
has a high angular momentum and it orbits circularly around the accretor
instead of falling radially on it. If the timescale of the energy losses through
viscous dissipation is shorter than the time needed to redistribute the angular
momentum in the ring, a sequence of circular annuli of matter with decreasing
radius forms (Pringle & Rees 1972). This conﬁguration is called accretion disc.
Accretion processes onto compact objects are among the most powerful
phenomena associated with XRBs. Viscous stresses convert the kinetic energy
of the infalling matter into radiative emission (Shakura & Sunyaev 1973). The
bulk of the radiation is emitted in the X-ray band from the hottest regions
of the accretion disc, in the vicinity of the compact object, where the disc
temperature has typical values of ∼ 107 keV or more. In the outer regions,
the disc emission is dominated by infrared and optical radiation.
However, a comprehensive study of XRBs can not just focus on the accretion processes. In fact, it has been well established that ejections of matter
(jets) are a fundamental component of XRBs. Jets are anti-parallel outﬂows
launched at relativistic velocities from the vicinities of the compact object. As
in the case of supermassive black holes in Active Galactic Nuclei (AGN), we
2
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associate jets with the majority of BHs in binary systems (e.g. Swift J1753.50127, Chapter 6, see also Chapter 7), as well as some NSs (e.g. Cir X-1,
Chapter 4). There is strong evidence that, at least under some accretion conditions, the jet is the main energy output from BH binaries. Its contribution
dominates the radio part of the spectrum, extending to infrared and in some
cases to optical frequencies, possibly up to X-ray frequencies.
This suggests that, although X-ray observations are a privileged instrument to
investigate XRBs, a multiwavelength approach is necessary to have a complete
picture. X-ray observations allow to study the accretion ﬂow in regions where
strong-gravity laws apply: XRBs are one of the few laboratories in the universe
in which we can test the theory of the general relativity in a spacetime highly
aﬀected by the presence of the compact objects, under conditions that we can
not reproduce on Earth. Making use of observations at other wavelenghts, we
can study the mechanisms responsible for the accelerations of particles, their
collimation and their interaction with the surrounding medium, yet poorly
understood phenomena.
In the next section I will describe the observing techniques that I used to
study the coupling between accretion processes and ejection mechanisms in
XRBs, as well as the interaction of the ejecta with the surrounding medium.

1.2

X-ray observations of X-ray binaries

In this thesis three diﬀerent approaches are used to investigate the properties
of XRBs: timing analysis, spectral analysis and imaging.

1.2.1

Timing analysis

Timing techniques constitute one of the main instruments to study the matter accreting onto the compact object. By means of the analysis of the rapid
variability (on millisecond scale) in the X-ray emission we can probe the properties of the matter orbiting in the inner accretion ﬂow, in regions dominated
by strong-gravity ﬁelds. The main analysis tool is Fourier analysis used to
calculate power density spectra of the X-ray ﬂux time series. By applying a
Fourier transform to the ﬂux time series, we can obtain an estimate of the
variance, in terms of power density Pν , as a function of the Fourier frequency
ν (see van der Klis 1989 for the details). In other words, by using the Fourier
analysis, we study the data in the frequency domain (i.e. power density spectrum) rather than in the time domain (i.e. the light curve). In this way we
can easily spot the presence of periodicities or quasi periodicities (in case the
frequency of the signal is not perfectly constant) in the light curve. Highly co3
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Figure 1.2: Low-frequency QPOs in the BH XTE J1859+226, adapted from Casella
et al. (2004). The QPOs are named after Wijnands, Homan & van der Klis (1999)
and Remillard et al. (2002). The poissonian noise has not been subtracted from the
spectra.

herent features, such as pulsations in accreting millisecond X-ray pulsars (see
Wijnands & van der Klis 1998), would appear as single frequency-bin spikes.
In this thesis I focus on aperiodic structures, that are spread over several frequency bins, usually in the mHz-kHz frequency range. Figure 1.2 shows typical
power density spectra of BHs. Although the centroid frequency of these peaks
(quasi-periodic oscillations, QPOs) detected in some BHs can be as high as
∼ 450 Hz, in this thesis I focus on low frequency features (ν . 20 Hz, Chapter
2). Figure 1.3 shows several power spectra typical of high-luminosity NSs,
the so called Z sources (Hasinger & van der Klis 1989). They feature broad
structures that can be deﬁned as “noise” (e.g. the VLFN, very low-frequency
noise in Figure 1.3) as well as QPOs (e.g. the normal and horizontal branch
oscillations, NBO and HBO, respectively). Although NS Z sources can show
“kHz” QPOs with frequencies of up to more than 1200 Hz, in Chapter 3 we
dealt only with QPOs with frequencies ν . 60 Hz.
Both Figure 1.2 and 1.3 show the power spectra in the canonical representation, with the power Pν on the y axis. However, in Chapter 3 all the power
4
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LFN
HBO

2

Power [(rms/mean) /Hz]

sub.
fund.
harm.

VLFN

NBO

HBO

LFN

FBO

LFN

VLFN

Frequency (Hz)

Figure 1.3: Power density spectra of the Z source GX 17+2, adapted from Homan
et al. (2002). The QPOs are named after Hasinger & van der Klis (1989).

spectra will be presented in the power times frequency (ν Pν ) representation
(see Belloni, Psaltis & van der Klis 2002). This form has the advantage to
show on a logarithmic plot directly the strength of the signal (the integrated
rms amplitude of a component in the power spectrum is proportional to the
square root of the integrated power of the ﬁtting components), as well as to
emphasize high frequency features.
Despite several years of X-ray observations of XRBs at high time resolution,
no exhaustive and complete physical model is available to interpret the X-ray
variability features in the power spectra and robustly relate them to typical
timescales of the accretion ﬂow (see van der Klis 2006 for a review; see also
Chapter 2). Nevertheless, following Belloni et al. (2002), a uniﬁed phenomenological description of these timing features is possible by ﬁtting the power
density spectra with a superposition of power spectral multi-Lorentzian components. A Lorentzian is the Fourier transform of an exponentially damped
harmonic oscillator. Although the use of this function allows to ﬁt power
spectra reasonably well and to follow the evolution of the peaks in terms of
frequency and strength, there is no physical reason to prefer Lorentzians to
other functions, e.g. Gaussians plus power laws. The big advantage of a uni5
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ﬁed description is the possibility of comparing directly diﬀerent observation
and sources, in relation to other observational parameters.

1.2.2

Spectral analysis

Broad-band spectral modelling is essential to understand the physical origin of
the emitting components of XRBs, both the accretion ﬂow and the jet. Fitting
the energy spectra (usually by means of χ2 test statistics) and assuming certain
spectral models, we can directly investigate the geometry of the inﬂow and
the outﬂow, and their contribution to the total energy output of the system.
This is fundamental also to infer how the accretion/ejection coupling works.
Analysis of X-ray spectra will be presented in Chapters 5 and 6. Although
the properties of the accretion ﬂows of BHs are not always well determined
and there is debate on many issues (as discussed in Chapter 5), their spectra
can be usually modelled using a combination of the following components: 1)
a multi-temperature disc-blackbody model to account for the accretion-disc
emission; 2) a Gaussian function to describe reﬂection features (like highly
ionized iron emission lines) from the disc; 3) a Comptonization model (often
a power law) to ﬁt what is though to be the Comptonized emission of the soft
photons from the accretion disc by a “corona” of hot electrons. There is now
robust evidence that the jet contributes to the energy spectrum of BHs from
radio to infrared frequencies, possibly up to optical and X-ray frequencies. In
Chapter 6 we qualitatively investigate the properties of the jet by means of
simultaneous radio and optical/infrared observations.
Although ﬁtting models has the advantage of giving direct information on
the values of physical quantities (the spectral parameters), it has the inconvenience to depend strongly on the models that we are using. A modelindependent approach that is widely adopted makes use of the X-ray colours to
roughly estimate the spectral properties of XRBs. Colours are hardness ratios
between the X-ray counts (the number of photons detected) in two diﬀerent
broad energy bands. Plotting two colours against one another (colour-colour
diagram, CD) or a colour versus the count rate (hardness-intensity diagram,
HID) is a powerful tool to trace recurrent characteristic patterns occurred by
XRBs. The energy bands used to create the colours are about the same within
the same class of XRBs (BHs or NSs).
Figure 1.4 shows an HID from an outburst of the BH GX 339-4 (from Belloni
et al. 2005). The position of a source in the X-ray HID can be used to infer its
spectral status, that has connections also to the properties of the jet (Tananbaum et al. 1972; Fender, Belloni & Gallo 2004). Although the mass accretion
rate is probably one of the parameters that drive the transition between the
states, we still do not fully understand how and why transition happens and
6
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SIMS

PCU2 Count Rate

1000

100

HIMS

HS

LS
10

0.1

1
Hardness

Figure 1.4: HID of the 2002/2003 outburst of the BH GX 339-4, from Belloni et
al. (2005). The rectangles mark four diﬀerent spectral states: the low/hard state
(LS), the high/soft state (HS), the hard-intermediate and the soft intermediate states
(HIMS and SIMS, respectively). See Chapters 2 and 6 for more details on the states.

which other parameters interfere.

1.2.3

Imaging

Observations at high spatial resolution are a key instrument to study the morphology of the outﬂows from XRBs and their interaction with the interstellar
medium (see Chapter 4). Although we can spatially resolve jets at radio frequencies from the early stages of the X-ray astronomy (in the seventies), only
the advent of the Chandra X-ray Observatory and the XMM-Newton satellite
(in the last decade) made possible to resolve them at X-ray frequencies. Figure 1.5 shows the Chandra images (obtained at diﬀerent epochs) of the X-ray
jets from the BH XTE J1550-564 (Corbel et al. 2002). The proper motion
of the jets and the variations of their luminosity can be measured to infer
the properties of the surrounding medium and the mechanisms responsible for
7
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Figure 1.5: X-ray images of the arcsec-scale jets from the BH XTE J1550-564
(Corbel et al. 2002), obtained with Chandra observations.

their emission. When used together with the spectral analysis, the imaging
is a fundamental tool to infer the physical mechanisms at the base of the jet
emission and the energetic of the particles responsible for that. In Chapter 4
we illustrate such an example applied to the NS XRB Cir X-1.

1.3
1.3.1

X-ray binaries: classification and X-ray states
Neutron star X-ray binaries

Observationally, low-magnetic ﬁeld neutron stars can be classiﬁed into two
main groups, according to their X-ray spectral and timing properties. Based
on the pattern that they draw in an X-ray CD, Hasinger & van der Klis (1989)
named them Z sources and atoll sources (Figure 1.6).
Atoll-type NS XRBs constitute the big majority of low-magnetic ﬁeld accreting neutron stars. They display a broad range of X-ray luminosities usually with values in the range ∼ 0.01 − 0.5 LEdd (where LEdd is the Eddington
luminosity). This class possibly includes also the accreting millisecond Xray pulsars and several faint and very faint (with X-ray luminosities below
8
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Figure 1.6: Panels a and b: CDs of two atoll sources, 4U 1608-52 and GX 9+1,
respectively. Panel c: typical HID from a Z source, GX 340+0. Adapted from van
der Klis (2006).

0.001 LEdd ) NS XRBs (see van der Klis 2006). Atoll sources feature two main
spectral states: the harder island state and the softer banana state. A more
detailed state description is also possible, as shown in panels a and b in Figure
1.6.
Z-type NS XRBs represent a class of six persistent sources (Sco X-1, GX
17+2, GX 349+2, Cyg X-2, GX 5-1, GX 340+0) plus the transient source
XTE J1701-462 (that switched to an atoll source near the end of its outburst;
see Homan et al. 2007a, Lin et al. 2009). A eighth source can be added to
the list, Cir X-1. This NS binary can be classiﬁed as a Z source (Shirey et
al. 1998, 1999; Chapter 3) although sometimes it shows typical atoll source
energy spectra, as well as features in the power density spectra (Oosterbroek
et al. 1995; Chapter 3).
Z-type NSs accrete at high rate (0.5 − 1.0 LEdd ) and are the brightest Xray sources in our Galaxy. Sco X-1 is actually the ﬁrst XRB ever detected
(Giacconi et al. 1962). They usually draw a Z-shaped pattern in the X-ray
CD (or HID; Figure 1.6, panel c) in which the three characteristic branches are
called Horizontal, Normal and Flaring branch (HB, NB and FB, respectively).
Each branch deﬁnes a spectral state, with distinct timing and jet properties
(see Chapter 3). Z sources are rapidly variable in the X-rays and can trace
the whole Z pattern on timescales of hours to days. Interestingly, the shape
of the path that they draw in the CD (and in the HID) can change with
time, and the only known transient Z source (XTE J1701-462) exhibited a
transition from Z-type to typical atoll-type properties (Homan et al. 2007a;
Lin et al. 2009). The mass accretion rate is supposed be responsible for these
changes. However, it is not perfectly clear what drives the transition between
the diﬀerent spectral states (both in atoll and Z sources): both the local mass
9
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accretion rate and disc instabilities could be responsible for that (Lin et al.
2009), although other factors can not be excluded.

1.3.2

Black hole X-ray binaries

BH XRBs shows diﬀerent accretion states, deﬁned according to the position
and the path that the source follows in an X-ray HID (Figure 1.4; see Belloni
2009 for a review; see also McClintock & Remillard 2006 and Remillard &
McClintock 2006 for an alternative deﬁnition of the states). BHs usually
undergo relatively short (weeks to months) outbursts, when the mass accretion
rate brings them to X-ray luminosities of 0.1-1 LEdd . Four X-ray spectral
states can be identiﬁed in the HID during the outburst (indicated in Figure
1.4). Successive outbursts are separated by long periods of quiescence, when
their luminosity is much lower (∼ 10−9 − 10−6 LEdd ).
The LS (low/hard state, see the caption of Figure 1.4) of BHCs is characterized by a hard power-law X-ray spectrum (with photon index Γ ∼ 1.4 − 2.1;
e.g. Remillard & McClintock 2006) which is usually interpreted as the result
of comptonization of seed photons by hot electrons (the so called “corona”).
Observations suggest that the accretion disc is cold (with temperature T < 1
keV) and truncated at large radii (e.g. McClintock et al. 2001) at low luminosities (at L . 1% LEdd ; Cabanac et al. 2009). In the last year it has
been suggested (see e.g. Miller et al. 2006b and Reis et al. 2009b) that the
accretion disc might extend to the vicinity black hole (close to the innermost
stable orbit) even in the LS at very low X-ray luminosities. X-ray spectra
of BH XRBs in the LS have also been found to feature iron emission lines,
produced by the reﬂection of the Comptonized photons oﬀ the accretion disc.
It is important to ascertain whether these lines are present and to measure
their broadening that, after having assumed a certain spectral model, can give
information on the inner boundaries of the accretion ﬂow (see Chapter 5 for
a detailed discussion on this topic).
The X-ray energy spectrum of BHCs in the HS (high/soft state, see Figure
1.4) is dominated by a thermal emission below ∼ 5 keV, likely produced by
an optically thick/geometrically thin accretion disc extending to/close to the
innermost stable circular orbit. The energy spectrum in the HS also features
a steeper power-law tail than in the LS.
The intermediate states are characterized by spectral properties in between
the HS and the SS.
In timing studies, the LS and the intermediate states show strong quasi periodic oscillations (QPOs) and noise components while the HS is characterized
by weak/absent variability. Figure 1.7 shows typical power density spectra of
BHs in the four spectral states in outburst. The type C QPO (see Figure 1.2
10
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Figure 1.7: Typical power density spectra of the BH XRB GX 339-4 in outburst,
from Homan & Belloni (2005). Each power spectrum is representative of one spectral
state. See Figure 1.4 for a connection between the spectral state and the position of
the BH in an X-ray HID.

for an example of the diﬀerent QPOs) is typical of the LS and the HIMS, while
the type B has been associated with the transition between the HIMS and the
SIMS. No clear association has been established yet between the type A and
a spectral state. More details on this topic are given in Chapter 2.
In this chapter I introduced certain acronyms (e.g. LS for low/hard state and
HS for high/soft state) that for example have been used in Chapter 2. However, in Chapters 6 and 7, we made use of diﬀerent acronyms (e.g. HS for
low/hard state and SS for high/soft state). The reason for this is that those
two papers are addressed not only to X-ray astronomers, but for example to
radio astronomers too. In fact most of non X-ray astronomers are probably
more familiar with the “hard X-ray spectral state” rather than the “low/hard
X-ray spectral state” (see e.g. Klein-Wolt & van der Klis 2008 for a description
of the history of the names of the states). At the beginning of each chapter
we deﬁne all the acronyms that are used, so confusion should be avoided.
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Figure 1.8: Radio image of the region around the BH XRB Cyg X-1 (Gallo et al.
2005). A ring-like structure (with a diameter of ∼ 5 pc) is evident, most likely inﬂated
by the inner radio jet (shown in the inset, from Stirling et al. 2001).

1.4

Relativistic ejections

The ejection of collimated and bipolar outﬂows of energy and matter (known
as jets) is though to be a very common process associated with accretion onto
black holes of all masses (both stellar mass BHs in XRBs and supermassive
BHs in AGN) as well as with many accreting NS XRBs (see Fender 2006 for a
review). In XRBs jets can carry the majority of the energy output of the system and can also be highly relativistic, with bulk Lorentz factor Γ > 10 (that
implies a bulk speed v > 0.95c, where c is the speed of light in vacuum). Their
action deeply changes and aﬀects the surrounding medium (see Figure 1.8),
for example feeding it with energetic particles that contribute to the evolution
of the interstellar magnetic ﬁeld. On larger scales, the energy feedback due
to massive ejections from AGN has probably regulated the growth of galaxies
and the evolution of galaxy clusters on the largest scale.
Despite the ubiquity of jets in the universe and their importance for the
understanding of accreting systems, the physics of the jet formation (particle
acceleration, collimation, content) is still poorly understood, as well as the
12
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relation between their ejection and the accretion processes.
Jets from NS XRBs are usually much fainter, given a certain X-ray luminosity, than jets from BH XRB. Nevertheless, the most relativistic ejection
detected so far in our Galaxy has been associated with a NS system, Cir X-1
(Fender et al. 2004b, see also Chapters 3 and 4). All the NS Z sources have
been detected in radio (the electromagnetic band in which the jets are more
prominent and we can detect them more easily), while only a few NS atoll
sources have a known radio counterpart. Most of our knowledge about jets in
XRBs comes from radio observations of black hole systems. Jet spectra are
non thermal and usually characterized by a very high brightness temperature
(> 109 K) and (often) a high degree of polarization. All these elements point
towards a synchrotron origin for the jets, implying the presence of highly relativistic particles moving in magnetic ﬁelds.
I will now brieﬂy describe the two main types of jet powered by accreting
BHs in binary systems, characterized by diﬀerent morphologies and spectral
properties.
• Discrete ejections of plasmons moving away from the binary core with
highly relativistic velocities (see Figure 1.5 and Chapter 4 for their interaction with the surrounding medium). Detected originally in the radio
band, there are now several detections also in the X-rays. These jets
can travel up to (about) parsec distances from the binary core and display rapidly decaying ﬂuxes. They are characterized by an optically
thin spectrum (with spectral index α < 0, if the spectrum is of the form
Sν ∝ ν α ), allowing to derive the shape of the underlying relativistic particle distribution. In Chapter 4 I will describe this method in detail and
I will show how it can be used to infer the energetics of the jet and study
its interaction with the interstellar medium.
• The hard spectral state of BH XRBs is typically associated with radio
emission characterized by a ﬂat/slightly inverted radio spectrum (with
spectral index α ≥ 0) sometimes extending up to infrared and optical frequencies. By analogy with the case of AGN, this spectrum is
usually interpreted as produced by compact collimated outﬂows that
become progressively more transparent at lower frequencies as the particles move away from the base of the jet (Blandford & Königl 1979).
Direct imaging of compact jets has been possible only in two BH XRBs:
Cyg X-1 (Stirling et al. 2001; see the inset of Figure 1.8) and GRS
1915+105 (Dhawan et al. 2000; Fuchs et al. 2003). In the other sources,
the outﬂowing nature of the emitting plasma is generally inferred using
the following argument: an upper limit on its brightness temperature
13
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(which for synchrotron incoherent sources can not exceed ∼ 1012 K,
above which Compton losses become catastrophic; see Fender 2006 and
references therein) implies a lower limit on the size of the emitting region,
which in most of the cases appears to be larger than the orbital separation between the two objects in the binary system, and consequently
not bounded within the XRB.

1.5

Outline of this thesis

The understanding of the coupling between the accretion processes and the
ejection mechanisms in XRBs is the main topic of this thesis. Its importance
comes from the fact that a similar coupling might apply both in stellar-mass
accreting objects in XRBs and in supermassive BHs in AGN, making it an
extremely common phenomenon in the universe.
In Chapter 2 I approach the problem investigating the properties of the fast
X-ray variability in the BH XRB GRS 1915+105. This is considered one of the
prototypical jet sources in the Galaxy. Timing studies showed that the type
B QPO (Figure 1.2) appears to be associated with the transition between the
hard-intermediate and the soft-intermediate states. This transition might be
in turn related to the emission and collimation of discrete (highly) relativistic
ejections (Fender, Belloni & Gallo 2004). We detected the type B QPO in the
power density spectra of GRS 1915+105 for the ﬁrst time, using a sophisticated
searching technique that allows to deal with the extremely rapid variability
characteristics of this source.
In Chapter 3 we analyse simultaneous X-ray and radio observations of the
NS Z-source Cir X-1. As already mentioned, this source is characterised by a
high jet activity and also produces the most relativistic ejections detected so
far in our Galaxy. We investigated the X-ray spectral and timing properties
of the source, conﬁrming that it exhibits typical Z-source features, as well as
atoll-source behaviour at some orbital phases of the binary system. As the
mass accretion rate is thought to be the main responsible for the diﬀerences
between atoll and Z sources, Cir X-1 appears to be one of the best candidates
to study this issue. We also analysed three radio-ﬂaring events associated with
Cir X-1, showing that in two cases the radio ejections might be connected to
X-ray spectral transitions, as observed in other Z sources and in many BH
XRBs.
In Chapter 4 I focus on the interaction between the discrete ejections from
the NS XRB Cir X-1 and the interstellar medium. We observed the source in
the X-rays using the Chandra X-ray Observatory, detecting the jets on both
the sides of the receding and the approaching radio jet. We tested two possible
14
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emission mechanisms for the X-ray emission. Although the thermal emission
can not be ruled out (given by the shock between the jet and the interstellar
medium), synchrotron processes seem to constitute a more plausible hypothesis. Interestingly, we could conﬁrm that NS XRBs can be as eﬃcient as black
holes in producing outﬂows, despite their shallower gravitational potential.
In the last years, the determination of the geometry of the accretion ﬂow in
BHs had become a hot topic. Several papers (e.g. Miller et al. 2006b; Reis et
al. 2009b) claimed that the accretion disc might extend to the vicinity of the
black hole even in the hard spectral state at very low X-ray luminosity. This
is against the standard picture in which the accretion disc is expected to be
truncated a larger radii in such a spectral state. It is particularly important
to ascertain the geometry of the inner accretion ﬂow, since it is probably
strictly bounded to the jet forming region (e.g. Livio et al. 1999; Meier
2001). In Chapter 5 we investigate this topic by studying the X-ray spectrum
(obtained with the XMM-Newton satellite) of the BH XRB Swift J1753.50127, observed in the hard spectral state. We showed that the X-ray spectrum
can be modelled without necessarily including an accretion disc extending to
the innermost stable circular orbit (the immediate vicinity of the compact
object).
The last two chapters can be considered the “core” of this thesis. In Chapter 6 we investigate the disc-jet coupling by means of simultaneous multiwavelength observations of the BH XRB Swift J1753.5-0127. This source features
a jet that is fainter than what is usually observed in other sources (at radio
frequencies), at similar X-ray luminosities. We studied the broad-band spectra of Swift J1753.5-0127 (from radio up to X-ray frequencies), to understand
how the jet contributes to the total energy output of the XRB.
The radio-quiet systems (e.g. Swift J1753.5-0127) seem to populate growing
sample of sources and are the best candidates to investigate the parameters
that interfere in the accretion/ejection coupling. We studied this aspect in
detail in Chapter 7, by examining whether the values of typical parameters of
the binary system (e.g. the orbital period), as well as the properties of the
outburst (e.g. the spectral states in which the source has been observed) play
a role in powering the jet.
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Abstract
We present the results of the timing analysis of ﬁve Rossi X-ray Timing
Explorer observations of the Black Hole Candidate GRS 1915+105 between
1996 September and 1997 December. The aim was to investigate the possible
presence of a type-B quasi-periodic oscillation (QPO). Since in other systems
this QPO is found to appear during spectral transitions from Hard to Soft
states, we analyzed observations characterized by a fast and strong variability,
in order to have a large number of transitions. In GRS 1915+105, transitions
occur on very short time scales (∼ sec): to single them out we averaged Power
Density Spectra following the regular path covered by the source on a 3D
Hardness-Hardness-Intensity Diagram. We identiﬁed both the type-C and the
type-B quasi-periodic oscillations (QPOs): this is the ﬁrst detection of a typeB QPO in GRS 1915+105. As the spectral transitions have been associated
to the emission and collimation of relativistic radio-jets, their presence in the
prototypical Galactic jet source strengthens this connection.
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2.1

Introduction

Systematic variations in the energy spectra and intensity of transient BlackHole Candidates (BHC) have been recently identiﬁed in terms of the pattern
described in an X-ray Hardness-Intensity diagram (HID, see Homan et al.
2001, Homan et al. 2005b, Belloni et al. 2005). Four main bright states (in
addition to the quiescent state) have been found to correspond to diﬀerent
branches/areas of a square-like HID pattern. In this framework much importance is given to the intermediate states (called Hard Intermediate State,
HIMS, and Soft Intermediate State, SIMS) and to the transitions between
them, identiﬁed from the behaviour in several bands of the electromagnetic
spectrum (from radio to hard X-rays, see also Fender, Belloni & Gallo 2004
and Homan et al. 2005b) and from the timing properties of the X-ray light
curve.
Low-frequency Quasi-Periodic Oscillations (LFQPOs) with centroid frequency
ranging from mHz to tens of Hz have been observed in the X-ray ﬂux of many
galactic BHCs since the ’80s (see van der Klis 2006; McClintock & Remillard
2006 and references therein). Three main types of LFQPOs, dubbed Type-A,
-B and -C respectively, originally identiﬁed in the light curve of XTE J1550564 (Wijnands et al. 1999; Remillard et al. 2002), have been seen in several
sources (see Casella et al. 2005b and references therein). We summarize their
properties in Table 2.1.
In the context of the state classiﬁcation outlined above, it is possible to ascribe the three LFQPOs to diﬀerent spectral conditions (see Table 2.1, Homan
et al. 2001, Homan & Belloni 2005, Belloni et al. 2005).
The type-C QPO is associated to the (radio loud) HIMS and to the low/hard
(LS) state. It is a common QPO seen in almost all BHCs with a variable
centroid frequency correlated with the count rate, a high fractional variability
and a high coherence (Q = ν/FWHM∼10).
The type-B QPO has been seen only in few systems, although it is being
seen in a growing number of sources (see Casella et al. 2005b and references
therein). It is a transient QPO associated to spectral transitions from the (radio loud) HIMS to the (radio quiet) SIMS. Its features are a ∼ ﬁxed centroid
frequency (around ∼6 Hz), lower fractional variability and Q than type-C.
Some authors (Fender, Belloni & Gallo 2004; Casella et al. 2004) suggested
that these spectral transitions are in turn associated to the emission and collimation of transient superluminal relativistic jets visible in radio band. These
jets are seen in a number of sources (GRS 1915+105, XTE J1550-564, GX
339-4, XTE J1859+226, GRO J1655-40, etc.). However, not in all of these
sources we could resolve the spectral transition to see the transient QPO.
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Table 2.1: Summary of type-A, -B and -C LFQPOs properties (from Casella et al.
2005b).

a

Properties
Type-C
Type-B
Type-A
Frequency (Hz)
∼ 0.1 − 15
∼5−6
∼8
Q(ν/FWHM)
∼ 7 − 12
&6
.3
Amplitude (% rms)
3-16
∼2−4
.3
Noise
strong flat-top weak red weak red
Phase laga @νQP O
soft/hardb
hard
soft
Phase lag @2νQP O
hard
soft
...
Phase lag @νQP O /2
soft
soft
...
With “hard lag” we mean that hard variability lags the soft one; b Trend towards soft
lags for increasing QPO frequencies

The spectral properties connected to type-A QPO are similar to those introduced for the type-B. This QPO has been seen in few systems (Casella et
al. 2005b). It is broader, weaker and less coherent than the type-B QPO.
GRS 1915+105 is a transient BHC discovered on August 15 1992 with the
WATCH instrument on board GRANAT (Castro-Tirado et al. 1992, 1994). It
is the ﬁrst galactic source observed to have apparently superluminal transient
relativistic radio jets (Mirabel & Rodriguez 1994), commonly interpreted as
ejection of ultra-relativistic plasma, with a speed close to the speed of light
(up to ∼ 98%). Its radio variability was discovered to correlate with the hard
X-ray ﬂux (Mirabel et al. 1994). Thanks to VLA-radio observations of these
jets, Rodriguez et al. (1995) estimated a distance of 12.5 kpc; more recent
estimates attest a distance of 6.5 ± 1.6 kpc (Kaiser et al. 2005). The mass of
the compact object was estimated through IR spectroscopic studies (Greiner,
Cuby & McCaughrean 2001, Harlaftis & Greiner 2004) to be 14.0±4M⊙ which
unambiguously makes GRS 1915+105 a BHC.
The various and rich phenomenology of this source was classiﬁed by Belloni et al. (2000): they analyzed 163 RXTE observations, showing that the
complex behaviour of GRS 1915+105 can be described in terms of spectral
transitions between three basic states, A, B and C (not to be confused with
the name of the LFQPOs introduced before), that give rise to 12 variability
classes. The non standard behaviour of GRS 1915+105 (it is a very bright
transient source continuing the same outburst started in 1992) was interpreted
as that of a source that spends all its time in Intermediate States (both in its
hard and soft ﬂavors), never reaching the LS or the quiescence (see e.g. Fender
& Belloni, 2004).
GRS 1915+105 also shows strong time variability on time scales of fractions
of second, revealing low- and high-frequency QPOs (see Morgan et al. 1997)
whose properties (frequency and fractional variability) are tightly correlated
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Table 2.2: Log of the 5 RXTE/PCA observations analyzed in this work
◦

N
1
2

Obs. Id.
Date
Starting MJD Exp. (s) Classification
10408-01-35-00
1996 Sep 22
50348.271
9448
µ
20402-01-45-03
1997 Sep 09
57700.250
10038
β
(#1, 2, 3)
3
20402-01-53-00
1997 Oct 31
50752.013
9656
β
4
20402-01-53-01 &
1997 Nov 04-05
50756.412
6322
µ
20402-01-53-02(#1)
5
20402-01-59-00
1997 Dec 17
50799.091
9784
β
Obs. 4 is composed of two orbits from two separate observations; # indicates the number
of the RXTE orbit within the observation; Classification is from Belloni et al. (2000).

with the spectral parameters (Morgan et al. 1997; Muno et al. 1999; Markwardt et al. 1999; Rodriguez et al. 2002a, 2002b; Vignarca et al. 2003). In
particular, all LFQPOs observed from this system can be classiﬁed as type-C
QPOs. Although GRS 1915+105 makes a large number of fast state transitions, which have been positively associated to radio activity and jet ejections,
no type-B QPO has been observed to date.
In this paper we present the discovery with RXTE of the type-B QPO
in the X-ray light curve of GRS 1915+105. The QPO was present during
fast spectral transitions that we identify with the HIMS to SIMS transition
observed in other BHCs.

2.2

Observations and data analysis

We analyzed ﬁve RXTE/Proportional Counter Array (PCA) observations
GRS 1915+105 collected during AO1 and AO2, between 1996 September 22
and 1997 December 17 (see Table 2.2). We chose observations belonging to
variability classes µ and β (according to the classiﬁcation of Belloni et al. 2000,
see Figure 2.1 for two examples of light curves). Restriction to AO1 and AO2
is due to three reasons: ﬁrstly, AO1 and AO2 observations are those for which
a thorough classiﬁcation was made by Belloni et al. (2000), which removes the
need for a complete classiﬁcation of observations throughout the archive, a task
beyond the scope of the present paper; second, AO1 and AO2 were in average characterized by a higher number of working Proportional Counter Units
(PCUs) compared to more recent epochs (this improves the statistics) and
third, using data from diﬀerent epochs, you get diﬀerent hardness-intensity
and color-color diagrams. We chose class µ and β observations because they
correspond to intervals when frequent fast transitions among the three spectral
states are observed.
The rationale behind this choice was to analyze a large number of spectral
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β class, obs. #5

µ class, obs. #1

Figure 2.1: 2-13 keV light curves for the two variability classes examined here. Bin
size is 1 second.

transitions from hard (C) to soft states (A and B), when a type-B QPO would
be expected. The transitions being fast, the QPO would not be detected for
a single transition, but adding a large number of data corresponding to the
same transition, the signal could become detectable. The total amount of
usable exposure was 44648 seconds. For each observation we produced light
curves in the PCA energy channels 0-35 (corresponding to the energy range
2-13 keV) and two color curves deﬁned as the ratio between the counts in the
5-13 and 2-5 keV bands (HR1, absolute channels 14-35 and 0-13) and between
the counts in the 13-38 and 2-5 keV bands (HR2, absolute channels 36-103
and 0-13). The bin size was 2 seconds for all these curves. Given the high
count rates we did not subtract the background. In addition, for each 2-second
time interval we accumulated a power density spectrum (PDS) in the 2-5 keV,
5-13 keV and 13-38 keV energy ranges. All the PDS were extracted with a
time resolution of 1/128 s (corresponding to a Nyquist frequency of 64 Hz).
The PCA data modes used to produce the PDS were Binned and Event Data.
For an explanation of the diﬀerent PCA modes see for example Jahoda et al.
(1996).
For each observation, we created a 3-dimensional hardness-hardness-intensity
diagram (HHID), where the source follows a regular path. For each observation
we averaged PDS on a variable number of points (∼100-800, to have enough
statistics), following the whole diagram. The selections were made using the
free software for multi-variable management XGOBI
(http://www.research.att.com/areas/stat/xgobi/). For each selection we rebinned the average PDS logarithmically, and the Poissonian noise, including
the Very Large Events (VLE) contribution (Zhang 1995, Zhang et al 1995),
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Figure 2.2: Two-dimensional projections of the hardness-hardness-intensity diagram
(HHID) for observation #5. Left side panel: color-color diagram; right side panel:
hardness-intensity diagram. Deﬁnitions for the colors can be found in §2.2, the count
rate is the 2-13 keV energy band. The arrows follow the source’s regular and repetitive
movement. Numbers correspond to the regions discussed in the text (see Figure 2.3).

was subtracted. The PDS were normalized to square fractional rms (see Belloni & Hasinger 1990) and ﬁtted with a combination of Lorentzians (see Nowak
2000; Belloni et al. 2002a). In a few cases (all the PDS of observation #1
and one PDS of observation #3) the Poissonian subtraction left ﬂat residuals
at high frequencies, hence we decided to account for it adding an additive
constant to the model. The ﬁtting was carried out with the standard XSPEC
v11.3 ﬁtting package, by using a one-to-one energy-frequency conversion and
a unit response.
For each 2-s interval, we also produced a cross-spectrum between the 2-4.5
keV (absolute channels 0-11) and 4.5-11 keV (absolute channels 12-29) light
curves. We then calculated averaged cross-spectrum vectors for all the diﬀerent
selected regions of each observation, from which we derived phase lag spectra
(for details on the phase lag analysis see e.g. Casella et al. 2004). We deﬁned
phase lags as positive when the hard X-ray variability follows the soft one. In
order to quantify the phase-lag information for each detected QPO component
we integrated the lags in a range centered on the QPO centroid frequency with
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Table 2.3: QPO types detected in the ﬁve regions for all considered observations.
Region 1 is not present in observations # 2 and 3. We indicated with “Bump-B”
peaks with Q < 2.
Obs. #
1
2
3
4
5

1
C
C
C

Regions in figure 2.3
2
3
4
Bump-B, C C, B
B
C
C, B No peaks
Bump-B, C C, B No peaks
C
C, B
B
Bump-B, C C, B
B

No
No
No
No
No

5
peaks
peaks
peaks
peaks
peaks

a width equal to the FWHM of the QPO peak itself (see Reig et al. 2000).
Notice that the estimate of the QPO lags depends on the relative power of the
continuum and of the QPO itself. When the continuum power contribution
is signiﬁcantly larger than the QPO power the lags of the continuum may
dominate.

2.3

Results

An example of HHID is shown in the two-dimensional projections in Fig.
2.2 (from observation #5, class β). The regular and repetitive movement
followed by the source is marked by the arrows. Starting from the bottom-right
corner of both projections, the PDS properties were found to change smoothly
thorough the diagram. We could identify ﬁve main average behaviours of the
PDS corresponding to ﬁve regions in the diagram. In Figure 2.3 we show the
ﬁve regions in the two-dimensional projections of the HHID of observation #5,
together with ﬁve corresponding examples of PDS. In Figure 2.4 we show the
evolution of the frequencies of all signiﬁcant peaks (with signiﬁcance σ ≥ 3)
for all the observations, moving through the HHID following the arrows in
Figure 2.2. The x axis has been chosen in such a way to have an equal
spacing between diﬀerent selections in the same region, since the same region
in diﬀerent observations has been divided in a diﬀerent number of selections.
This point can be clariﬁed by looking tables 2.4 to 2.8 in appendix 2.5, where
we reported all the signiﬁcant peaks diﬀerent from a continuum ﬁtted in all the
selections of the ﬁve observations. For each selection (in ﬁgure 2.4) we reported
the peak frequency obtained from the energy range where the feature was more
signiﬁcant. In four cases we found that the same feature was detected at more
than 3 sigma as a QPO (i.e. with a quality factor Q ≥ 2) in one energy band
and, with a higher signiﬁcance, as a bump (Q < 2) in another. In these cases
we decided to report the frequency obtained from the QPO. We considered
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Figure 2.3: Left panels: Two-dimensional projections of the HHID (see Fig. 2.2).
The tick points mark the ﬁve main regions. Right panel: Examples of ﬁve corresponding typical power density spectra. For each power spectrum we also plot the bestﬁt Lorentzian components corresponding to the signiﬁcant QPOs/bumps (σ ≥ 3).
Dashed lines: type-B QPOs, continuous lines: type-C QPOs, dotted lines: harmonics. In the PDS in region 4 the Lorentzian ﬁtting a bump identiﬁed as the harmonic
of the type-B QPO (ν = 13.84 Hz) has not been reported since it has been detected
with a signiﬁcance σ < 3.

two peaks as harmonics of each other if (i) their centroid frequencies, ﬁtted
independently, are consistent with being harmonically related or (ii) ﬁxing
their centroid frequency to an harmonic ratio we could obtain a very good ﬁt.
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Figure 2.4: Evolution of QPOs/bumps (with signiﬁcance σ ≥ 3) centroid frequencies as a function of the position in the HHID in Figure 2.3, for all the analyzed
observations. Adopted criteria are explained in the text.

We will no longer consider harmonic peaks in our discussion.
In Figure 2.3 we can easily identify the presence of two peaks evolving in
frequency thorough the diagram from region 1 to region 4 (see Table 2.3 for a
summary of their properties):
(I) the ﬁrst peak is detected (superimposed to a broad-band noise) since
region 1. It increases in frequency (from ∼2 Hz to ∼15 Hz) and quality
factor Q (from 0.64 to 7.39) and decreases in fractional rms amplitude
(from 22.86 to 1.16) while moving thorough the diagram from region 1
to 2 until it disappears at high count rates at the end of region 3. Its
fractional rms is higher in the hardest band (13-38 keV);
(II) a second peak is detected in region 2 (in three observations, see table 2.3)
with properties markedly diﬀerent from the ﬁrst one. It has initially (in
region 2) a frequency between 2.44 Hz and 2.84 Hz and a quality factor
Q < 2. In regions 3 and 4 it shows a much less variable frequency than
the ﬁrst peak (slowly increasing from ∼4 to 7 Hz) and a Q > 2. Its
fractional rms is higher in the hardest band (13-38 keV), is lower than
that of the ﬁrst peak and is independent on the centroid frequency (see
Fig. 2.5).
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Figure 2.5: Fractional rms of the detected Bumps/QPOs in all observations as
function of their frequency for energy bands 2-5 keV (PCA channels 0-13, left panel),
5-13 keV (PCA channels 14-35, center panel) and 13-38 keV (PCA channels 36-103,
right panel). Error bars are estimated at 1 σ conﬁdence level. Arrows indicate 3
σ upper limits for type-C QPOs only. Filled symbols indicate type-C QPOs, open
symbols type-B.

All ﬁve analyzed observations follow the average behaviour described above,
with three main exceptions:
(a) region 1, which correspond to the long hard intervals in the light curve of
class β (see Fig. 2.1, upper panel), are not present in the two class µ observations (#1 and #4). Since this is the main macroscopic diﬀerence between the
two classes, and since a detailed analysis of the long hard intervals of class β
light curves is beyond the scope of this work, in the following of the paper we
will consider the two classes as a single class.
(b) No QPO is detected in the PDS from region 4 of observations #2 (class
β) and #3 (class β). In region 4 of observation #3, only in the highest energy
band, we ﬁnd a non-signiﬁcant QPO (σ=2.4) with the following properties: ν
= 5.85±0.26 Hz, Q = 3.21±2.43, rms = (6.26±1.35)%. Both the rms amplitude value and the centroid frequency are consistent with those of the peak
found in region 4 in the 36-103 keV energy band for observations #1, 4 and
5, but the uncertainty on the quality factor Q and the low signiﬁcance (<3 σ)
does not allow us to claim the real detection of a QPO.
(c) In region 2, we detected two signiﬁcant peaks in observations # 1, 3 and
5, while just one signiﬁcant peak in observations #2 and 4. In region 2 of
observation #4, we ﬁnd a non-signiﬁcant QPO (σ=2.44) with the following
properties (values from 14-35 keV energy band): ν = 3.46±0.18 Hz, Q =
2.44±1.03, rms = (3.68±0.93)%. Its properties are consistent with those of
the low-frequency peak found in region 2 for observations #1, 3 and 5, but the
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signiﬁcance (<3 σ) does not allow us to claim the real detection of a QPO.
We will refer to the peak with centroid frequency ranging from ∼2 up to
15 Hz as type-C QPO and to the peak with 2.44–7 Hz frequency detected
in regions 2, 3 and 4 as type-B QPO. This identiﬁcation will be motivated
below. In Figure 2.5 we show the fractional rms amplitude of all the detected
Bumps/QPOs as a function of their centroid frequency, for each of the three
energy bands analyzed. In a few cases QPOs were detected only in one or two
energy ranges. In these cases in order to obtain a more reliable estimate of
the peak amplitude also in the energy range where it was not signiﬁcant we
ﬁxed its centroid and FWHM to the values obtained from the energy range in
which it was more signiﬁcant.
The points with large errors in frequency correspond to detections where we
need two Lorentzian components to obtain a satisfactory ﬁt. For these points
we plot the average of the two centroid frequencies with an error estimated
as the sum between the two errors (we considered this the most conservative
approach possible). In order to check whether these double peaks are due to
the frequency variability of the QPO we tried to select smaller regions in the
HHID. However we could not detect the QPO in such selections, due to the
low statistics of the resulting PDS.
From Figure 2.3 we can relate the presence of the QPO-types to diﬀerent
zones of the source path in the HHID but we do not have any detailed information about the time evolution of the source position in that diagram.
We know that µ and β classes are characterized by fast and strong variability and frequent spectral transitions but we do not know precisely between
which spectral states the transitions happen and when. A light curve where
parts corresponding to diﬀerent regions in the HHID are marked with diﬀerent symbols can help us to clarify this point (see Figure 2.6). We chose a
300-second interval representative of the source behaviour. With the identiﬁcations Downward Triangles = Reg. 1, Circles = Reg. 2, Stars = Reg. 3,
Upward Triangles = Reg. 4 and Squares = Reg. 5 we have the following
regions sequence: 2345 345 532. Class β observations are also characterized
by the presence of long hard intervals (region 1), occasionally occurring when
the source maps the hard tail in the bottom-right part of both the diagrams
in Figure 2.2, always between region-2 intervals. If, using the state classiﬁcation presented in Belloni et al. (2000), we make the identiﬁcations Reg. 2
= C-state, Reg. 4 = A-state, Reg. 5 = B-state and we consider Reg. 3 as a
Transition (T) state, we have the following state sequences: C T AB T AB T
C. In this framework region 1 is the hardest part of the C-state.

27

2. A transient low-frequency QPO from the black hole binary GRS 1915+105

Region 1
Region 2
Region 3
Region 4
Region 5

Figure 2.6: 300-second light curve (2-13 keV energy band) for observation # 5. Bin
size is 0.125 sec. Every symbol is averaged on 2 seconds. Diﬀerent symbols correspond
to diﬀerent regions in the HHID in Figure 2.3.

2.3.1

Phase lags

Phase lags for all the detected peaks are reported in Tables 2.9 and 2.10 in
appendix 2.5. In Figure 2.7 we show phase lags vs. frequency for the typeC QPO in two observations. If the QPO was ﬁtted with two Lorentzians
we estimated the phase lag integrating on a peak centered on the centroid
frequency of the Lorentzian with the highest rms amplitude and with the
FWHM of the same component. For observation # 1, a negative trend for
increasing QPO frequencies is visible, although one point is completely out of
this trend. For observation # 5 the phase lag of the QPOs are always negative
and consistent with being constant.
In Figure 2.8 we show two examples of power density spectra (upper panels)
and phase-lag spectra (bottom panels) from regions where a type-B QPO was
detected. In the left panel (observation #4), even thought the errors on phase
lags are large, a turn towards positive lag values in correspondence of the QPO
frequency is apparent. However, extracting the phase lags over the whole peak
width (i.e. over the frequency range νp ± FWHM/2) we obtain a negative value
of the lags (although consistent with zero, φ = -0.07±0.05 rad). In the right
panel (observation #1) we have a much better statistics and the phase lags
are clearly negative (φ = -0.11±0.007 rad) in correspondence of the type-B
QPO (when integrated over the whole peak width).

2.4

Discussion and conclusions

We analyzed 5 RXTE/PCA observations collected during the ﬁrst two years of
the mission. In the power density spectra of all ﬁve observations we detected
several peaks which we identify with two diﬀerent types of QPO already seen
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Figure 2.7: Phase lags of type-C QPOs detected in two representative observations.
For each QPO we extracted the phase lag in a range centered at the QPO peak
frequency and corresponding to the width itself (νp ± F W HM/2). Errors bar on the
X-axis are not shown for clarity.

in many other BHCs: the type-C and type-B QPOs. This is the ﬁrst identiﬁcation of a type-B QPO in GRS 1915+105. To detect it, we looked in
detail at spectral transitions in observations characterized by a fast and intense variability. Spectral transitions in GRS 1915+105 are usually very fast,
often occurring on timescales of ∼ seconds. This is at variance with most
of other black-hole binaries in which spectral transitions are observed to last
hours or days. In order to study the spectral transitions in GRS 1915+105 we
performed an energy-dependent timing analysis by averaging power spectra
on the pattern the source recursively tracks in the 3-dimensional hardnesshardness-intensity diagram.
Applying this method, we found a type-B QPO in all ﬁve observations. In
all of them, we detected the type-B QPO together with the type-C, in region
# 3 of the HHID (see Tab. 2.3). In three of them, we also detected a type-B
QPO alone, in region # 4 of the HHID. Two of these observations belong to
class µ and one to class β, which excludes any relation between the class of
variability and the presence of the type-B QPO. This means that the presence
of the long hard intervals (which diﬀerentiate the β-class from the µ-class light
curves) does not inﬂuence the fast timing properties of the source outside these
intervals. We could not ﬁnd any property (as e.g. hardness, rate) correlated
with the presence of the type-B QPO alone in region 4 of the HHID. In three
observations we also found a type-B bump in region 2. No correlations were
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Obs. #1, region 3
842 points

Obs. #4, region 4
121 points
ν = 6.8 Hz
FWHM = 1.7 Hz

ν(Hz)
4.3

φQPO (rad)
-0.07 +/- 0.05

FWHM(Hz)
1.8
φQPO (rad)
-0.11 +/- 0.007

Figure 2.8: Power density spectra and phase-lag spectra of two diﬀerent observations/regions where a type-B QPO was detected. The dashed line marks the QPO
frequency, the dotted lines mark ν ± HW HM . Left panel: type-B QPO detected
averaging power spectra (121 points) in region 4 of observation # 5. Right panel:
type-B QPO detected averaging power spectra (842 points) in region 3 of observation
# 1.

found neither between the presence of the type-B bump and the type-B QPO
in region 4 nor with the hardness and the count rate.

2.4.1

QPOs identification

In order to identify the two types of QPO that we found in our data sets,
we compare them with the known LFQPOs in BHCs. In particular we ﬁrst
analyze their position and behaviour in the Hardness-Intensity diagram (right
panel of Figure 2.2). When the source moves through regions #1 and #2
up to region #3 the ﬁrst QPO shows a behaviour very similar to that of
type-C QPOs: its frequency is correlated with the count rate and is inversely
correlated with the hardness. At a certain hardness, this QPO disappears.
A second type of QPO is also detected: as in the case of type-B QPOs, this
second QPO appears in a narrow frequency range (often around ∼6 Hz) and
in a limited range in hardness.
Its frequency and quality factor appear to be slightly correlated with the
count rate, particularly when at its lowest frequencies (2.44-2.84 Hz). We interpret this as the ﬁrst evidence of an increase of the coherence of the type-B
QPO from Q < 2 when at low frequencies to Q > 2 when reaching frequencies around ∼6 Hz, possibly suggesting the presence of a resonance at this
frequency (see Casella et al. 2004).
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Figure 2.9: Phase lags of the detected QPOs in all observations. For each QPO
we extracted the phase lag in a range centered at the QPO peak frequency and
corresponding to the width itself (νp ± F W HM/2). Errors bar on the X-axis are not
shown for clarity.

The combined evolution of the QPOs in GRS 1915+105 is strongly reminiscent of the known behaviour of type-C and type-B QPOs in BHCs (see
Casella et al. 2005b and references therein).
To verify this identiﬁcation, we plot in Figure 2.5 the rms fractional variability of the detected QPOs as a function of their frequency for three energy
bands. The two QPO types have a somewhat similar energy dependency (being stronger at high energy) but they clearly show diﬀerent behaviours in these
diagrams. In each of the three panels, two well-identiﬁed groups of points are
evident. A comparison of these two groups with Figure #3 of Casella et al.
2004 helps to classify the observed QPO in GRS 1915+105: the ﬁrst group is
diagonally spread across the plots, covering the whole frequency range between
∼ 2 and ∼ 15 Hz and a large range in rms (particularly at high energies, see
the right panel of Figure 2.5). The second group is clustered both in frequency
(between ∼ 2.5 and ∼ 7 Hz) and in fractional rms. The observed behaviour is
clearly consistent with that known to be typical of type-C and type-B QPOs
in BHCs (see Casella et al. 2004, 2005b).

2.4.2

Phase lags

The association between QPO-type and phase lag in literature is not conclusive: although an average behaviour can be identiﬁed (see Tab. 2.1, Casella
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et al. 2005b and reference therein) there are a number of exceptions (see e.g.
Belloni et al. 2005 and Homan et al. 2005a). Nevertheless we performed a
phase-lag analysis in order to have a comprehensive view of the behaviour of
the QPOs in GRS 1915+105.
On the basis of the analyzed data it is not possible to characterize unambiguously the phase lag behaviour of any of the two types of QPO we observe:
lags appear to vary between diﬀerent observations, although both types show
in average negative values of phase lag (see Fig. 2.9).
This can possibly due to the fast variability of the analyzed light curves: we
extracted power spectra over time intervals 2 seconds long, without applying
any procedure to detrend the variability on longer time scales. However, this
variability is very strong (see Fig. 2.1), which results in a leakage at higher
frequencies as strong as to actually dominate the phase-lag continuum.

2.4.3

GRS 1915+105 as a “normal” source

The type-B QPO was detected in a few BHCs (see Casella et al. 2005b),
and associated to spectral transitions from HIMS to SIMS (Homan & Belloni
2005, Belloni et al. 2005 and reference therein). Some authors (Gallo et al
2003; Fender, Belloni & Gallo 2004) suggested a relation between these spectral
transitions and the emission and collimation of transient relativistic radio jets:
if we consider the type-B QPO as the signature of radio jet emission, we have
this “signature” also in the prototypical galactic jet source. As already pointed
out by Belloni et al. (2005), the non-detection of a type-B QPO in GRS
1915+105 was rather interesting, especially if you interpret the X-ray/radio
correlation in this source and in other transients in the framework of the same
model (Fender, Belloni & Gallo 2004). In GRS 1915+105 the association
between X-ray and radio activity is well known (Pooley & Fender 1997, Mirabel
et al. 1998, Fender & Belloni 2004 and references therein). Belloni et al.
2005 suggested that the elusiveness of this QPO (in GRS 1915+105) could
be due to high velocity of the movement of the source through the HID.
The result presented in this work thus strengthens the interpretation of GRS
1915+105 in the framework of the same model of other BHCs: a type-B QPO
appears in correspondence of spectral transition from the B-state to the Astate (Transition, Region 3, Stars in Figure 2.6) and when the source is in
the A-state (Region 4, Upward Triangles in Figure 2.6). In the light curve in
Figure 2.6 we see state oscillations CTAB TAB TAB that we can identify as
fast passages between the HIMS and the SIMS of the other BHCs (Casella
et al. 2004; Fender, Belloni & Gallo 2004). The type-B QPO appears also
in correspondence of the transition from the B-state to the C-state (SquaresStars-Circles in Figure 2.6), therefore not in an oscillation event but in a
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transition from a soft to a hard state.
Furthermore, GRS 1915+105 is at present the heaviest black hole (although
uncertainties on BH mass values are rather large, see McClintock & Remillard
2006 and references therein) in which a type-B QPO has been observed at
6 Hz (when its quality factor Q > 2). This strengthens the already known
independence of this type of QPO on the mass of the compact object (see
Casella et al. 2005b).

2.4.4

X-ray/radio association

Klein-Wolt et al. (2002) made a detailed study of simultaneous radio/Xray observations of GRS 1915+105, focusing in particular on radio oscillation
events, and found that β class observations are usually associated to strong
radio oscillations, while µ class observations are usually associated to a weak
steady radio activity. These authors point out that the long hard intervals
(which are the main macroscopic diﬀerence between the two variability classes)
appear to be directly linked to the production of radio oscillations. We found
the type-B QPO in both classes β and µ. We could not ﬁnd any timing
property (on time scales shorter than 2 seconds) clearly diﬀerentiating the
two classes. This apparently weakens the link between the presence of the
type-B QPO and radio activity. Unfortunately, the lack of radio coverage
during the analyzed RXTE observations does not allow any conclusive result.
In order to clarify this issue it will be fundamental to extend our analysis to
RXTE observations for which a radio coverage is available.
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2.5

Appendix: fit results and phase lags

Here we report ﬁve tables containing the ﬁt results for the analysed observations and two tables with the results of the phase lag analysis.
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Table 2.4: Fit results for Obs. #1. We accounted for the Poissonian noise adding
an additive constant to the model (see §2.2). In the ﬁrst column the bold number
indicates the region, the second number indicates the selection within the region and
it increases following the arrows in ﬁgure 2.2. For peaks ﬁtted with two Lorentzians,
both the components are reported. If the diﬀerence between the negative and the
positive error was smaller than 0.1, we reported just the value of the largest error (in
absolute value). With “Fixed ﬁt” we refer to those cases when QPOs were detected
only in one or two energy ranges: in these cases we ﬁxed the centroid frequency and
the F W HM to the values obtained from the energy range in which the peak was
more signiﬁcant (see §2.3).
2-1

B

Observation #1
Freq. (Hz)
F W HM
2-5 keV
2.75±0.16
1.72+0.42
−0.36

2-1
3-1
3-1
3-2
3-2
3-3
3-3
3-4
3-4
3-5
4-1

C
B
C
B
C
B
C
B
C
B
B

9.35±0.33
3.99±0.07
10.92±0.32
5.04±0.06
13.09+0.48
−0.60
5.65±0.09
12.43
6.01±0.16
14.53
5.94
6.39±0.20

2-1
2-1
3-1
3-1
3-2
3-2
3-2
3-3
3-3
3-3
3-4
3-4

B
C
B
C
B-1st
B-2nd
C
B-1st
B-2nd
C
B
C

2.75
8.67±0.27
4.27±0.04
10.67±0.10
4.81±0.08
5.72±0.06
12.80±0.40
5.28±0.12
6.34±0.06
12.43±0.58
6.10±0.05
14.53±0.35

3-5

B

5.94+0.37
−0.50

4-1

B

6.78±0.08

2-1
2-1

B
C

3-1
3-1
3-2

Sel.

Type

1.67+1.07
−0.68
2.21±0.21
4.33+0.88
−0.73
2.39±0.21
4.10+2.12
−1.53
2.70±0.27
4.39
2.68±0.49
2.66
5.51
+0.91
1.99−0.62
5-13 keV
1.72
5.42+0.95
−0.83
1.84±0.10
3.95±0.27
1.39±0.18
1.03±0.11
8.92+1.56
−1.36
1.81±0.20
0.82±0.14
4.39+2.26
−1.52
2.32±0.15
+1.10
2.66−0.72
5.51+1.12
−0.89

Sign. (σ)

rms (%)

4.68

4.18±0.45

3.10
13.26
7.00
16.13
3.45
14.00
Fixed fit
8.53
Upp. lim.d
Upp. lim.d
4.48

2.04±0.39
3.46±0.13
2.05±0.16
3.15±0.10
1.25±0.23
3.33±0.12
0.91±0.20
2.06±0.13
0.70
1.47
3.07±0.41

Fixed fit
7.87
23.23
19.09
5.56
5.01
6.74
8.08
4.48
3.56
21.58
4.27

5.23±0.52
7.02±0.45
5.60±0.12
3.70±0.10
-a
5.23±0.50b
2.40±0.18
-a
6.38±0.52b
1.58±0.27
4.20±0.10
1.16±0.16

6.39

3.42±0.35

5.43

3.66+1.55
−0.34

2.74
9.08±0.30

0.63+0.80
−0.21
13-38 keV
1.72
4.01+0.96
−0.84

Upp. lim.d
7.43

4.38
17.25±1.20

B
C
B

4.27
11.24±0.10
5.77±0.15

1.84
3.53±0.39
1.37+0.54
−0.42

Fixed fit
10.91
3.93

4.92+1.35
−0.50
12.32±0.56
4.80±0.69

3-2

C

12.65±0.13

3-2
3-3
3-3
4-1

Cc
B
C
B

17.88+3.48
−2.77
5.65
14.53
6.78

2.77+0.54
−0.48

19.96+0.04
−7.88
2.70
2.66
0.63

a

5.19

8.70±0.87

3.76
Fixed fit
Fixed fit
Fixed fit

10.12+1.58
−1.35
6.82±0.50
2.89±0.53
7.83±0.67

Peak fitted with two Lorentzians. The value of the rms is reported at the next line; b
Sum of the rms of the two Lorentzians fitting this peak; c Harmonic peak; d Estimated at
3σ confidence level
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Table 2.5: Fit results for Obs. #2. See caption of Table 2.6 for an explanation.
Sel.

Type

1-1
1-1
1-2
1-3
2-1
2-2
3-1
3-1
3-2
3-2

C
Cc
C
C
C
C
B
C
B
C

1-1
1-1
1-2
1-3
2-1
2-1
2-2
2-2
3-1
3-1
3-1
3-2
3-2

C
Cc
C
C
C
Cc
C
Cc
B-1st
B-2nd
C
B
C

1-1
1-2
1-3
1-3
2-1
2-2
3-1
3-1
3-2
3-2

C
C
C
Cc
C
C
B
C
B
C

Observation #2
Freq. (Hz)
F W HM
Sign. (σ)
2-5 keV
2.86±0.06 1.25±0.19
6.46
4.99±0.43 3.41±0.68
4.68
4.27±0.08 1.77±0.29
6.99
6.06±0.13 1.74±0.33
5.98
7.72±0.13 1.92±0.40
7.06
9.98±0.19 2.98±0.55
7.11
5.54±0.15
1.07+0.38
4.68
−0.28
3.01
1.70+0.95
12.57+0.22
−0.54
−0.33
5.10
0.98
Fixed fit
12.72
5.51 Upp. lim.d
5-13 keV
2.96±0.58 1.43±0.13
11.34
5.25±0.61 5.44±0.61
5.16
4.18±0.06 2.15±0.21
11.76
6.06±0.07 1.25±0.19
9.75
7.91±0.06 1.74±0.16
25.56
4.68
15.48+4.51
15.17+1.35
−3.62
−2.18
9.81±0.08 2.41±0.26
14.20
21.15±0.92
7.31+3.80
4.68
−2.32
5.75±0.01
<0.5e
8.07
4.57±0.10 1.39±0.23
7.09
12.78±0.12 2.1±50.34
9.09
5.10±0.10 0.98±0.21
7.08
11.75±0.18
1.72+0.48
5.47
−0.38
13-38 keV
2.89±0.06 1.67±0.21
6.56
4.01±0.17 3.54±0.43
6.06
6.55±0.10 1.59±0.35
6.02
13.19+2.26
11.33+3.66
3.37
−2.67
−3.26
7.97±0.13 1.72±0.39
4.10
9.84±0.14 1.73±0.35
5.19
5.45
5.16±0.26
1.07+0.68
−0.55
12.94±0.18 5.05±0.33
10.36
4.74±0.245
1.36+0.56
6.07
−0.21
+0.43
12.72−0.29
5.51+0.86
7.07
−1.06

a

rms (%)
5.94±0.46
4.36+0.69
−0.47
4.54±0.42
3.37±0.28
2.77±0.20
2.11±0.15
1.72±0.24
1.24±0.21
0.83+0.63
−0.23
0.90
13.36±0.60
8.23+1.10
−0.81
9.73±0.47
5.31±0.31
5.29+0.20
−0.10
3.55+0.58
−0.39
3.62±0.13
1.68+0.32
−0.18
-a
4.59±0.33b
2.23±0.13
3.80±0.27
1.83±0.19
20.17±1.57
17.62±1.46
10.24±0.85
7.85+1.58
−1.18
10.74+1.04
−1.31
8.47+0.93
−0.82
7.04±0.71
9.92±0.48
8.10+1.40
−0.67
9.92+0.52
−0.71

Peak fitted with two Lorentzians. The value of the rms is reported at the next line; b
Sum of the rms of the two Lorentzians fitting this peak; c Harmonic peak; d Estimated at
3σ confidence level; e Our resolution is 0.5 s (we extracted power density spectra on
2-second intervals, see §2.2)
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Table 2.6: Fit results for Obs. #3. In the ﬁrst column the bold number indicates the
region, the second number indicates the selection within the region and it increases
following the arrows in ﬁgure 2.2. For peaks ﬁtted with two Lorentzians, both the
components are reported. If the diﬀerence between the negative and the positive
error was smaller than 0.1, we reported just the value of the largest error (in absolute
value). With “Fixed ﬁt” we refer to those cases when QPOs were detected only in one
or two energy ranges: in these cases we ﬁxed the centroid frequency and the F W HM
to the values obtained from the energy range in which the peak was more signiﬁcant
(see §2.3).
Sel.

Type

1-1
1-2
1-3
1-3

C
C
C
Cc

Observation #3
Freq. (Hz)
F W HM
2-5 keV
2.72
2.29
3.58±0.09
2.41±0.28
5.80±0.10
1.93±0.28
13.41+0.71
5.60+3.28
−0.61
−1.98

2-1
2-1
2-1

B
C
Cc

2.44±0.28
7.57±0.07
15.91+3.26
−4.00

Sign. (σ)

rms (%)

Fixed fit
6.57
8.66
3.74

10.12±0.35
6.42±0.53
4.36±0.26
2.48+0.45
−0.33
2.95+0.68
−0.48
3.14±0.13
2.01 +0.30
−0.20

2.24±0.49
2.28±0.24
19.98+0.02
−1.42

3.06
21.08
5.01
4.00

1.77+0.33
−0.22

6.94
5.46
6.79
Fixed fit
Fixed fit

1.84±0.13
1.47±0.13
1.70±0.15
0.41±0.28
0.51±0.10

15.77
8.23
9.09
9.81

18.04±0.58
14.13+1.03
−0.86
8.61±0.47
5.58±0.31

3.50
24.82
9.05

4.40+0.76
−0.63
5.74±0.12
3.88±0.25

2.62+0.92
−0.61

3-1

B

5.03±0.33

3-1
3-2
3-2
3-3
3-4a

C
B
C
B
B

11.00±0.21
5.91±0.09
12.59±0.27
5.53
5.37

1-1
1-2
1-3
1-3

C
C
C
Cc

2.72±0.14
3.35±0.08
5.71±0.09
13.90±0.54

3.66+0.69
−0.57
0.71±0.18
3.69±0.84
0.75
1.45
5-13 keV
4.01±0.23
2.80±0.22
2.13±0.21
10.36+1.23
−1.10

2-1
2-1
2-1

B
C
Cc

2.64±0.21
7.65±0.04
14.85+0.77
−0.92

2.24±0.38
1.94±0.10
15.89+1.82
−1.66

3-1
3-1
3-1
3-1

B-1st
B-2nd
C
-e

5.77±0.03
4.17±0.12
11.17±0.12
25.00+1.30
−1.43

<0.5f
2.31±0.41
3.89±0.29
9.37+3.35
−2.23

6.93
5.42
15.98
3.80

-b
4.04±0.43d
3.13±0.10
1.27±0.20

3-2
3-2
3-2
3-3
3-4a

B-1st
B-2nd
C
B
B

5.17±0.06
6.25±0.02
13.19±0.16
5.53±0.05
5.36±0.16

13.78
8.23
13.39
8.14
3.90

-b
3.97±0.18d
2.41±0.11
1.99±0.13
0.78±0.10

1-1
1-2
1-3
2-1
2-1
2-1

C
C
C
B
C
Cc

2.80±0.22
3.20±0.10
6.15±0.07
2.64
7.71±0.06
17.72+1.92
−2.27

1.00±0.14
<0.5f
3.66±0.45
0.75±0.23
+0.45
1.45−0.29
13-38 keV
3.42±0.36
3.18±0.20
1.29±0.30
2.24
1.58±0.14
15.29+3.97
−3.53

8.13
11.42
5.95
Fixed fit
9.84
3.55

22.86+1.54
−1.42
21.77±0.96
10.61±0.89
5.29±0.69
11.65±0.59
7.37+0.92
−1.05

3-1

B

5.29±0.21

1.61+0.65
−0.44

4.32

3-1

C

11.35±0.11

4.21±0.44

7.80

3-1
3-2
3-2

Cc
B
C

20.37+3.50
−4.57
5.38±0.08
12.57±0.19

19.95+0.05
−5.79
1.47±0.19
2.98±0.54

3.93
10.34
4.02

3-3

B

4.72±0.47

3-4a

4.91+0.33
−0.53

3.97+1.78
−1.07

B

2.80+2.69
−1.04

a

4.14
3.44

4.65+0.75
−0.54

11.05+0.45
−0.71

6.48+1.41
−0.86
8.39±0.43
+0.86
7.73−0.96
5.47+0.88
−0.67

2.37+0.70
−0.35

Poissonian noise fitted adding a constant to the model, since the Poissonian noise subtraction left
flat residuals at high frequencies (see §2.2); b Peak fitted with two Lorentzians. The value of the
rms is reported at the next line; c Harmonic peak; d Sum of the rms of the two Lorentzians fitting
this peak; e High frequency QPO, not considered in our analysis (see Belloni et al. 2006); f Our
resolution is 0.5 s (we extracted power density spectra on 2-second intervals, see §2.2)
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Table 2.7: Fit results for Obs. #4. See caption of Table 2.6 for an explanation.

a

Sel.

Type

2-1
3-1
3-1
3-2
3-2
3-3
3-3
3-4
4-1
4-1

C
B
C
B
C
B
C
B
B
Bc

2-1
3-1
3-1
3-2
3-2
3-2
3-3
3-3
3-4
3-4
4-1
4-1

C
B
C
B-1st
B-2nd
C
B
C
B
Bc
B
Bc

2-1
3-1
3-1
3-2
3-2
3-3
3-3
3-4
4-1

C
B
C
B
C
B
C
B
B

Observation #4
Freq. (Hz)
F W HM Sign. (σ)
2-5 keV
10.32
3.46
Fixed fit
4.11±0.07 2.13±0.23
13.50
8.88
11.91±0.21
3.15+0.71
−0.55
5.04±0.06 1.96±0.18
13.76
3.85
4.37+2.01
11.91+0.42
−1.26
−0.52
10.44
5.65±0.12
2.70+0.39
−0.28
13.63
6.72
Fixed fit
5.56±0.09 0.99±0.24
4.54
6.84±0.15 2.06±0.42
5.24
3.70
7.98+3.95
12.00+0.97
−2.12
−1.19
5-13 keV
9.92±0.21 3.09±0.50
6.70
4.27±0.04 2.01±0.10
24.77
11.45±0.11 4.34±0.39
18.25
4.82±0.06 1.38±0.12
10.15
5.79±0.05 0.66±0.12
4.75
7.49
12.52±0.57
9.94+1.85
−1.56
5.79±0.05 1.61±0.10
22.08
13.63
6.72
Fixed fit
5.61±0.05 1.74±0.16
16.41
3.89
5.65+2.20
11.13+0.62
−1.23
−0.76
6.79±0.07 1.66±0.22
10.79
6.68
14.54+2.54
13.46+1.10
−2.13
−1.49
13-38 keV
9.84
10.32±0.19
3.46+0.63
−0.53
4.27
2.01
Fixed fit
11.67±0.13 2.82±0.44
6.90
4.62±0.31
2.33+0.96
3.46
−0.73
12.67±0.19 5.91±0.76
13.31
5.85±0.30 2.39±0.63
4.01
6.39
13.63±0.54
6.72+2.66
−1.67
5.41+0.62
6.01+3.50
4.66
−0.79
−2.24
6.83±0.14
1.52+0.45
5.28
−0.35

rms (%)
2.19±0.27
3.21±0.13
1.81±0.16
2.78±0.10
1.41±0.18
2.96±0.17
1.02±0.22
1.64±0.18
3.17±0.02
2.73+0.46
−0.34
4.80±0.36
6.20±0.13
3.71±0.12
-a
5.93±0.39b
2.54±0.19
5.87±0.14
0.97±0.27
4.12±0.13
1.63±0.27
6.48±0.30
5.54±0.34
13.68±0.71
4.02±0.99
9.49±0.69
5.28+1.00
−0.77
11.16±0.45
7.20+0.65
−0.90
8.97+1.68
−0.94
5.74+1.54
−0.65
10.76+1.78
−1.02

Peak fitted with two Lorentzians. The value of the rms is reported at the next line;
Sum of the rms of the two Lorentzians fitting this peak; c Harmonic peak
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Table 2.8: Fit results for Obs. #5. See caption of Table 2.6 for an explanation.
Observation #5
Freq. (Hz)
F W HM
2-5 keV
2.53±0.22
3.92±0.41
3.17±0.20
4.61±0.34
6.42±0.05
1.26±0.13
+2.38
14.03±0.65
8.58−1.74
2.75±0.10
2.50±0.39
8.40±0.16
3.14±0.40
3.99+0.38
5.14+0.83
−0.52
−0.73

Sel.

Type

1-1
1-2
1-3
1-3
2-1
2-1
3-1

C
C
C
Cc
B
C
B

3-1
3-2
3-2

C
B
C

11.88±0.15
5.59±0.20
12.85±0.33

3-3
3-3
4-1

B
C
B

5.02±0.31
15.31
5.96±0.12

1.71+0.66
−0.50
2.59±0.39
2.97+0.73
−0.61

Sign. (σ)

rms (%)

7.99
9.50
14.33
6.46
13.13
4.42
4.80

9.20+0.37
−0.56
8.44±0.45
3.28±0.13
2.50±0.27
2.87±0.13
2.53±0.38
3.41±0.36

3.39
7.71
5.66

1.25±0.18
3.09±0.23
1.69±0.16

3.28
Fixed fit
3.50

2.26±0.41
1.46±0.42
1.84±0.32

1-1

C-1st

2.70+0.03
−0.14

2.28+1.11
−0.72
6.22
0.76+0.36
−0.24
5-13 keV
<0.5e

3.29

-a

1-1

C-2nd

2.69±0.27

4.27±0.30

6.26

b
17.88+1.44
−1.53

1-2
1-3
1-3
2-1
2-1
2-1
3-1
3-1
3-1
3-2
3-2
3-2
3-3
3-3

C
C
Cc
B
C
Cc
B-1st
B-2nd
C
B-1st
B-2nd
C
B
C

3.55±0.21
6.46±0.03
12.86+0.22
−0.42
2.84±0.12
8.70±0.05
18.43±0.59
4.40±0.12
6.25±0.005
12.08±0.07
5.07±0.08
6.42±0.10
13.13±0.25
5.40±0.07
15.31±0.46

3.05±0.44
1.58±0.08
12.36±0.93
2.53±0.26
3.92±0.17
11.55+1.66
−1.45
2.85±0.15
<0.5e
2.27±0.22
1.62±0.30
<0.5e
4.97+0.79
−0.69
1.56±0.16
6.22+1.33
−1.11

4.71
26.59
13.58
6.89
26.56
8.58
10.30
7.94
15.28
6.57
3.50
9.96
12.70
6.13

13.58+2.16
−1.45
7.60±0.14
5.87±0.24
4.70±0.39
5.63±0.11
2.94±0.20
-a
5.54±0.29b
2.49±0.08
-a
5.52±0.50b
2.93±0.18
4.87±0.19
2.28±0.19

4-1

B

6.10±0.10

3.46

4.30+0.97
−0.62

1-1

C

2.80±0.11

1.85±0.55
13-38 keV
2.06+0.33
−0.47

3.21

19.10+1.24
−2.99

1-2
1-3
1-3

C
C
Cc

3.21±0.22
6.69±0.04
+0.86
10.67−1.07

3.84±0.35
1.76±0.14
+1.68
9.91−1.53

5.81
13.39
5.47

2-1
2-1
2-1

B
C-1st
C-2nd

2.84
10.17±0.17
8.34±0.09

2.53
2.67±0.33
1.40±0.29

Upp. lim.d
5.81
4.31

22.67−1.96
14.15±0.53
+1.25
10.00−0.92

3-1
3-1
3-2
3-2

B
C
B
C

5.14±0.29
11.81±0.09
6.04±0.11
13.56±0.23

2.54−0.58
2.75±0.34
0.97±0.26
4.27+0.71
−0.61

+0.68

4.43
8.80
4.57
10.04

2.22−0.50

3-3

B

5.35±0.18

+0.63

5.53

3-3

C

17.65+1.35
−1.64

11.76+4.12
−2.94

4.86

4-1

B

5.96

0.76

Fixed fit

a

+1.62

1.83
-a
b
11.92+1.28
−1.15
+0.88
6.23−0.71

9.18±0.55
6.58±0.72
9.42±0.49
+0.70

7.06−0.64

7.30+0.93
−0.77

4.02+0.87
−1.01

Peak fitted with two Lorentzians. The value of the rms is reported at the next line; b
Sum of the rms of the two Lorentzians fitting this peak; c Harmonic peak; d Estimated at
3σ confidence level; e Our resolution is 0.5 s (we extracted power density spectra on
2-second intervals, see §2.2)
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Table 2.9: Phase lags for each component detected in the ﬁts for observations # 1,
2 and 3, integrated in a range centered on the peak centroid frequency with a width
equal to the F W HM of the peak itself. Centroid frequency values were taken from
ﬁts in the 5-13 keV energy band. For peaks ﬁtted with two Lorentzians, we calculated
the lag integrating in a range centered on the component with the highest fractional
rms (see §2.2).

a

Sel.
2-1
2-1
3-1
3-1
3-2
3-2
3-3
3-3
3-4
3-4
3-5
4-1

Type
B
C
B
C
Ba
C
Ba
C
B
C
B
B

1-1
1-1
1-2
1-3
2-1
2-1
2-2
2-2
3-1
3-1
3-2
3-2

C
Cd
C
C
C
Cd
C
C
Ba
C
B
C

1-1
1-2
1-3
1-3
2-1
2-1
2-1
3-1
3-1
3-1
3-2
3-2
3-3
3-4c

C
C
C
Cd
B
C
Cd
Ba
C
-b
B
C
B
B

Observation #1
Freq. (Hz) Phase lag (rad)
2.75
-0.042±0.020
8.67±0.27
0.051±0.019
4.27±0.04
-0.110±0.007
10.67±0.10
0.040±0.007
4.81±0.08
-0.142±0.008
12.80±0.40
0.001±0.005
5.28±0.12
-0.089±0.001
12.43±0.58
-0.019±0.001
6.10±0.05
-0.025±0.010
14.53±0.35
-0.008±0.014
5.94+0.37
-0.019±0.013
−0.50
6.78±0.08
-0.095±0.031
Observation #2
2.96±0.58
-0.018±0.022
5.25±0.61
-0.023±0.020
4.18±0.06
-0.120±0.020
6.06±0.07
-0.271±0.040
7.91±0.06
-0.293±0.055
15.17+1.35
-0.285±0.046
−2.18
9.81±0.08
-0.115±0.044
21.15±0.92
-0.290±0.155
4.57±0.10
-0.052±0.026
12.78±0.12
-0.123±0.066
5.10±0.10
0.140±0.060
11.75±0.18
-0.263±0.103
Observation #3
2.72±0.14
-0.122±0.025
3.35±0.08
-0.093±0.013
5.71±0.09
-0.116±0.028
13.90±0.54
-0.031±0.053
2.64±0.21
-0.128±0.020
7.65±0.04
-0.189±0.024
14.85+0.77
-0.202±0.021
−0.92
4.17±0.12
-0.101±0.019
11.17±0.11
-0.115±0.029
25.00+1.30
-0.168±0.194
−1.43
5.17±0.06
0.080±0.040
13.19±0.16
-0.080±0.043
5.53±0.05
-0.282±0.120
5.36±0.16
0.008±0.060

Peak fitted with two Lorentzians; b High frequency QPO; c Poissonian noise fitted adding
a constant to the model; d Harmonic peak
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Table 2.10: Phase lags for each component detected in the ﬁts for observations # 4
and 5. See caption of Table 2.9 for an explanation.

a

Sel.
2-1
3-1
3-1
3-2
3-2
3-3
3-3
3-4
3-4
4-1
4-1

Type
C
B
C
Ba
C
B
C
B
Bc
B
Bc

1-1
1-2
1-3
1-3
2-1
2-1
2-1
3-1
3-1
3-2
3-2
3-3
3-3
4-1

Ca
C
C
Cc
B
C
Cc
Ba
C
Ba
C
B
C
B

Peak fitted with two Lorentzians;

Observation #4
Freq. (Hz) Phase lag (rad)
9.92±0.21
0.021±0.102
4.27±0.04
-0.262±0.024
11.45±0.11
0.0±0.052
4.82±0.06
-0.313±0.024
12.52±0.57
-0.188±0.046
5.79±0.05
-0.127±0.038
13.63b
-0.087±0.102
5.61±0.05
-0.122±0.041
-0.160±0.096
11.13+0.62
−0.76
6.79±0.07
-0.074±0.048
-0.171±0.040
13.46+1.10
−1.49
Observation #5
2.69±0.27
-0.130±0.023
3.55±0.21
-0.116±0.018
6.46±0.03
-0.125±0.024
12.86+0.22
-0.060±0.025
−0.42
2.84±0.12
-0.102±0.014
8.70±0.05
-0.061±0.019
18.43±0.59
-0.057±0.064
4.40±0.12
-0.140±0.015
12.08±0.07
0.033±0.046
5.07±0.08
-0.267±0.036
13.13±0.25
-0.104±0.052
5.40±0.07
-0.290±0.050
15.31±0.46
-0.029±0.073
6.10±0.10
-0.0±0.044
b

Fixed fit (see caption of table 2.4 for an explanation);
Harmonic peak

c
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star X-ray binary Circinus X-1
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Abstract
We present the results of simultaneous X-ray and radio observations of the
peculiar Z-type neutron star X-ray binary Cir X-1, observed with the Rossi
X-ray timing explorer satellite and the Australia Telescope Compact Array in
2000 October and 2002 December. We identify typical Z source behaviour in
the power density spectra as well as characteristic Z patterns drawn in an Xray hardness-intensity diagram. Power spectra typical of bright atoll sources
have also been identiﬁed at orbital phases after the periastron passage, while
orbital phases before the periastron passage are characterized by power spectra
that are typical neither of Z nor of atoll sources. We investigate the coupling
between the X-ray and the radio properties, focusing on three orbital phases
when an enhancement of the radio ﬂux density has been detected, to test
the link between the inﬂow (X-ray) and the outﬂow (radio jet) to/from the
compact object. In two out of three cases we associate the presence of the
radio jet to a spectral transition in the X-rays, although the transition does
not precede the radio ﬂare, as detected in other Z sources. An analogous
behaviour has recently been found in the black hole candidate GX 339-4. In
the third case, the radio light curve shows a similar shape to the X-ray light
curve. We discuss our results in the context of jet models, considering also
black hole candidates.
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3.1

Introduction

Low magnetic-ﬁeld neutron star X-ray binaries (NSXBs) are often divided in
two classes, according to their correlated spectral and timing properties: the
“atoll” and the “Z” sources (Hasinger & van der Klis 1989, see van der Klis
2006 for a review), named after the shape of the track they draw in X-ray
color-color diagrams (CDs) and hardness-intensity diagrams (HIDs).
Z sources are brighter than atoll sources and are believed to accrete at nearEddington luminosities (0.5-1.0 LEdd , van der Klis 2006). The mass accretion
rate ṁ is thought to be the main parameter responsible for the diﬀerences
between Z sources and atoll sources but the NS magnetic ﬁeld strength might
also play a determinant role (Hasinger & van der Klis 1989). To date seven
Galactic NSXBs have been classiﬁed as Z sources: six of them are persistent,
one is transient (XTE J1701-462, Homan et al. 2007a; the source evolved to
atoll-like behaviour at the end of its outburst; Homan et al. 2007b, Lin et
al. 2009). They are characterized by three-branched tracks in their CDs and
HIDs that in some cases resemble the character “Z”, in other cases they have a
more “ν-like” shape. The branches are called horizontal branch (HB), normal
branch (NB) and ﬂaring branch (FB) and identify three diﬀerent states. The
mass accretion rate ṁ is assumed to be the major physical parameter driving
the transitions between the states, increasing monotonically from the HB to
the FB. Motion along the branches of the “Z” usually takes place on time scales
of hours to days while on longer time scales it has been observed that the entire
Z track can change its location in the CD and HID or even its morphology
(Cyg X-2, Kuulkers et al. 1996 and Wijnands et al. 1997; XTE J1701-422,
Homan et al. 2007a). Another possibility is that the mass accretion rate ṁ
drives the long-time scale evolution between diﬀerent systems (Z source Z-like
shape, Z source ν-like shape, atoll source) while state transitions are mainly
driven by disc instabilities (XTE J1701-462, Lin et al. 2009).
In timing studies, Z sources show a rich phenomenology of quasi periodic
oscillations (QPOs) and noise components, whose presence and properties are
strongly correlated with the position of the source along the Z track (van der
Klis 2006). Three types of low-frequency QPOs (<100 Hz) are seen in the Z
sources; they derive their name from the branches on which they were originally found: horizontal branch (HBOs), normal branch (NBOs) and ﬂaring
branch oscillations (FBOs). Twin kHz QPOs have also been detected in all
the Z sources (marginally in XTE J1701-462, Homan et al. 2007a).
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Figure 3.1: 2-18 keV RXTE/PCA light curves for the two data sets examined here. Bin size is 16 seconds. Only counts
from PCU2 were used. Horizontal lines in the bottom part of each light curve correspond to ATCA radio observations. The
letters A-O indicate 15 intervals in which we divided the data (see §3.3.1). See Figures 3.2 and 3.3 for the corresponding
hardness-intensity diagrams. Vertical dashed lines mark the periastron passage (phase 0.0 of the orbital cycle), vertical dotted
lines mark the apastron passage (phase 0.5 of the orbital cycle).

A

3.1 Introduction

43

3. Linking jet emission and X-ray properties in the peculiar neutron star X-ray
binary Circinus X-1
All the Z-type NS sources are detected in radio (at variance with atoll
sources, see Migliari & Fender 2006), showing large amplitude variability and
both optically thin and optically thick emission. Penninx et al. (1988), for the
ﬁrst time, found (in GX 17+2) that the radio emission varies as a function of
the position in the X-ray CD, decreasing with increasing mass accretion rate
from the HB (strongest radio emission) to the FB (weakest radio emission).
Hjellming et al (1990a, 1990b) found a consistent behaviour both in Cyg X-2
and in Sco X-1, that according to Migliari & Fender (2006) could be universal
(but see Tan et al. 1992 for GX 5-1). Migliari et al. (2007b) observed GX
17+2 simultaneously in X-ray and radio and conﬁrmed previous results, reporting a delay of approximately ∼ 2 hours between X-ray spectral transitions
and the radio jet activity. A similar behaviour has been found in the bright
atoll source GX 13+1 (Homan et al. 2004), in which a change in the X-ray
spectral hardness precedes the beginning of the radio ﬂares by approximately
40 minutes. The transient Z source XTE J1701-462 has also been detected in
radio (Fender et al. 2007) when on the HB and NB. Extended radio jets have
been spatially resolved for Sco X-1 (Fomalont et al. 2001a) and have also been
associated with ultra-relativistic ejections (Fomalont et al. 2001b).

3.1.1

Cir X-1

Cir X-1 is a peculiar X-ray binary discovered by Margon et al. (1971) characterized by ﬂares with a period of 16.55 days, observed ﬁrst in the X-ray band
(Kaluzienski et al. 1976) and then in the infrared (Glass 1978; Glass 1994),
radio (Haynes et al. 1978) and optical bands (Moneti 1992): these ﬂares have
been interpreted as due to enhanced accretion close to the periastron passage
of a highly eccentric binary orbit (e ∼ 0.8, Murdin et al. 1980, Nicolson, Glass
& Feast 1980). The evidence that the system harbours a neutron star comes
from the detection of type-I X-ray bursts (Tennant et al. 1986a,b) and the
more recent detection of twin kHz QPOs in the X-ray power density spectra
(Boutloukos et al. 2006). However Cir X-1 is a very peculiar neutron star
system, since it features several black-hole like properties. It is the most radio
loud neutron star system (Whelan et al. 1977, Haynes et al. 1978; Cyg X-3
and SS433 are brighter in radio but their nature is unclear), showing extended
jets on arcmin scale (Stewart et al. 1993; Tudose et al. 2006) that probably inﬂated the radio nebula in which the system is embedded. It also shows
arcsec-scale ultra-relativistic radio jets (Fender et al. 1998, 2004b; Tudose et
al. 2008). On arcmin scale, X-ray jets have been recently detected (Heinz
et al. 2007; Soleri et al. 2009a, §4): Cir X-1 is the only secure neutron star
system in which such ejections have been spatially resolved. The source is also
characterized by a hard X-ray emission (Iaria et al. 2001, Ding et al. 2003)
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and very strong X-ray variability (Jones et al. 1974, Samimi et al. 1979,
Oosterbroek et al. 1995), showing dramatic evolution of its X-ray luminosity, spectra and timing properties on timescales from milliseconds to decades
(Shirey et al. 1999, Parkinson et al. 2003). Oosterbroek et al. (1995) identiﬁed
atoll-source behaviour (strong band-limited noise and non Z-like pattern in the
CDs and HIDs) in the low-ﬂux phases of Cir X-1 while Shirey et al. (1998), in
an analysis of Rossi X-ray Timing Explorer (RXTE) data, identiﬁed the ﬁrst
typical Z-source features in the power density spectra and then (Shirey et al.
1999) a complete Z track in its high-luminosity orbital phases. Based on the
properties of the type-I X-ray bursts, Jonker & Nelemans (2004) estimated
a distance to the source of 7.8-10.5 kpc; according to a diﬀerent measure of
the Galactic absorption, Iaria et al. (2005) derived a smaller distance of 4.1
kpc (but see Jonker et al. 2007). The identiﬁcation of the companion star is
still a matter of debate: from optical and infrared observations Johnston et al.
(1999) suggested a sub-giant companion star of 3-5 M⊙ , while Jonker et al.
(2007), from analysis of the optical spectrum, found evidence for super-giant
characteristics.

3.2

Observations and data analysis

We analysed simultaneous X-ray (RXTE) and radio observations from the
Australian Telescope Compact Array (ATCA) performed during 2000 October
and 2002 December. A log of the complete data set can be found in Table 3.1.
Orbital phases (both for RXTE and ATCA observations) are estimated using
the radio ephemeris from Nicolson (2007). These ephemeris mark the onset of
the radio ﬂare, not the peak. In Table 3.1, the ﬁrst digit of the orbital phases
increases after every periastron passage.

3.2.1

X-ray data

We analysed 22 RXTE/PCA (proportional counter array, Jahoda et al. 2006)
observations made between 2000 October 1 and 2000 October 26 and 23
RXTE/PCA observations performed between 2002 December 3 and 2002 December 10.
Background subtracted light curves with a time resolution of 16 seconds were
obtained from the “Standard 2”-mode data, covering the energy range 2-18
keV. We used only data from proportional counter array unit (PCU) number
2, the most reliable of the ﬁve PCUs, always on during all our observations.
We applied dead-time corrections. We also deﬁned two X-ray colors, a hard
color (HC) and a broad color (BC), as the ratio of the count rates in the
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Table 3.1: Log of the RXTE and ATCA observations analysed in this paper. The
data are divided in intervals (see also Figure 3.1 for the X-ray PCA light curve)
according to criteria explained in §3.3.1. The ﬁrst digit of the orbital phases increases
after every periastron passage. For more details on the ATCA observations we refer
the reader to Table 1 in Tudose et al. (2008).

a

Interval
A
B
C
D
E
F
G
H

Day of
the month
01
07-08
09-10
14-15
19
20-21
23
25-26

Interval
I
J
K
L
M
N
O

Day of
the month
02
03-04
05
06
07
07-08
08-09
10

2000 October
RXTE
ATCA
start (MJD)a
exposureb (s) exposure (h)
51818.034
25875
8.8
51824.851
5568
4.0
51826.930
28155
11.5
51831.977
22092
10.0
51836.029
20475
8.8
51837.888
23491
11.5
51840.168
15859
6.4
51842.932
9416
11.5
2002 December
RXTE
ATCA
start (MJD)a
exposureb (s) exposure (h)
11.5
52611.786
24002
11.9
52613.102
12423
11.5
52614.090
14728
11.9
52615.078
15520
12.3
52615.802
16336
11.5
52616.789
13920
10.0
52618.105
10735
-

Orbital
X-ray
0.98-1.01
1.40-1.41
1.52-1.54
1.83-1.86
2.07-2.10
2.19-2.22
2.32-2.34
2.49-2.52

phases
Radio
0.99-1.01
1.40-1.41
1.52-1.55
1.83-1.85
2.08-2.10
2.19-2.22
2.32-2.34
2.49-2.52

Orbital
X-ray
0.99-1.02
1.07-1.09
1.13-1.15
1.19-1.21
1.24-1.27
1.30-1.33
1.38-1.39

phases
Radio
0.93-0.96
0.99-1.02
1.06-1.09
1.12-1.15
1.18-1.21
1.24-1.27
1.30-1.32
-

Beginning of the observation in the “Standard 2”-mode data; b Net exposure, excluding
the gaps in between different spacecraft orbits and observations

following energy bands: (13-18)/(8.5-13) keV (HC) and (6.3-13)/(2-6.3) keV
(BC). The energy bands have been deﬁned according to Shirey et al. (1998),
to make comparisons easier. We used the BC to produce HIDs, with the
intensity deﬁned as the count rate in the 2-18 keV energy band and the HC
to plot color curves.
Power density spectra (PDS) were extracted from high time resolution data
from all the active PCUs summed together, using standard Fast Fourier Transform (FFT) techniques (van der Klis 1989, 1995). The data were dead-time
and background corrected. The PCA data mode used to produce the PDS
were diﬀerent for the data sets of 2000 October and 2002 December (Single
Bit and Event data for the former and only Single Bit for the latter, see Jahoda
et al. 2006 for an explanation), hence we could not extract power spectra in
the same energy band. We chose the energy range ∼2-33 keV (absolute channel 0-78) for 2000 October and ∼2-10 keV (absolute channels 0-23) for 2002
December. We extracted PDS with the same Nyquist frequency of 8192 Hz
on segments with lengths of 128 s.
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Figure 3.2: HID for the October 2000 data. Bin size is 16 seconds. Error bars are usually smaller then the symbols. In each
panel the points that correspond to one of the intervals listed in Table 3.1 (from A to H only) are marked in black, while the
other points are plotted in grey. The name of the interval is written on the top left part of the panels, while the corresponding
orbital phase (from Table 3.1) is reported on the top-right part.
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Figure 3.3: HID for the December 2002 data. Bin size is 16 seconds. Error bars are usually smaller then the symbols. In each
panel the points that correspond to one of the intervals listed in Table 3.1 (from I to O only) are marked in black, while the
other points are plotted in grey. The name of the interval is written on the top left part of the panels, while the corresponding
orbital phase (from Table 3.1) is reported on the top-right part. Note the diﬀerent scales on the axis than Figure 3.2.
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We averaged the resulting PDS over certain selections of points in the HID
(see §3.3.2), we rebinned them logarithmically and we also subtracted the
Poissonian noise, including the very large events (VLE) contribution (Zhang
et al. 1995). The PDS were then normalized to square fractional rms (see
Belloni & Hasinger 1990). The ﬁtting was carried out using a combination of
Lorentzians (Nowak 2000, Belloni et al. 2002), including a power-law component when needed to take into account the very low frequency noise (VLFN).
Following Belloni et al. (2002), we will quote the frequency νmax at which the
Lorentzian attains its maximum in νP (ν) representation and the quality factor Q, where νmax = ν0 (1 + 1/4Q2 )1/2 and Q = ν0 /2∆. ν0 is the Lorentzian
centroid frequency and ∆ is its half-width-at-half-maximum. Errors on ﬁt
parameters were determined using ∆χ2 =1.

3.2.2

Radio data

We have observed Cir X-1 over multiple epochs on 2000 October and 2002
December at 4.8 and 8.6 GHz using the Australia Telescope Compact Array
(ATCA). We used as primary calibrator PKS J1939-6342 (PKS B1934-638)
and as secondary calibrator PMN J1524-5903 (B1520-58). Standard calibration techniques were employed using the MIRIAD software (Sault, Teuben &
Wright 1995). For more details on the radio analysis we refer the reader to
Tudose et al. (2008).

3.3

Results and interpretation

In this section we will proceed as follows: ﬁrst we analyse the X-ray light
curves, the HIDs and the PDS, identifying typical Z source features, then
we focus on the correlated X-ray/radio behaviour at two particular orbital
phases (0.0 and 0.5, periastron and apastron respectively), when radio jets are
detected.

3.3.1

Light curves and evolution in the hardness-intensity diagrams

Figure 3.1 shows the 2-18 keV PCA light curves of Cir X-1 for our data set: in
2000 October the source crossed the periastron twice during the time interval
in which our observations have been performed while in our December-2002
campaign Cir X-1 crossed the periastron only once (the ﬁrst digit of the orbital
phases in Table 3.1 increases after every periastron passage).
The X-ray light curve of Cir X-1 is highly variable and in the last decades it has
been characterized by periods of very low ﬂux and periods in which strong rebrightening occurred. Since a discussion of its morphology is beyond the scope
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of this paper (see Parkinson et al. 2003), we just note that the PCA count
rate reached higher peaks in 2000 October than in 2002 December, without
further commenting on this aspect.
In some light curves, rapid changes in the X-ray count rate occur on short
time scales, up to ∼3600 c/s (PCU2 only) in ∼17 min (a factor ∼7 in count
rate) on 2000 October 19. Dips are also present when close to phase 0.0 (2000
October 19; 2002 December 3, 4 and 5) as previously reported (e.g. Ding et
al. 2006).
We created a HID both for 2000 October and 2002 December: the source
systematically changes its position in the diagram according to the orbital
phase, drawing various patterns that, when not close to the periastron passage,
do not overlap in the HID. We have divided the data set in diﬀerent intervals,
that are chosen in such a way that each of them corresponds to an ATCA
observation (except for interval O, since no radio observations are available).
RXTE observations that belong to the same interval are usually characterized
by consistent patterns in the HID. This method led to 15 intervals, labeled A
to O, marked in the X-ray light curves in Figure 3.1. The associated orbital
phases are given in Table 3.1. Figures 3.2 and 3.3 show the location of the
intervals in the HIDs for 2000 October (intervals A-H) and 2002 December
(intervals I-O), respectively. From now on we will refer to the interval names
without necessarily reporting the date.
The 2000-October data set covers most of the orbital phases while the 2002December one focuses on the periastron passage, in the phase interval 0.991.39. Excluding intervals B, C, D and H (for which there is no overlapping
in the two data sets), the HIDs for 2000 October and 2002 December have
comparable shape (note the diﬀerent scale on the axis, due to the decreasing
secular trend of Cir X-1 count rate). Position and patterns in the HIDs are
strongly dependent on the orbital phase and that is particularly evident around
phase 0.0: before/across the periastron passage the source draws a cloud in the
top-left part of the HID (intervals A, I and part of interval J). Subsequently
Cir X-1 moves in the bottom part of the HID, drawing nearly horizontal strips
with strong variations in count rate (intervals E, F, J, K, L and M). Intervals
B, C, D, F, G, H, N, O correspond to orbital phases not close to the periastron
passage. They do not overlap with the cloud and the horizontal strips and
they are characterized by smaller variations in count rate.

3.3.2

Identification of Z-source features

The aim of this section is to test if we can identify Z source features in the
PDS and HIDs.
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Table 3.2: Best ﬁt parameters of the PDS in Figures 3.5 and 3.8.
Type

νmax (Hz)

Q
rms (%)
Significance (σ)
χ2 /dof
HB
G/PDS-I
HBO
37.67±0.0002
1.12±0.10
4.34±0.17
11.17
130/114
G/PDS-II
HBO
13.86±0.03
3.54±0.09
7.95±0.08
46.52
184/108
G/PDS-II
HBOa
28.83±1.00
3.83±1.11
1.83±0.22
4.41
-b
H/PDS-III
HBO
11.65±0.02
6.98±0.31
6.06±0.07
43.34
152/110
H/PDS-III
HBOa
22.78±1.28
1.41±0.39
2.30±0.31
3.99
-b
H/PDS-III
kHz
201.16±26.42
0.63±0.22
3.82±0.32
6.26
-b
NB
D/PDS-IV
NBO
4.99±0.05
1.88±0.09
3.04±0.05
33.42
139/117
D/PDS-IV
VLFN
2.01±0.29c
0.59±0.04
-b
C/PDS-V
NBO-first
7.20±0.56
1.32±0.48
-e
2.70
150/108
C/PDS-V
NBO-second
4.05±0.17
1.18±0.12
2.93±0.0.41f
4.74
-b
C/PDS-V
HBO
45.95±0.46
2.07±0.24
3.39±0.18
7.76
-b
FB
D/PDS-VI
VLFN
1.64±0.05c
3.13±0.10d
144/120
Cloud
A/PDS-VII
VLFN
2.03±0.04c
4.94±0.17d
144/120
Phase 0.0 - 2000 October - Horizontal strips
E/PDS-VIII
VLFN
2.12±0.03c
24.35±0.66d
124/120
E/PDS-IX
VLFN
1.98±0.05c
7.56±0.33d
140/114
E/PDS-IX
4.66±0.19
0.77±0.08
4.07±0.27
6.94
-b
E/PDS-IX
14.55±1.66
0.41±0.14
3.57±0.34
5.70
-b
E/PDS-X
VLFN
2.00±0.15c
1.91±0.16d
- 95.7/111
E/PDS-X
6.56±0.43
0.47±0.05
5.34±0.28
9.01
-b
E/PDS-X
21.17±1.07
0.75±0.15
5.00±0.43
6.15
-b
E/PDS-X
46.76±0.88
2.28±0.33
3.54±0.27
6.70
-b
Phase 0.0 - 2002 December
I/PDS-XI
VLFN
2.18±0.05c
6.69±0.26d
120/120
J/PDS-XII
VLFN
1.82±0.10c
3.74±0.20d
110/111
J/PDS-XII
4.18±0.14
1.56±0.35
2.57±0.33
4.60
-b
J/PDS-XII
13.01±2.22
0.22±0.15
4.21±0.35
5.66
-b
J/PDS-XII
51.63±1.57
2.29±0.60
3.15±0.31
5.19
-b
Harmonic peak; b Already reported; c Index Γ of the power law; d Integrated in the interval 0.1-100 Hz; e Peak fitted with two Lorentzians;
Sum of the rms of the two Lorentzians
Interval/PDS

f
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Figure 3.4: HID for the October 2000 data. Bin size is 16 seconds. Each Roman
numeral refers to a region of points (marked in black) for which we extracted and
averaged a PDS, reported in Figure 3.5. Grey dots represent points for which we do
not show any PDS.

We focus on some observations performed in 2000 October, since the associated patterns in the HID and PDS are representative of the source behaviour.
We chose 2000 October since those data, diﬀerently from the ones from 2002
December, cover all the orbital phases.
Figure 3.4 shows a HID for 2000 October. We marked 10 regions of points
for which we have extracted and averaged power spectra. Each region and
its corresponding power spectrum (reported in Figure 3.5) is marked with a
Roman numeral (I to X). We ﬁtted the PDS as described in §3.2.1 and we
reported the best ﬁt parameters in Table 3.2. For the remaining part of this
section we will implicitly refer to Figures 3.4 and 3.5 and Table 3.2.
Horizontal Branch
Intervals G and H are characterized by a deﬁnite branch in the HID, on which
the count rate decreases in time while the value of the BC increases. PDS-I,
-II and -III are extracted in three diﬀerent positions on this branch. They
show a highly signiﬁcant peak, the frequency of which correlates with the
count rate, decreasing from ν ∼ 38 Hz to ν ∼ 12 Hz while the quality factor
Q increases from 1.12±0.10 to 6.98±0.31. Its fractional rms is in the range
(4.34±0.17)% - (7.95±0.08)%. We identify the branch and the peak as a HB
and a HBO, respectively. Their properties resemble those of the HB and the
HBO identiﬁed in Shirey et al. (1998, 1999). PDS-I and PDS-II, in which the
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HBO has a higher fractional amplitude, also show a harmonic peak. PDS-III
features a signiﬁcant broad kHz peak, with ν = 201.16 ± 26.42 Hz and quality
factor Q = 0.63 ± 0.22. No twin kHz QPOs have been detected in our data.
Normal Branch
Interval D consists of two segments connected with a vertex. They both have
an opposite inclination in the HID compared to intervals G and H. We extracted power spectra in several positions along the branches and we noticed
that, in one of them, they feature (see PDS-IV) a peak with rather stable
frequency around 5 Hz, the centroid frequency of which does not correlate
with the count rate. The peak is broader than the HBO (the one detected
in intervals G and H), with quality factor Q . 2 and with lower fractional
rms (∼ 3%). We identify the branch and the peak as the NB and the NBO,
respectively, in agreement with other identiﬁcations of NB and NBO presented
in Shirey et al. (1998, 1999). A power law is also needed to ﬁt the VLFN in
PDS-IV, with very low factional amplitude (0.59±0.04)%.
The segment of interval C in which we extracted PDS-V has the same inclination in the HID as the segment of interval D in which we extracted PDS-IV.
In PDS-V, the peak at low frequency can be identiﬁed with a NBO, for the
same reasons listed for PDS-IV. Fitting the peak with only one Lorentzian
gave a very poor ﬁt: for this reason we used two Lorentzians, and in Table 3.2
we report the parameters of both of them. The total fractional rms has been
calculated adding the rms of the two peaks. Although the signiﬁcance of the
ﬁrst Lorentzian is 2.7σ, this component is needed in order to get an acceptable
ﬁt. Another peak appears in PDS-V: its centroid frequency correlates with
the count rate and its quality factor Q is ∼2: we identify this peak as a HBO.
HBOs on the NB have already been detected in other Z sources (GX 340+0,
Penninx et al. 1991; GX 17+2, Wijnands et al. 1996, Homan et al. 2002; Cyg
X-2, Wijnands et al. 1997; GX 5-1, Dotani 1988) but they have never been
clearly detected in Cir X-1.
Flaring Branch
In §3.3.2 we showed that one of the two branches of interval D can be identiﬁed
as a NB. After the vertex the inclination of the branch in the HID slightly
changes and the source properties as well: in the light curve Cir X-1 shows
bigger variations in count rate than in the ﬁrst segment and the PDS features
a diﬀerent kind of variability. PDS-VI has been extracted on this second part
of interval D. It only shows VLFN that can be ﬁtted with a power law with
spectral index Γ = 1.64±0.05. Its fractional rms is (3.13±0.10)%. Considering
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both the pattern in the HID (this branch has a common vertex with a NB)
and the PDS itself, dominated by VLFN, we can identify this branch as a FB.
A FB with the same properties has already been identiﬁed in Cir X-1 (Shirey
et al. 1998, 1999) and in other Z sources (van der Klis 2006) while a FBO
has only been reported in Sco X-1 and GX 17+2 (Priedhorsky et al. 1986 and
Homan et al. 2002, respectively) and possibly in GX 5-1 (Jonker et al. 2002).
Cloud
Interval A was observed during 7 RXTE orbits in which the last 4 show a light
curve characterized by rapid variations of the count rate on a short time scale
(∼ 1300 c/s in PCU2 in ∼ 600 sec). PDS-VII was extracted on the ﬁfth orbit
and it only shows VLFN that can be ﬁtted with a power law with spectral
index Γ = 2.03 ± 0.04. Its fractional rms is 4.94±0.17%. The extraction region
does not correspond to a deﬁnite branch in the HID but it rather resembles a
random selection in a cloud of points. Although the properties of the power
spectrum might suggest that this region is a FB (but note the diﬀerent slope
of the power law compared to the VLFN in §3.3.2), the fact that no branch is
drawn in the HID does not allow us to propose such identiﬁcation.
Phase 0.0 - Horizontal strips
Interval E covers the orbital phases that follow the periastron passage. In the
HID this interval draws a branch characterized by a stable BC (in the range
∼0.1-0.25) and large changes in the count rate (0-5200 c/s, PCU2 only). Power
density spectra show strong correlation with the count rate, with characteristic
frequencies moving towards high values with increasing count rate.
PDS-VIII has been extracted in a region characterized by low count rate (<
600 c/s, PCU2) and frequent dips in which the PCA count rate approaches ∼ 0
c/s. The power spectrum features strong VLFN that can be modeled using
a power law with index Γ = 2.12 ± 0.03 and fractional rms (24.35±0.66)%.
PDS-IX is an example of ”intermediate count rate” power spectrum. We
extracted it in a region where the count rate varies in the range 1500-2500
c/s (PCU2). The VLFN is still present but its fractional rms (7.56±0.33)%
is ∼ 3 times lower than in PDS-VIII. Two Lorentzians are needed in order to
get a satisfactory ﬁt: their ν are respectively 4.66±0.19 Hz and 14.55±1.66
Hz. The low-frequency one has the highest fractional amplitude. PDS-X has
been averaged in a high-count rate region in the HID (∼ 4000 c/s). It shows
a weak VLFN (fractional rms 1.91±0.16%) and 3 Lorentzians are required to
get an acceptable ﬁt, with frequencies ν of 6.56±0.43 Hz, 21.17±1.07 Hz and
46.76±0.88 Hz respectively.
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Figure 3.5: Average power density spectra calculated using data obtained in October 2000, selected according to the regions
indicated in Figure 3.4. All power spectra are rms normalized and the Poissonian level has been subtracted. The solid line in
each panel shows the best ﬁt to the spectrum. Best ﬁt parameters are in Table 3.2.
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Figure 3.6: a) simultaneous ATCA (8.6 GHz, top panel) and RXTE (PCU2 only, middle panel) light curve of Cir X-1 obtained
on 2000 October 9-10 (interval C). Horizontal lines mark diﬀerent RXTE orbits. The HC curve is also plotted in the bottom
panel. The bin size in the radio light curve is 5 min. Vertical dotted lines mark two orbital phases, as indicated. b) HIDs for
interval C. In the three HIDs we marked in black the points corresponding to the ﬁrst six, the seventh and the eighth RXTE
orbits, respectively. The other points are plotted in grey.
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3.3 Results and interpretation
From the analysis of the power density spectra extracted on interval E it is
evident that no HBO, NBO or VLFN are present. Although the source draws
rather regular branches in the HID, our timing studies show that Z branches
can not be identiﬁed here: at the orbital phases that follow the periastron
passage the Cir X-1 does not behave as a Z source.

3.3.3

Correlated X-ray/radio behaviour

The detailed ATCA light curves and radio maps for 2000 October and 2002
December are reported in Tudose et al. (2008). The radio ﬂux density in
2002 December is systematically lower than in 2000 October. Since a complete
analysis of these radio observations is already described in Tudose et al. (2008),
here we focus on the correlated X-ray/radio behaviour at two speciﬁc orbital
phases: phase 0.5 in 2000 October (09-10) and phase 0.0 in 2000 October (01
and 19-21) and 2002 December (03-05).
2000 October 09-10 - phase 0.5
Figure 3.6 (a, top panel) shows the ATCA radio light curve at 8.6 GHz on
2000 October 09-10 (it corresponds to interval C), in which a sequence of two
radio ﬂares with an interval of about 1 hour in between them is evident. These
ﬂares occur after the apastron passage and they have been recently reported
by Tudose et al. (2008). While ﬂares at phase 0.0 are a common feature that
has been extensively studied, this is the ﬁrst time that ﬂares associated with
other orbital phases are clearly detected (Fender 1997 presented circumstantial evidence for ﬂares at orbital phases diﬀerent from 0.0). The radio ﬂux
smoothly increases after the end of the second ﬂare which might suggest that
the ﬂaring sequence did not end yet, although the data do not allow to conﬁrm
or exclude this.
Figure 3.6 (a, middle and bottom panels) also shows the X-ray light and color
curves for interval C. In the ﬁrst six RXTE orbits the source tracks a branch
in in the HID (Figure 3.6b) that, by similarity with intervals G and H, we
identify with a HB. The PDS extracted in this segment conﬁrm the branch
identiﬁcation. During the seventh RXTE orbit the source path in the HID
makes a turn and in the RXTE-orbit 8 it is ﬁrmly on another branch, that we
already identiﬁed with the NB in §3.3.2. The identiﬁcation of the branches is
made robust also by inspecting the HC curve: during the ﬁrst six RXTE orbits the HC curve and the light curve anti-correlate while during RXTE-orbits
6 and 7 they follow the same behaviour. The X-ray state transition occurs
about 2.5-3 hours after the end of the second radio ﬂare.
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2002 December 03-05 - phase 0.0
In Figure 3.7 (top panel) we reported the ATCA light curve at 8.6 GHz on
2002 December 03-06. On 2002 December 5 Cir X-1 shows a sequence of radio
ﬂares. We also show the RXTE light curve and the HC curve (middle and
bottom panel, respectively), in which one can see that the X-ray count rate
increases at the beginning of the ﬂaring activity. From Figure 3.3 it is evident
that the source changes its position in the HID from interval I to interval
J: the former is characterized by a cloud of points with count rate smaller
than ∼ 1400 c/s (PCU2) and BC above 0.4, the latter by horizontal strips
with count rate up to ∼ 2400 c/s (PCU2) and BC below 0.4 (excluding few
transition points from the cloud). Figure 3.8a shows a zoom of the RXTE light
curve and HID on intervals I and J. We averaged PDS-XI on the last orbit of
interval I, in a region of points located in the “cloud” (see Figure 3.8a, top-left
and bottom-left panels). PDS-XII is averaged on the ﬁrst orbit of interval J,
in a region that includes a few points from the clouds and most of the points
in the “horizontal strips” (see Figure 3.8a, top-right and bottom-right panels).
Both the extraction regions (in the light curve and in the HID) and the power
spectra are reported in Figure 3.8a,b. As we already noticed for region A and
E in 2000 October (see §3.3.2), the behaviour of Cir X-1 in the light curve and
in the HID completely changes from the cloud to the horizontal strips, and
the properties of the power spectrum change as well. Best ﬁt parameters are
reported in Table 3.2. PDS-XI can be ﬁtted only with a power law that takes
into account the VLFN. PDS-XII needs to be ﬁtted with a power law and
three Lorentzians, to ﬁt the VLFN, two peaks at ∼4 and ∼52 Hz and broad
noise in between them. The transition from the cloud to the horizontal strips
area does not happen at once: at the end of interval J, for a few minutes the
count rate goes below 1000 c/s. That means that the source moves back to
the cloud, then Cir X-1 goes back to the horizontal strips.

2000 October 01 - phase 0.0
Interval A and the simultaneous radio observation cover the periastron passage
but they both end at phase 1.01, when the radio ﬂare is not observable yet
(the next radio observation started at orbital phase 1.40). By comparison, on
2002 December 03-05, the ﬂare was observed only after phase ∼ 1.06 (we stress
again that phase 0.0 marks the onset of the ﬂare and not the peak). We will
not further comment on observation A and its simultaneous radio observation.
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Figure 3.7: Simultaneous ATCA (8.6 GHz, top panel) and RXTE (PCU2 only,
middle panel) light curve of Cir X-1 obtained on 2002 December 03-06 (intervals I, J
and K). The HC curve is also reported in the bottom panel. The bin size in the radio
light curve is 5 min. The vertical dotted line marks phase 1.00 of the orbital cycle.

2000 October 19-21 - phase 0.0
RXTE and ATCA observed Cir X-1 close to the passage through phase 0.0 of
the orbital cycle also on 2000 October 19-21. The radio light curve at 8.6 GHz
is reported in Figure 3.9 (top panel). When the radio observation started,
the ﬂare was perhaps already on. The initial orbital phase is comparable to
the starting phase of the radio ﬂare in 2002 December. The ﬂaring activity
is still detected during October 20-21, so it extends in time longer than in
2002 December. Some re-brightening occurred after the end of the main ﬂare,
with little bumps like in 2002 December. Figure 3.9 also shows the X-ray light
and color curve (middle and bottom panel, respectively) for intervals E and
F. Their position in the HID is shown in Figure 3.2, in which one can see that
both intervals draw similar tracks in the diagram. The only diﬀerence between
them is the diﬀerent shape of the light curve, rapidly variable in interval E
and more stable during interval F. No transition is observed in observations
E and F. By comparison with intervals I and J (2002 December 03-05) it
might be that the transition already happened when observation E started.
As we already showed in §3.3.2, the PDS behaviour during these intervals
is governed by the count rate rather than the source being on one of the Z
branches. From Figure 3.9 one can see that the radio and the X-ray light
curve have a rather similar shape, and this holds both for interval E and F.
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The color curve is characterized by oscillations during the ﬁrst four orbits of
interval E, when the count rate is highly variable (between ∼ 0 − 3000 c/s).
Afterwards it stabilizes, correlating with the count rate for the remaining two
orbits of interval E and for the whole interval F.

3.4

Discussion

Cir X-1 features Z-source branches in the HIDs and characteristic Z-source
noise components and QPOs in the power density spectra. Some regions in
the HID can not be identiﬁed in terms of Z branches.
HB and NB have been identiﬁed as well as the corresponding QPOs (PDS-I,
-II, -III and -IV). The HBO has been also detected when the source is on the
the NB, together with a NBO (PDS-V). This has already been reported for
other Z sources, GX 340+0 (Penninx et al. 1991), GX 17+2 (Wijnands et
al. 1996, Homan et al. 2002), Cyg X-2 (Wijnands et al. 1997) and GX 5-1
(Dotani 1988). We also identiﬁed the FB, without any FBO but with VLFN
(PDS-VI).
PDS-VII also shows VLFN but the extraction region (interval A) does not
form a branch in the HID, so it is not a FB. Intervals A and I (they display
similar properties), that we named “cloud”, can not be classiﬁed in terms of
Z branches.
After the periastron passage the identiﬁcation of Z patterns is diﬃcult. The
source draws branches in the HID (we named them “horizontal strips”, intervals E, F, J, K, L and M) and in the power density spectra, noise components
and QPOs shift towards higher frequencies following a positive correlation
with the count rate (like in the HB). Their properties are not reminiscent of
any Z branch. PDS-VIII is dominated by a strong VLFN and no QPO is
present. PDS-IX shows VLFN (although much weaker than in PDS-VIII) but
two Lorentzians are also needed to ﬁt it. PDS-X still shows VLFN (much
weaker than PDS-IX) and three Lorentzians are needed. Noise components
extend to higher frequencies than PDS-IX (∼47 Hz compared to ∼15 Hz). The
shape of PDS-IX and PDS-X is reminiscent of typical power density spectra
of bright atoll sources that spend most of their time in the soft state (the so
called “banana”): GX 9+9, GX 3+1, GX 9+1 and GX 13+1 (see van der
Klis 2006 and references therein). Their power spectra feature a broad high
frequency noise (HFN, high compared to the VLFN) that usually needs to be
modeled with one or more Lorentzians (see Figures 1 and 8 in Schnerr et al.
2003). This is rather interesting: although the patterns that Cir X-1 draws in
the HID after the periastron passage are not atoll-like, power density spectra
extracted there resemble atoll-source typical power spectra
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in the lower-banana state. Note that the atoll behaviour becomes evident
only after the periastron passage, in a part of the orbital cycle characterized
by a high accretion rate. This suggests that the mass accretion rate ṁ is not
the only responsible (see Lin et al. 2009) for the changes between diﬀerent Z
and atoll sources.
Timing features typical of Z sources have already been identiﬁed along the
whole orbit in Shirey et al. (1998). A complete identiﬁcation of the Z branches
has been reported for the ﬁrst time in Shirey et al. (1999), in which the
observing campaign focused around phase 0.0 of the orbital cycle. At variance
with Shirey et al. (1998, 1999), we could not identify Z-source properties when
close to the periastron passage. We wonder whether the secular evolution
of Cir X-1 X-ray ﬂux might be responsible for these diﬀerences: Shirey et
al. (1998, 1999) observed the source in 1997, and its ﬂux started decreasing
from approximately years 1999-2000. The X-ray ﬂux in 2002 December was
systematically lower than in 2000 October but we do not note any variation
in the source spectral and timing behaviour. It follows that the diﬀerent ﬂux
levels do not seem a satisfactory explanation for the diﬀerences with Shirey et
al. (1998, 1999). Furthermore, Cir X-1 shows properties typical of bright atoll
sources after the periastron passage both in 2000 October and 2002 December,
while Oosterbroek et al (1995) identiﬁed atoll-like power spectra during a very
low-ﬂux period (their observations were performed with EXOSAT in 1984,
1985 and 1986 see Figure 1 in Parkinson et al. 2003). This strengthens the idea
that the variations of the average X-ray ﬂux do not constitute a satisfactory
explanation for the peculiar behaviour of this source.
We observed three sequences of radio ﬂares, two of them associated with
phase 0.0 of the orbital cycle and one with phase 0.5 of the orbital cycle.
While the former can be explained invoking enhanced accretion close to the
periastron passage, the latter has a less clear interpretation. Two possible scenarios have been suggested in Tudose et al (2008): in the ﬁrst one, the wind
accretion enhances close to the apastron passage, due to the decrease of the
relative velocity between the compact object and the stellar wind. The second possibility is that ﬂares close to phase 0.5 are related to some mechanism
taking place in the disc, without involving accretion from stellar wind. These
processes could increase the mass accretion rate, subsequently triggering radio
ﬂares. From our data we can neither conﬁrm nor rule out the two hypothesis.
On 2000 October 09-10, ATCA observed a radio ﬂare close to phase 0.5 of
the orbital cycle. We also observed an X-ray spectral transition from the HB
to the NB 2.5-3 hours after the end of the second radio ﬂare (see §3.3.3 and
Figure 3.6). As we already pointed out, our data set does not allow to definitely say whether the radio-ﬂare sequence already ended at the end of the
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Figure 3.9: Simultaneous ATCA (8.6 GHz, top panel) and RXTE (PCU2 only,
middle panel) light curves of Cir X-1 obtained on 2000 October 19-21 (intervals E
and F). The HC curve is reported in the bottom panel. The bin size in the radio light
curve is 5 min. The vertical dotted lines mark two orbital phases, as indicated.

radio observation. Migliari et al. (2007b) analysed simultaneous X-ray/radio
observation of the Z-source GX 17+2, reporting that a FB to NB transition
precedes a resumption of the radio jet activity by about 2 hours. They also
showed that a radio jet forms after the FB to NB transition only when the
NBO characteristic frequency stabilizes in the power spectrum. This is particularly interesting: in an attempt to draw analogies between the properties
of low-frequency QPOs observed in neutron star Z-sources and black hole candidates (BHCs), Casella et al. (2005b) associated the FBO to the so-called
type-A QPO, the NBO to the type-B QPO and the HBO to the type-C QPO
(Wijnands et al. 1999; Remillard et al. 2002). Casella et al. (2005b) also
suggested that the HBO/type-C QPO and the NBO/type-B QPO could have
respectively similar production mechanisms. In BHCs the type-B QPO is
considered a signature of the spectral transition between hard-intermediate to
soft-intermediate states (HIMS to SIMS, see Homan & Belloni 2005 for a state
deﬁnition) as observed for example in GX 339-4 (Belloni et al. 2005) and XTE
J1859+226 (Casella et al. 2004). These transitions might be in turn associated
with the emission of relativistic radio-jets (Gallo et al. 2004; Fender, Belloni
& Gallo 2004, Fender, Homan & Belloni 2009). A type-B QPO has also been
detected in GRS 1915+105 during SIMS to HIMS transitions (Soleri, Belloni
& Casella 2008, §2) and in H1743-322 in the HIMS to the low/hard state tran63
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sition (Kalemci et al. 2006; the authors did not classify the QPOs by type),
when the radio-jet activity renews. These results for BHCs together with the
ﬁndings for the NS Z-source GX 17+2 suggest that there is a link between the
type-B QPO/NBO and the jet activity. In our data set, in 2000 October, the
NBO appears ∼ 8 hours after the beginning of the ﬁrst radio ﬂare, assuming
that the ﬂares started at the beginning of the radio observation. Since the
previous ATCA and RXTE observations (interval B, HB) ended ∼ 2 days before the beginning of observations of interval C, we can not be sure neither
that the NBO did not appear before the beginning of the radio ﬂare nor that
the radio ﬂare really started at the beginning of interval C. From the analysis
of our data we can only observe that a spectral transition HB-NB occurs ∼ 8
hours after the beginning of the ﬁrst detected radio ﬂare. We also observe that
a NBO appears, when the radio jet is possibly still on. Spectral variations in
the X-ray band following radio ﬂares have recently been reported by Fender,
Homan & Belloni (2009) for the BHC GX 339-4. This is at variance with other
sources, in which radio ﬂares usually follow X-ray spectral changes.
On 2002 December 05 we also observed a sequence of radio ﬂares associated
with the periastron passage. The source changes its position in the X-ray HID
after the ﬂaring activity started. The shape of the PDS changes as well:
PDS-XI only features VLFN, while in PDS-XII, besides the VLFN, three
Lorentzians are needed in order to ﬁt the broad HFN, as already discussed
for PDS-IX and PDS-X. Inspecting Figure 3.7 (top panel) we can see that
the radio ﬂux at the end of the observation simultaneous to interval I is comparable to the radio ﬂux of the observation simultaneous to interval J, when
the ﬂares are detected. This renders some credibility to the possibility that in
interval J we caught the beginning of the ﬂare sequence. The HIDs and the
light curves in Figure 3.8a also suggest that the X-ray spectral transition from
the cloud to the horizontal strips might have taken place when the radio ﬂare
had already started, with a delay of ∼ 4.5 hours. This would be again similar
to what has been reported for the BHC GX 339-4. As we noticed in §3.3.3
the transition does not happen at once: we can not associate the transition
strips-cloud-strips to any speciﬁc re-ﬂaring in the radio light curve.
It is interesting to note that in Cir X-1 we did not see any X-ray spectral transition preceding the launch of a radio jet (but in both cases X-ray observations
right before the onset of the radio ﬂare are not available, so we might have
missed something), as observed in GX 17+2 and as expected in the jet model
presented in Migliari & Fender (2006). We observed it twice in the other way
around, with the radio ﬂares preceding the X-ray spectral changes, as also
reported for the BHC and jet source GX 339-4 (Fender, Homan & Belloni
2009). It is natural to think that an X-ray spectral change reﬂects a change in
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the accretion conditions, and this will be reﬂected, with a time delay, in the
outﬂow, so in the jet. A possible explanation is that in Cir X-1 the accretion
conditions are strongly ruled by the orbital phase, since the orbit is probably
particularly eccentric, and “standard” disc-jet connections do not apply as in
other sources. Another possible explanation is that changes in the accretion
properties can not trigger outﬂows in a straightforward cause-eﬀect relation,
and that could also explain the behaviour observed in GX 339-4.
ATCA also caught a radio ﬂare at phase 0.0 on 2000 October 19-21. In this
case we probably missed the beginning of the radio ﬂare. Also, RXTE could
not detect any spectral transition, although the path drawn in the HID during
interval A (note that the two binary orbits are not contiguous) suggests that
a similar transition to the one detected on 2002 December 03-05 might have
occurred. Diﬀerently from 2002 December 05, here the X-ray and the radio
light curves seem to follow a similar trend. Typical power spectra averaged on
interval E are illustrated in PDS-VIII, -IX and -X. This similarity between the
X-ray and the radio light curves is interesting and completely diﬀerent from
what has been observed on 2002 December 03-05 and diﬃcult to explain in
the same framework.

3.5

Conclusions

We analysed simultaneous X-ray (RXTE) and radio (ATCA) observations
of Cir X-1, performed in 2000 October and 2002 December. We found the
following:
(I) We identiﬁed typical Z-source features in the PDS as well as Z patterns
drawn in an X-ray HID. At variance with Shirey et al. (1999), when
close to the periastron passage, we could not ﬁnd Z branches in the
HID. PDS averaged after the periastron passage are reminiscent of the
ones observed in some bright atoll sources that spend most of their time
in the banana state. This is interesting, since in Cir X-1 atoll properties
are detected when the mass accretion rate ṁ is particularly high (and
not low, as expected), after phase 0.0 of the orbital cycle.
(II) some areas of the HID where Cir X-1 spends time before the periastron
passage (the “cloud”) can be classiﬁed neither in terms of Z-source nor
in terms of atoll-source behaviour.
(III) On 2000 October 09-10, an X-ray spectral transition HB-to-NB is observed ∼8 hours after the beginning of the ﬂaring sequence, ∼ 2.5 − 3
hours after the end of the second ﬂare. We do not associate the transi65
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tion and the NBO to any new re-ﬂaring. Radio ﬂares that precede X-ray
spectral changes have also been seen in the BHC GX 339-4.
(IV) On 2002 December 03-05, an X-ray spectral transition follows the beginning of a radio-ﬂaring sequence with a delay of approximately 4.5
hours. The transition occurs between two diﬀerent areas of the HID
(the cloud and the horizontal strips), characterized by a diﬀerent shape
of the light curve. The PDS also changes: before the transition a VLFN
is the dominant component, after the transition the PDS shows a broad
HFN reminiscent of what has been seen in several bright atoll sources.
(V) On 2000 October 19-21 we observe a ﬂaring sequence in radio. Similar
ﬂares are also seen in the X-ray band. At variance with our observations
on 2000 October 09-10 and 2002 December 03-05, where the radio ﬂares
precede any X-ray spectral change, here the two phenomena seem to
follow a similar behaviour. This has been proposed in the toy model of
Migliari & Fender (2006) and observed in many BHCs (Fender, Belloni
& Gallo 2004), but not in the prototypical BHC and jet source GX 339-4
(Fender, Homan & Belloni 2009).
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Abstract
We present the results of the analysis of two Chandra observations of Circinus X-1 performed in 2007, for a total exposure time of ∼50 ks. The source
was observed with the High Resolution Camera during a long X-ray low-ﬂux
state of the source. Cir X-1 is an accreting neutron-star binary system that
exhibits ultra-relativistic arcsec-scale radio jets and an extended arcmin-scale
radio nebula. Furthermore, a recent paper has shown an X-ray excess on
arcmin-scale prominent on the side of the receding radio jet. In our images
we clearly detect X-ray structures both on the side of the receding and the
approaching radio jet. The X-ray emission is consistent with a synchrotron
origin. Our detection is consistent with neutron-star binaries being as eﬃcient
as black-hole binaries in producing X-ray outﬂows, despite their shallower
gravitational potential.

67

4. A parsec scale X-ray extended structure from the X-ray binary Circinus X-1

4.1

Introduction

Cir X-1 is an exotic X-ray binary discovered by Margon et al. (1971) which
shows ﬂares with a period of 16.55 days, observed ﬁrst in the X-ray band
(Kaluzienski et al. 1976) and then in the infrared (Glass 1978; Glass 1994),
radio (Haynes et al. 1978) and optical bands (Moneti 1992): this fact is
interpreted as enhanced accretion close to the periastron passage of a highly
eccentric binary orbit (e ∼ 0.8, Murdin et al. 1980, Nicolson, Glass & Feast
1980). Beyond variability at the 16.55 day orbital period the source shows
dramatic evolution of its X-ray luminosity, spectra and timing properties on
timescales from milliseconds to decades (Shirey et al. 1999, Parkinson et al.
2003). The evidence that the system harbours a neutron star comes from
the detection of type-I X-ray bursts (Tennant et al. 1986a,b), conﬁrmed by
the recent detection of twin kHz QPOs in the X-ray power density spectra
(Boutloukos et al. 2006). Based on the properties of the type-I X-ray bursts,
Jonker & Nelemans (2004) estimated a distance to the source of 7.8-10.5 kpc;
according to a diﬀerent measure of the Galactic absorption, Iaria et al. (2005)
derived a lower distance of 4.1 kpc (but see Jonker, Nelemans & Bassa 2007).
Cir X-1 is the most radio-loud neutron star X-ray binary (Whelan et al.
1977, Haynes et al. 1978; Cyg X-3 and SS433 are brighter in radio but their
nature is unclear), showing extended structures both at arcmin and arcsec
scale. The arcmin-scale structure has been extensively studied by Stewart et
al (1993) and by Tudose et al. (2006): the source shows two radio jets (southeast and north-west direction) embedded in a large scale, diﬀuse radio nebula.
There is general agreement that this nebula is the result of the radio lobe
inﬂated by the jets over several hundred-thousand years. Arcmin-scale jets
are curved which might be due to an interaction with the interstellar medium
(ISM) or a precessing jet. The arcsec-scale structure has been investigated
for the ﬁrst time by Fender et al. (1998) and later studied by Fender et al.
(2004b), that reported a one-sided highly-variable jet (for a detailed study of
the arcsec-variability evolution over 10 years see Tudose et al. 2008), the most
relativistic one detected so far within our Galaxy, with a bulk Lorentz factor
≥ 10.
The X-ray light curve of Cir X-1 is highly variable and characterized by
bright ﬂares and periods of very low X-ray ﬂux (Parkinson et al. 2003). On
2005 June 2nd Cir X-1 was observed with the High Energy Transmission Gratings (HETGS) onboard Chandra for 50 ks during one of its long-term X-ray
low-ﬂux states (an example of X-ray light curve with long periods of low ﬂux
is reported in Figure 4.1). Analysing the HETGS observation, Heinz et al.
(2007) found evidence for an arcmin-scale X-ray structure prominent on the
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Figure 4.1: RXTE/ASM daily-average light curve from 2005 March 31 to 2007
November 29. The vertical dashed lines correspond to two Chandra/HRC-I observations, the vertical dashed-dotted line corresponds to the HETGS observation analysed
in Heinz et al. (2007).

side of the receding radio jet. While for black hole candidates extended X-ray
jets have already been detected with Chandra and XMM-Newton in a number
of sources (e.g. XTE J1550-564, Corbel et al. 2002; 4U 1755-33, Angelini &
White 2003; H1743-322, Corbel et al. 2005), this is the ﬁrst detection of X-ray
structures in a secure neutron star system, showing that neutron stars can be
as eﬃcients as black holes in producing X-ray outﬂows.
Here we present recent Chandra observations of Cir X-1 where we clearly detect an extended X-ray structure both on the side of the approaching and
the receding radio jet, conﬁrming and extending the detection of Heinz et al.
(2007).

4.2

Observation and data analysis

Cir X-1 was observed with the High Resolution Camera (HRC; Zombeck et al.
1995, Murray et al. 1998) onboard the Chandra X-ray Observatory on 2007
April 21st (43 ks) and on 2007 May 16th (7 ks), during an exceptionally long
interval of very low X-ray ﬂux that occurred from ∼ 2007 February until ∼
2007 August. Figure 4.1 shows the X-ray light curve of Cir X-1 taken with the
All Sky Monitor (ASM) instrument onboard the Rossi X-ray Timing Explorer
satellite (RXTE) for the period 2005 March - 2007 November, where several
episodes of low-ﬂux can be identiﬁed. Two vertical dashed lines correspond
to our two HRC-I observations (hereafter observation A and observation B,
respectively).
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Figure 4.2: (a) top left: HRC-I image of obs. A. (b) top right: HRC-I image of
obs. B. (c) bottom left: image of the merger of obs. A and B, adaptively smoothed.
(d) bottom right: image of the residuals obtained after ﬁtting the source image (obs.
A) with a gaussian function and a constant using the PSF image as the convolution
kernel. In all the panels we marked the source location with a cross.

4.2.1

X-ray jets

Images from observations A and B are reported in Figure 4.2. The images have
been rebinned and smoothed using a gaussian kernel of three pixels in radius
and countour lines have been applied. A visual inspection of the images clearly
reveals the presence of an extended X-ray structure around the source up to
∼arcmin scale, visible in the South-East and in the North-West quadrant (i.e.
aligned with the South-East - North-West direction), consistent both with the
results recently reported by Heinz et al. (2007) and with the alignment of
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the arcmin-scale jet observed by Stewart et al. (1993) and by Tudose et al.
(2006); this issue will be discussed in §4.2.2.
The extended emission is detected both in obs. A and B and the two images
(note the diﬀerent exposure in the two observations), at a visual inspection,
are consistent: the X-ray emission around the central source, in both of them,
elongates along the same axis and furthermore, it presents similar structures
in the North-West quadrant and a similar spike-like structure in the northern
quadrant (although there are diﬀerences specially in the South-East quadrant,
due to diﬀerent sensitivity limits).
Since the two images are consistent, we can merge them to have an image
with a higher equivalent exposure, using the standard Ciao 4.0 analysis tools
(Fruscione et al. 2006). We adaptively smoothed the image obtained from
the merging with an average signiﬁcance of 8.3σ per smoothing length (the
minimum smoothing length is 6 pixels, the maximum one corresponds to the
image size) and we applied contour levels. The resulting image is plotted in
Figure 4.2 (panel (c)), where a diﬀuse X-ray emission elongated along the
South-East - North-West direction is evident, extending up to ∼1 arcmin
from the point source. Other structures might look real from an analysis of
this image (e.g a circular excess in the South-West quadrant) but they will
not be discussed since an inspection of the residuals obtained after ﬁtting the
point spread function (PSF) suggests that they are noise features (see next
part of this paragraph).
Figure 4.3 shows two proﬁle cuts (for obs. A), one extracted on a region
aligned with the X-ray excess and one along the perpendicular axis, showing
an excess along the South-East - North-West axis and supporting the evidence
that there is an X-ray extended structure aligned with a privileged direction.
From Figure 4.2 (panels (a), (b) and (c)) and Figure 4.3 the presence of an
extended X-ray structure around the central source is evident but to make
our detection more robust, an analysis of the PSF is needed. We simulated
a monochromatic PSF at 1 keV (from Heinz et al. 2007 we expect the X-ray
excess emission to peak at this energy) using ChaRT (Carter et al. 2003),
considering the same number of counts as detected from the source and we
projected it in the detector plane using the Marx ray tracing (Wise 1997).
Since the PSF wings depend on the position on the detector, for the PSF
analysis we used only the obs. A: even if the image from the merging has a
higher equivalent exposure, the PSF extracted from that image might contain
artefacts (the source position on the detector is not the same for obs. A and
B) that we want to avoid. For the PSF analysis, the Sherpa 3.4 tools (Freeman
et al. 2001) have been used.
In Figure 4.2 (panel (d)) we show the image of the residuals obtained after
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Along the jet
Perpendicular to the jet

jet axis

Figure 4.3: Radial surface-brightness proﬁle extracted, for obs. A, across the jet
(circles) and across a region perpendicular to the jet (stars). The extraction regions
are shown in the inset and correspond to the following PAs (see deﬁnition in the text):
X-ray excess 106◦ -144◦ and 286◦ -324◦; axis perpendicular to the X-ray excess 16◦ -54◦
and 196◦-234◦ .

ﬁtting the source image with a gaussian function and a constant using the PSF
image as the convolution kernel. The presence of an extended X-ray structure
aligned with the South-East - North-West axis is evident, at a distance from
the central source between ∼ 25” and ∼ 50” (the lower limit is inferred by
inspecting both the residuals image and the radial proﬁle image in Figure
4.3). The X-ray excess on the side of the receding radio-jet (North-West
quadrant, hereafter “receding X-ray jet”) lies at position angle (PA, measured
counterclockwise from due North from the point source) intervals 286◦ -295◦
and 307◦ -324◦ . A knot appears also at PA ∼ 10◦ and its identiﬁcation will
be discussed in the next sub-section. On the side of the approaching radio jet
(South - East quadrant) we see one main X-ray blob in a PA interval 88◦ -152◦
(elongated along a North-East - South-West direction, hereafter “approaching
X-ray jet”), at a distance from the point source between 28” and 38”. Other
minor blobs appear in the residuals image: all of them are located in the South
- East quadrant and are consistent with being knots of the approaching X-ray
jet.

4.2.2

Comparison with previously detected X-ray extended structure and the radio jet

The radio nebula and the relativistic radio-jets of Cir X-1 have been investigated during multiple epochs of radio observations, both on arcmin and arcsec
scale (Stewart et al. 1993, Fender et al. 1998, Fender et al. 2004b, Tudose
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60"

Figure 4.4: Radio-X-ray overlay. Grey scales: X-ray residuals image (Fig. 4.2
(d)); green contours: adaptively smoothed image of obs. A & B merged (Fig. 4.2
(c)); red contours: adaptively smoothed, normalized, PSF subtracted image (from
Heinz et al. 2007); dark blue contours:
√ 1.4 GHz surface brightness (adapted from
Tudose et al. 2006, levels increase by 2 between contours, outermost contour: 11.2
mJy/beam); light blue lines: estimated allowed range of PAs from high-resolution
radio observations of approaching radio-jet (Fender et al. 2004b). The crossing of
these two lines identify the source position.

et al. 2006, Tudose et al. 2008). From those papers, we estimate the corresponding PAs for the arcmin-scale jets: 303◦ ± 9◦ and 310◦ ± 15◦ for the jets in
Stewart et al. (1993) and Tudose et al. (2006) respectively and 320◦ ± 4◦ for
the ultrarelativistic jets in Fender et al. (2004b). All these angles are consistent with the PAs of the X-ray jets in our HRC-I observations and fall between
the two X-ray ﬁlaments detected by Heinz et al. (2007) in the HETGS image.
Figure 4.4 shows an overlay of the residuals image (the same as Figure 4.2
panel (d), grey scale), the X-ray contours from Figure 4.2 panel (c) and the
jet emission from Figure 1 of Heinz et al. (2007). Also shown are the radio
contours from Figure 3 of Tudose et al. (2006) and the limits on the PA for the
arcsec-scale jet (Fender et al. 2004b). The X-ray jets detected in the HRC-I
images are broadly consistent with the X-ray excess of Heinz et al. (2007).
Besides the X-ray knot that we detected at PA 10◦ , the consistency between
the X-ray and the radio jets is clear on both sides (approaching and receding):
what we see in the HRC-I images appears as the X-ray counterpart of the
radio jets from Cir X-1.
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4.3

Discussion and conclusions

The analysis of our two HRC-I observations of Cir X-1 clearly showed X-ray
jets both on the side of the receding and the approaching radio jet, consistent with being the X-ray counterpart of the arcmin-scale radio jets (Tudose
et al. 2006). Heinz et al. (2007) proposed two possible alternative explanations for the origin of the X-ray excess: synchrotron emission and thermal
bremsstrahlung. We now investigate whether these two mechanisms can still
explain the X-ray jets as observed by HRC-I.
Synchrotron emission: HRC-I does not have the energy resolution necessary to allow for spectral ﬁtting, instead we calculate the jet ﬂux with
webPIMMS1 using, as input spectrum, the absorbed power law ﬁtted in Heinz
22 cm−2 ) and the average count
et al. (2007) (Γ = 3.0+2.6
−1.5 , NH = 5.9 × 10
rate extracted, for obs. A, in the region corresponding to the main knot
of the approaching jet, using CIAO 4.0. This gives an un-absorbed ﬂux
F2−10keV = 7.4 × 10−13 erg cm−2 s−1 , corresponding to an X-ray luminosity
2 (throughout the paper we adopt a distance
L2−10keV = 5.4 × 1033 erg s−1 D7.8
from the source D = 7.8 kpc, the same adopted in Heinz et al. 2007, to make
comparisons easier). The used photon index Γ is broadly consistent with the
emission being of synchrotron origin (Γsyn ∼ 1.5); assuming a source volume
V , a speciﬁc luminosity Lν and a spectrum of the form Lν ∝ ν α , (α = 1 − Γ),
we can follow Longair (1994) and Fender (2006) to estimate the minimum energy associated with the source. The morphology of the jet suggests that we
are observing the surface of a conical volume where the emission takes place.
Considering the jet length to be roughly ljet ≈ 1.6 pc D7.8 /sin i (where i is the
angle with the line of sight) and a half-opening angle β ≈ 19.3◦ the volume
3 /sin i, assuming equal emitof the emitting cone is Vjet = 9.7 × 1055 cm3 D7.8
ting volumes both on the receding and on the approaching side. Under these
assumptions the minimum jet energy is Emin & 6 × 1044 erg. Again following
Longair (1994) and Fender (2006), we can calculate the magnetic ﬁeld Bmin
associated to Emin , the Lorentz factor γ of the energetic electrons emitting
by synchrotron and their gyro-radius rg : Bmin = 8.2µG, γ = 2.3 × 108 and
rg = 1.6 × 10−2 pc. The energy of these electrons is Ee = 1.2 × 1014 eV
and their energy loss rate is R ∼ 2300 eV/s: considering that we have no
evidence for re-acceleration taking place, the lifetime tsyn of these electrons
is tsyn ≈ 1600 yr. Following Tudose et al. (2006), we assume that the jets
are injected mainly during the ﬂare states (duty cycle ∼6%): the resulting
minimum jet power is Wsyn & 2 × 1035 erg/s.
1

http://heasarc.nasa.gov/Tools/w3pimms.html
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Thermal bremsstrahlung: in this case the X-rays would originate from
the shock driven into the ISM by the propagation of the jets. Here we use a
model developed for extragalactic jet sources by Castor et al. (1975), Kaiser
& Alexander (1997) and Heinz et al. (1998). We assume the temperature
of the thermal gas to be kB Tshock = 2.2 keV (kB Tshock = 2.2+7.0
−1.1 keV and
NH = 5.4 × 1022 cm−2 are obtained by Heinz et al. 2007 ﬁtting the jet
spectrum with an absorbed thermal model), the electron density to be ne ≈ 10
cm−3 (as used in Heinz et al. 2007; since the temperature Tshock = 25.5 MK
we assume an ionization fraction x=1: all the hydrogen is ionized) and the
length of the shock region (considering both receding and approaching side)
Lshock ≈ 2.27 pc. Such length and the used density give an emitting gas
5/2
mass of 0.02-0.4 M⊙ D7.8 /sin i: uncertainties are due to diﬀerent possible
measures of the thickness of the shock region. Following Kaiser & Alexander
(1999) and balancing the interior pressure exerted by the jets and the ram
pressure of the shocked ISM, the jet lifetime is tth = 53 vLsp ≈ 1700 yr (vsp
is the velocity of the shock-compressed particles, obtained from the shock
temperature kB Tshock = 2.2 keV) and the jet power is Wth ≈ 6 × 1037 erg/s.
Discussion: In the synchrotron case the jet lifetime tsyn is smaller than
the time expected for the jet to inﬂate the large-scale radio lobe (104 − 105
yr, Tudose et al. 2006) and this suggests that the X-ray emission could come
from the jet itself rather than from the inﬂated radio nebula. Furthermore, the
gyro-radius of the electrons responsible for the X-rays is smaller than the size
of the jet (rg < ljet ) and this implies that those electrons can be conﬁned in
the jet region. Our jet power value is consistent with the estimate of Tudose
et al. (2006) (Wjet,T udose ∼ 1035 erg/s, which however could be up to two
order of magnitude higher) and one order of magnitude smaller than the jet
power calculated by Heinz et al. (2007) (Wsyn,Heinz & 5 × 1036 erg/s). The
magnetic ﬁeld associated to the emitting electrons is again consistent with the
value reported in Tudose et al. (2006) (Bmin,T udose = 6.3µG), making Wsyn a
robust estimate of the jet power, suﬃcient to inﬂate the radio nebula. Wsyn
is & 0.1% of the Eddington luminosity (LEdd = 1.8 × 1038 erg/s) for a 1.4M⊙
neutron star: Cir X-1 is only slightly super-Eddington and this would imply
a jet-production eﬃciency η & 0.01%, consistent with what obtained by Heinz
et al. 2007 (η & 0.5 %).
In the thermal bremsstrahlung case we calculated a jet power Wth ≈ 6 × 1037
erg/s, two orders of magnitude larger than Wsyn and possibly not consistent
with the values estimated by Heinz et al. (2007) (Wth,Heinz = 5 × 1036 erg/s).
Furthermore, Wth is a signiﬁcant fraction (∼ 33%) of the Eddington luminosity
(LEdd = 1.8 × 1038 erg/s) for a 1.4M⊙ neutron star and this would be an
extremely high jet-production eﬃciency η ≈ 3%, even for an accreting black
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hole. Taking an Eddington-limit mass accretion rate Ṁ = 1018 g s−1 and
even considering that all the accreted mass is ejected in an outﬂow, the time
required to inﬂate the jets would be ∼2.7 Myr, much bigger than tth ≈ 1700
yr, suggesting that the emission can not come from the jet itself. Therefore
thermal bremsstrahlung appears as an unlikely emission mechanism (especially
compared to the synchrotron case) for the X-ray jets.
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Abstract
We analyzed simultaneous archival XMM-Newton and RXTE observations
of the X-ray binary and black hole candidate Swift J1753.5−0127. In a previous analysis of the same data a soft thermal component was found in the
X-ray spectrum, and the presence of an accretion disk extending close to the
innermost stable circular orbit was proposed. This is in contrast with the
standard picture in which the accretion disk is truncated at large radii in the
low/hard state. We tested a number of spectral models and we found that
several of them ﬁt the observed spectra without the need of a soft disk-like
component. This result implies that the classical paradigm of a truncated
accretion disk in the low/hard state can not be ruled out by these data. We
further discovered a broad iron emission line between 6 and 7 keV in these
data. From ﬁts to the line proﬁle we found an inner disk radius that ranges
between ∼6–16 gravitational radii, which can be in fact much larger, up to
∼250 gravitational radii, depending on the model used to ﬁt the continuum
and the line. We discuss the implications of these results in the context of a
fully or partially truncated accretion disk.
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5.1

Introduction

Swift J1753.5−0127 (hereafter Swift J1753) was discovered with the Swift
Burst Alert Telescope on June 30 2005 as a hard X-ray source (E > 15 keV;
Palmer et al. 2005). Swift J1753 was also detected at energies below 10
keV with the Swift X-Ray Telescope (XRT), and in the UV with the Swift
UV/Optical Telescope (Morris et al. 2005; Still et al. 2005). Using optical
spectroscopy, Torres et al. (2005) found double peaked Hα emission lines,
which indicate that the system is a low-mass X-ray binary. The source was
also detected in radio, which might evidence jet activity (Fender et al. 2005;
Cadolle Bel et al. 2006). Based on the hard spectral behavior, Cadolle Bel et
al. (2005) proposed that Swift J1753 is a black hole candidate. Although, it
is generally assumed that Swift J1753 contains a black hole, there is yet no
dynamical conﬁrmation of its nature. Bearing this in mind, in the rest of this
paper we treat Swift J1753 as a black hole candidate (BHC).
Rossi X-ray Timing Explorer (RXTE ) and INTEGRAL observations showed
that Swift J1753 never left the low/hard state (LHS) during the whole outburst (Cadolle Bel et al. 2007; Zhang et al. 2007). The LHS of X-ray binaries
is characterized by a hard power-law X-ray spectrum (photon index, Γ∼1.7;
e.g., Méndez & van der Klis 1997; Remillard & McClintock 2006), which is
usually interpreted as the result of Comptonization of thermal photons from
an optically thick accretion disk by hot electrons (e.g., Esin et al. 1997). Observations of sources with low absorption provide evidence that in the LHS
the accretion disk is cool and is truncated at a large radius (e.g., McClintock
et al. 2001). In the last years, a contribution of a jet to the X-ray emission
in the LHS has been considered (Markoﬀ et al. 2001; Fender, Belloni & Gallo
2004).
During an outburst, the mass accretion rate onto the black hole increases
and a transition to the high/soft state (HSS) can occur (for reviews, see Homan
& Belloni 2005; McClintock & Remillard 2006). The high/soft state is dominated by thermal emission below ∼5 keV, likely produced by an optically
thick and geometrically thin accretion disk with an inner radius at, or close
to, the innermost stable circular orbit (ISCO; Shakura & Sunyaev 1973). Due
to the increase of thermal photons, the Comptonizing plasma in the system
cools down and the spectrum of the source becomes soft. A part of the Comptonized photons is reﬂected oﬀ the accretion disk, and produces an iron Kα
line between 6 and 7 keV (e.g., Fabian et al. 1989; Laor 1991), where the
width of the emission line is related to the size of the inner disk radius. In
this interpretation, if the disk is truncated at large radii in the LHS, no or
narrow iron-emission lines are expected, whereas the iron line would be broad
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in the HSS where the inner disk radius is close to the ISCO and the relativistic
eﬀects are strong.
Recent high-resolution spectral data of the BHC X-ray binaries Swift J1753,
GX 339−4 and XTE J1817−330, showed a soft thermal component in the
spectra while the sources were in the LHS (Miller et al. 2006a, hereafter
M06; Miller et al. 2006b; Rykoﬀ et al. 2007). It was suggested that the soft
component is caused by thermal emission from an accretion disk which, even
in the LHS, extends down to the ISCO. The same data set of XTE J1817−330
was re-analyzed by Gierliński et al. (2008), who showed that the spectrum
could also be ﬁt without the need of a thermal component.
Here we analyzed a simultaneous archival XMM-Newton/RXTE (the same
data as reported in M06) observation of Swift J1753, and we tested whether a
thermal disk-like component is required to ﬁt the X-ray spectra. We explored
a range of continuum models, beyond the models described in M06, with and
without a disk component. We also report on the presence of a broad Fe
line in the spectra. In §5.2 we describe the extraction and reduction of the
data, in §5.3 we present the results of ﬁtting the data with diﬀerent continuum
models, and in §5.4 we discuss the results of the continuum models and the
line components with respect to the issue of a radially truncated accretion
disk.

5.2

Data reduction

We analyzed archival observations of Swift J1753 simultaneously taken with
XMM-Newton and RXTE on March 24, 2006, i.e. ∼270 days after the start
of the outburst. XMM-Newton started its ∼42 ks observation at 16:00:31
(UT), and the RXTE observation started at 17:32:16 (UT). In Fig. 5.1 we
show the date of this observation on top of the All Sky Monitor (ASM) RXTE
light curve of Swift J1753, starting from its outburst in 2005. In the next
subsections we describe the procedure that we followed to extract the spectra
for each of the diﬀerent telescopes.

5.2.1

XMM-Newton

We reduced the XMM-Newton Observation Data Files (ODF) using SAS version 7.1.2 and we applied the latest calibration ﬁles. We extracted the event
ﬁles for the EPIC-pn (hereafter PN) and both EPIC-MOS cameras (MOS1 and
MOS2) using the tasks epproc and emproc, respectively. We applied standard
ﬁltering and examined the light curves for background ﬂares. No ﬂares are
present and we used the whole exposure for our analysis. We checked the
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Figure 5.1: RXTE /ASM light curve of Swift J1753 with daily points, starting at the outburst in 2005 (MJD 53551). The
XMM-Newton/RXTE observation, ∼270 days after the start of the outburst, is represented by the vertical bar. Note that 3
years after the start of the outburst, the source is still active.
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ﬁltered event ﬁles for photon pile-up by running the task epatplot. No
pile-up is apparent in the PN and MOS1 data since both cameras were operated in ‘timing’ mode. The MOS1 data, however, show a sharp drop in the
histogram in which counts versus RAWX1 are plotted. This feature is due
to a physical damage of some pixels in the MOS1 camera as a consequence
of a micro-meteorite impact. For this reason, we excluded the MOS1 data
from our analysis. The MOS2 camera was operated in ‘full-frame’ mode and
suﬀered from moderate photon pile-up. We therefore excluded the central 22′′
region of the source point spread function (PSF) and conﬁrmed, using the
task epatplot, that the remaining MOS2 data are not aﬀected by pile-up.
The ODF ﬁles also include high resolution spectra at energies below 2 keV,
taken with the Reﬂection Grating Spectrometer (RGS). Since the PN and
MOS cameras cover most of the range of the RGS spectra, we do not use the
RGS data in this paper.
We extracted source and background spectra applying the standard procedures. The source spectrum for the PN data is extracted using RAWX in
[28:48], and the background in [5:25]. For MOS2, we generated the source
spectrum using an annulus with inner radius of 22′′ and outer radius of 68′′
centered on the source location. We extracted the MOS2 background spectrum from a circular region with a radius of 160′′ located 10.5′ away from
the position of the source. We created photon redistribution matrices and
ancillary ﬁles for the source spectra using the SAS tools rmfgen and arfgen,
respectively.
We rebinned the source spectra using the tool pharbn2 (M. Guainazzi, private communication), such that the number of bins per resolution element of
the PN and MOS2 spectra is 3. We checked that after rebinning, all channels
have at least 15 counts in the energy range used in our ﬁts. We note that
diﬀerently from us, M06 grouped the PN data to have at least 10 counts per
bin, and they therefore oversampled the intrinsic resolution of the PN data
by a factor of ∼8. The cross calibration between PN and MOS agrees to 7%
from 0.4 keV to 12 keV3 , and we found that only below 2 keV the systematic
diﬀerence in the relative eﬀective areas of these cameras went up to 7%. We
therefore added a 7% systematical error to the PN and MOS2 spectra below
2 keV.
1

In timing mode, one of the spatial coordinates of the CCD is compressed in order to
increase the time resolution. For XMM-Newton the spatial coordinate that is not compressed
in this mode is called RAWX.
2
The pharbn tool allows to rebin the energy channels of the spectra for different instruments taking into account the instrument’s spectral resolution. It allows to rebin both on
minimum number of bins per resolution element and on minimum number of counts per bin
3
http://xmm2.esac.esa.int/docs/documents/CAL-TN-0018.pdf
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5.2.2

RXTE

We reduced the RXTE Proportional Counter Array (PCA) and High Energy
X-ray Timing Experiment (HEXTE) data using the HEASOFT tools version
6.4. We applied standard ﬁltering and obtained PCA and HEXTE exposures
which are ∼2.3 ks and ∼0.8 ks, respectively. Using the tool saextrct, we
extracted PCA spectra from PCU2 only, being this the best calibrated detector and the only one which is always on. For the HEXTE data we generated
the spectra using cluster-B events only, since after January 2006 cluster A
stopped rocking and could no longer measure the background. We estimated
the PCA background and measured the HEXTE background using the standard RXTE tools pcabackest and hxtback, respectively. We further built
instrument response ﬁles for the PCA and HEXTE data using pcarsp and
hxtrsp, respectively. The energy channels of the RXTE spectra have more
than 20 counts per energy bin so that χ2 statistics can be applied, therefore
no channel rebinning is required. Following M06, we added a 0.6% systematic
error to the PCA spectra using the FTOOL grppha, and we did not add any
systematic error to the HEXTE data.

5.3

Data analysis and results

For our spectral analysis of Swift J1753 we used XSPEC v11 (Arnaud 1996).
We simultaneously ﬁt the spectra of the diﬀerent instruments, where we restricted the PN and the MOS2 spectra to an energy range of 0.6–10 keV and
0.6–9.4 keV, respectively. For the PCA and HEXTE spectra we used the
energy ranges 3–20 keV and 20–100 keV, respectively. To investigate the nature of the putative disk emission in the LHS (as reported in M06), we tested
several models to describe the continuum spectrum of Swift J1753.

5.3.1

General fit procedure

Each of the spectral continuum models we present below includes the eﬀect
of interstellar absorption in the direction of Swift J1753, using the phabs
component with cross-sections from Balucińska-Church & McCammon (1992)
and abundances from Anders & Grevesse (1989). The total column density in
the direction of the source, as derived from HI data, is NH = 1.7 × 1021 cm−2
(Dickey & Lockman, 1990). Since this column density provides an upper
limit to the interstellar absorption to Swift J1753, we left NH free to vary
during our ﬁts. For an overall normalization between the diﬀerent instruments,
we multiplied the continuum model by a constant component. All model
parameters, except these multiplicative constants, were linked between the
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diﬀerent instruments.
In the ﬁt residuals of the PN and MOS2 data, two narrow absorption lines
near 1.8 keV and 2.2 keV were present. This is most likely due to a mismatch
in the calibration of the edges in the EPIC instruments. To reduce the impact
of these features in our ﬁt results, we ﬁt Gaussian absorption lines, which we
found to be at an energy of 1.82±0.01 keV and 2.25±0.03 keV, with widths of
0.23±0.15 eV and 2.0±1.9 eV, respectively.
There appear to be a broad emission line between 6 and 7 keV in the XMMNewton/RXTE spectra. (This emission line is best seen in the PN spectra;
MOS2 eﬀective area is a factor of ∼2 smaller than that of PN, and in this case
the eﬀective area has been reduced due to the excision of the central part of
the source PSF to avoid pile-up. On the other hand, the spectral resolution
of RXTE is ∼1 keV at 6 keV.) Similar emission lines, probably due to iron,
have been reported in other BHC (e.g., Miller et al. 2002b) and active galactic
nuclei (e.g., Tanaka et al. 1995). We initially added a Gaussian component
with a variable line width to the spectrum to ﬁt this line, but there always
remained residuals around 7 keV which we could only eliminate by adding at
least another Gaussian to our model. On the contrary, a Laor proﬁle (Laor
1991) yields a good ﬁt of the line and therefore, in the rest of the paper we
use this relativistic line proﬁle whenever we ﬁt a line to the spectra, although
we also tried diﬀerent relativistic line proﬁles as described in §5.3.8. For the
Laor component we allowed all the parameters to be free to vary, except the
outer disk radius, which we ﬁxed to the default value of 400 Rg (Rg is the
gravitational radius of the black hole, deﬁned as Rg = GM/c2 , with G and c
the common physical constants, and M the mass of the black hole). Further,
we constrained the line energy to the range between 6.4 keV and 7 keV, which
is the energy range spanned by the Kα lines from neutral to hydrogen-like
iron.
For all ﬁts of the diﬀerent continuum models, the values of the parameters
and the 90% conﬁdence errors are given in Tables 5.1 and ??. In the text we
only give approximate numbers of the parameters.

5.3.2

A power-law model

The ﬁrst continuum model we ﬁt was a power-law model (pl). This model
yields a poor ﬁt (χ2 /ν = 845/502). Following M06, we added a disk blackbody
component diskbb (Mitsuda et al. 1984) with a best-ﬁt inner disk temperature
of ∼0.4 keV; the reduced χ2 in this case is 1.21 (χ2 /ν are given in Tab. 5.1).
The spectra and ﬁt residuals of the pl+diskbb model are shown in the left
panel of Fig. 5.2. A broad emission line between 6–7 keV is apparent in
this ﬁgure. We added a Laor line proﬁle to the pl+diskbb model and the ﬁt
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improved signiﬁcantly, with a reduced χ2 of 1.14. To check whether a ﬁt to the
spectrum with only a line and a power-law component provides a good ﬁt, we
ﬁt a pl+Laor model, without the diskbb component. The pl+Laor model
gives a reduced χ2 of 1.30. In the best-ﬁt model (i.e. the pl+Laor+diskbb
model), the line is required at high conﬁdence as indicated by the fact that
the normalization of the line is 10σ diﬀerent from zero. The line in the bestﬁt model has an equivalent width of 90.3 eV, and the diskbb component
is required at a conﬁdence level of more than 8σ. The ﬂux of the diskbb
component is 7.2×10−12 erg cm−2 s−1 (0.6–10 keV), where the unabsorbed
ﬂux of the best-ﬁt model is 3.9×10−10 erg cm−2 s−1 (0.6–10 keV). We note
that the diskbb normalization that we obtained is much smaller than the
value that M06 found, and the contribution from the disk to the total ﬂux
that we found is a factor of ∼3 less than reported in M06.
In the case when the distance, inclination angle of the disk, and mass of
the black hole are known, the inner disk radius, Rin can be obtained from the
diskbb normalization (ND ). However, for the case of Swift J1753 these parameters are currently not known. Assuming that the source is closer than 10
kpc and has√an inclination lower than 63◦ , since eclipses are not yet reported,
√
Rin . 1.48 ND km. Assuming a black hole mass >3 M⊙ , Rin <0.33 ND
Rg . From the diskbb normalization we found a non-truncated disk, while
inferred from the line proﬁle we found Rin ∼15 Rg . For an inclination angle
> 85◦ , as determined from the line proﬁle, Rin can become much larger.

5.3.3

Cut-off power-law model

Next, we added a high-energy cut oﬀ to the power-law component. In the case
when we let all the parameters free, the high-energy cut oﬀ became larger
than 200 keV. Since this value is outside the energy range of the spectra, this
component is eﬀectively the same as the simple power law. We therefore did
not explore this model further.

5.3.4

Broken power-law model

The next continuum model we tried is based on a broken power law (bknpl)
instead of a power law. The ﬁt of the bknpl model gives already a reasonable
ﬁt with a reduced χ2 of 1.20, which is similar to the value for the ﬁt with a
pl+diskbb model. The break energy is at 2.9 keV, with a photon index of 1.7
before the break, and 1.6 after the break. The latter photon index is similar
to the photon index of the power-law component in the pl+diskbb model.
A Laor component added to this continuum model gives a reduced χ2 of
1.14, where the break energy and photon indices are consistent with those in
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Figure 5.2: XMM-Newton PN (0.3–10 keV), MOS2 (0.3–9.4 keV), RXTE PCA (3–20 keV), and HEXTE (20–100 keV) spectra
of Swift J1753. In the lower panels the best ﬁt residuals of a pl+diskbb model (left) and a pl+Laor+diskbb model (right)
are shown. The Laor line proﬁle is ﬁtted to the broad emission line that is apparent in the spectra at around 7 keV.
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the ﬁt without the line. We note that the bknpl+Laor model ﬁts the
spectra equally well as the pl+Laor+diskbb model does, with the parameters of the Laor component being consistent between the two models. The
normalization of the line is more than 3σ diﬀerent from zero.
To see whether a soft thermal component is required, we included a diskbb
component to the model. The ﬁt with a bknpl+Laor+diskbb model gives
a reduced χ2 of 1.12, which is a marginal improvement of the ﬁt without
the diskbb component. In contrast with the Laor component, the diskbb
component is not signiﬁcant, with a normalization that is < 3σ diﬀerent
from zero. The normalization of the line is 6σ diﬀerent from zero for the
bknpl+Laor+diskbb model. The line in the best-ﬁt model (i.e.
bknpl+Laor) has an equivalent width of 67.5 eV.
We note that the part of the power law before the break at ∼3 keV possibly
aﬀects the contribution of the disk blackbody, and that therefore the diskbb
component in the broken power-law model is not as signiﬁcant compared with
the continuum model based on a power law without a break.

5.3.5

Comptonization model

We then replaced the bknpl component with a model that describes the
hard emission as Comptonization of soft photons in a hot plasma (comptt;
Titarchuk 1994). Using a disk geometry for the Comptonizing material, the
comptt model gives a poor ﬁt (χ2 /ν = 753/500). A spherical geometry does
not provide a good ﬁt either. Adding a Laor component gives a reduced χ2
of 1.34, with the normalization of the line being more than 7σ diﬀerent from
zero.
The comptt+Laor+diskbb model gives a reduced χ2 of 1.15, with an
inner disk temperature of ∼0.4 keV and a diskbb normalization that is > 3σ
diﬀerent from zero. The line in the best-ﬁt model has an equivalent width
of 59.9 eV, with a line normalization that is > 4σ diﬀerent from zero. We
note that the seed photon temperature of the comptt component becomes
more than 10 times smaller than in the case when no diskbb is added to the
continuum. The 0.6–10 keV ﬂux of this three-component model is 3.9×10−10
erg cm−2 s−1 , whereas the ﬂux of the diskbb component is 8.9×10−12 erg
cm−2 s−1 .

5.3.6

Reflection models: PEXRAV and PEXRIV

The presence of a broadened Fe-emission line between 6 and 7 keV suggests
that the X-ray emission may partly be due to reﬂection of hard X-rays by a
relatively cool disk. We therefore explored ﬁts to the data that include this
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reﬂection. We ﬁrst used the pexrav and pexriv models, which describe the
Compton reﬂection by neutral and ionized material, respectively (Magdziarz
& Zdziarski 1995).
The incident spectrum is assumed to be a power law with a high-energy
cut oﬀ. Initially, we allowed this cut-oﬀ energy to be free to vary, but it
always converged to values much higher than 200 keV, outside the energy range
covered by our instruments, and we therefore used no cut oﬀ. Further, we ﬁxed
all abundances to solar and the reﬂection factor to 1. Compared to pexrav,
the pexriv model has two extra parameters: The ionization parameter ξ,
which we left free to vary, and the disk temperature, kTdisk , which we ﬁxed to
the default value of 3×104 K.
The ﬁt with the pexrav model gives a reduced χ2 of 1.38, and with the
pexriv model the reduced χ2 = 1.30. The pexrav/pexriv models include
only the eﬀect of bound-free transitions in the reﬂected spectrum. To account
for the iron emission line at around 7 keV (caused by bound-bound transitions), we added a separate Laor component to the reﬂection models. The
spectral ﬁts improved signiﬁcantly, with a reduced χ2 of 1.19 and 1.18 for the
pexriv+Laor and pexrav+Laor models, respectively. The normalization
of the line is 9σ diﬀerent from zero in the ﬁt with pexrav, and 8σ diﬀerent
from zero in the ﬁt with pexriv. The equivalent width of the line is 181 eV
and 187 eV in the pexrav+Laor and pexriv+Laor models, respectively.
Adding a diskbb component to the reﬂection plus line model gives a reduced
2
χ of 1.14 for both models, with a best-ﬁt disk temperature kTin = 0.3 keV
and 0.4 keV for the neutral and ionized models, respectively. The diskbb
component is statistically not required in the pexrav+Laor+diskbb model,
with a diskbb normalization that is < 3σ diﬀerent from zero. In contrast, for
the pexriv+Laor+diskbb model the diskbb normalization is 7σ diﬀerent
from zero. The ﬂux of the diskbb component is 5.1× 10−12 erg cm−2 s−1 and
5.5× 10−12 erg cm−2 s−1 (0.6–10 keV) for the neutral and ionized reﬂection
models, respectively.

5.3.7

Ionized reflection model: REFLION

Since pexrav and pexriv do not include the contribution of bound-bound
transitions to the reﬂected spectrum, we also ﬁt the data with a model that
describes the reﬂection by an ionized, optically thick, illuminated atmosphere
of constant density (reflion; Ross & Fabian 2005). The atmosphere is illuminated by a power-law spectrum with an exponential cut oﬀ at high energy
(the cut-oﬀ energy is ﬁxed at 300 keV, and hence outside our energy range).
This model includes ionization states and transitions for the most important
ions at energies above 1 eV, like O III–VIII, Fe VI–XXVI, and several others.
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We ﬁxed the iron abundance to solar. Reflion only provides the reﬂected
emission, not the direct component, and we therefore used the reflion+pl
model to ﬁt the spectra, where we coupled the photon index of the illuminating
power-law component in reflion to the photon index of the pl.
The reflion+pl model gives a reduced χ2 of 1.14. In this case we do
not need to include a component to ﬁt the line, since the line is part of
the reﬂected emission. The unabsorbed ﬂux of this two-component model
is 3.9×10−10 erg cm−2 s−1 (0.6–10 keV), where the ﬂux of the power-law component is 3.0×10−10 erg cm−2 s−1 (0.6–10 keV). The reﬂection ratio in the
0.6–10 keV energy range is 0.3. Statistically, a diskbb component is not required to ﬁt the data; adding this component gives a reduced χ2 of 1.13 with
a best-ﬁt temperature kTin = 0.4 keV and a diskbb normalization which is
less than 3σ diﬀerent from zero. The 95% conﬁdence limits for the diskbb
component implies a disk ﬂux < 6.1×10−12 erg cm−2 s−1 (0.6–10 keV).
To gain information about the disk radius, we convolved reflion with
the Kerrconv component (Brenneman & Reynolds 2005). The Kerrconv
kernel is applied to the reﬂected component to account for relativistic eﬀects
in the disk. We ﬁxed the two emissivity indices to 3 (i.e. similar to the index
that we found in the line proﬁle) and the break radius to a large value (this is
equivalent to a single emissivity law for the whole disk). We further ﬁxed the
outer radius of the disk to its maximum value. We found that the spin of the
black hole is not constrained by these data, and since we are testing for the
possibility of a truncated disk at a distance that is much larger than the radius
of the ISCO, we ﬁxed the spin to its maximum value of 0.998 and left the inner
radius of the disk free to vary. This allows the disk radius to ﬂoat from ∼1.23
Rg to its maximum value. We checked that ﬁxing the spin to zero did not
change the results signiﬁcantly. In summary, we allowed only two parameters
of Kerrconv to be free: The inner radius of the disk, and the inclination
of the disk with respect to the line of sight. The (reflion+pl)∗Kerrconv
gives a reduced χ2 of 1.13, with an inner disk radius of 256 Rg , an inclination
angle consistent with 0◦ , and the rest of the parameters consistent with the
model parameters without the Kerrconv kernel.

5.3.8

The broad iron line at around 7 keV

In previous subsections we included a Laor component to the continuum
model to ﬁt a broad line at around ∼7 keV. The line is signiﬁcantly required
by the ﬁt, as indicated by the fact that the normalization of the line is diﬀerent
from zero at a conﬁdence level of 3–14σ, depending on the model we used
to ﬁt the continuum. As shown in the right panel of Fig. 5.3, the line is
extending from ∼5 keV up to ∼9 keV, with an equivalent width of ∼60–187
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Figure 5.3: In the various continuum models ﬁt to the XMM-Newton/RXTE spectra
of Swift J1753, a broad emission line is apparent between 6 and 7 keV. Here, we show
a zoom in of the PN residuals in the ﬁt with the pl+Laor+diskbb model. To show
the broad emission line, we have set the normalization of the line to zero, and applied
an additional rebinning to the plot.

eV, depending on the continuum model used to ﬁt the spectrum.
The best-ﬁt parameters of the line depend on the model that we used to
represent the underlying continuum emission. For instance, for the diﬀerent
best-ﬁt models in Tables 5.1 and 5.3, the inner disk radius varies from 5.5
Rg to 14.6 Rg and the inclination appears to be constrained to high values,
i > 85◦ . Such high inclination seems to be incompatible with the fact that no
eclipses have been observed in the X-ray light curve of Swift J1753. A possible
explanation for this high inclination is that the broad line that we observe is
a combination of lines from more than one ionization stage of iron. We tested
this by adding three Laor proﬁles to the pl+diskbb model as described in
§5.3.2, with the energy of each line ﬁxed at 6.4 keV, 6.7 keV and 6.97 keV,
respectively, to account for possible emission from neutral and lowly ionized,
He-like, and H-like iron, respectively. We further coupled all the remaining
parameters of these three lines, with only the line normalizations left free to
vary. This multiple line model gives a reduced χ2 of 1.14, with the 95% conﬁdence limits of the inclination angle 83◦ and 86◦ , and the line normalizations
of the 6.4 keV and 6.7 keV lines being consistent with zero. A more realistic
approach would be to link the relative normalizations of the iron lines such
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that their ratios would be determined by the ionization balance in the disk.
We note that the reflion component, as described in §5.3.7, calculates selfconsistently the relative intensities of lines from diﬀerent ionization stages of
all elements in the reﬂected spectrum by ﬁtting the ionization parameter of
the disk. Recall that the ﬁts of the reflion component convolved with Kerrconv in §5.3.7 yield a large inner disk radius (∼250 Rg ) and a low inclination
angle (i < 8◦ at 95% conﬁdence level).
The exact values of the line parameters may also depend on the approximations done to calculate the relativistic proﬁle of the line. To test this, we tried
three other components, besides the Laor proﬁle, to represent the line proﬁle:
diskline (Fabian et al. 1989), Kerrdisk (Brenneman & Reynolds 2005), and
Kyrline (Dovčiak, Karas & Yaqoob 2004). We only applied these components to the pl+diskbb model, such that we either ﬁt pl+diskbb+diskline,
pl+diskbb+Kerrdisk or pl+diskbb+Kyrline. For all 3 models we left
the inner radius of the disk, the inclination and the line energy free to vary,
although the line energy was constrained to range between 6.4 and 7 keV. We
further assumed a disk with a single emissivity index which we ﬁxed to 3. For
the models with Kerrdisk and Kyrline we ﬁxed the spin of the black hole
to 0.998. The results are unaﬀected if we ﬁx the spin of the black hole to zero.
As determined from these relativistic line proﬁles, the inclination of the disk is
89.9◦ (with a 95% conﬁdence lower limit of 69.7◦ ), 90◦ (with a 95% conﬁdence
lower limit of 89◦ ), and 77.6◦ , (with the 95% conﬁdence limits of 64.6◦ and
86.1◦ ), for the diskline, Kerrdisk, and Kyrline proﬁles, respectively. For
comparison, for the Laor proﬁle we found a 95% conﬁdence lower limit for
the inclination of ∼84◦ (see Tab. 5.3).
The value of the inner disk radius inferred from the line proﬁle also depends
somewhat on the model that we used to describe the line. For instance, the
pl+diskbb+Laor model gives Rin = 14.6 Rg , with a 95% conﬁdence upper
limit of 19.7 Rg (see Tab. 5.1). For the pl+diskbb+diskline model we
ﬁnd Rin = 11.7 Rg , with a 95% conﬁdence range of 6.2-15.5 Rg , whereas the
pl+diskbb+Kerrdisk and the pl+diskbb+Kyrline model give Rin = 1.9
Rg , with a 95% conﬁdence range of 1.7–3.8 Rg , and Rin = 15.5 Rg , with a 95%
conﬁdence range of 11.8–20.1 Rg , respectively.
We note that we used here the same data as those used by M06, and our
analysis is similar to theirs; while here we report on a broad iron emission line
with an equivalent width of 90 eV. Using the same continuum model, M06
reported an upper limit of 60 eV for the Fe line. We repeated the analysis
of Swift J1753 where we applied the same spectral resolution used by M06 (a
minimum of 10 counts per bin) and we simultaneously ﬁt the PN, PCA and
HEXTE spectra with a diskbb+pl model aﬀected by absorption. We found
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best-ﬁt parameters and reduced χ2 values consistent with those in M06. We
then added a Laor component to the model with the same parameter settings
as described in §5.3.1. The diskbb+pl+Laor model gives χ2 /ν = 2003/1951
with the line parameters consistent with those that we found. The line has
a normalization that is more than 6σ diﬀerent from zero, and an equivalent
width of 73.5 eV which is, within the conﬁdence limits, consistent with the 90
eV measurement that we report.

5.4

Discussion

We analyzed simultaneous observations of Swift J1753 in the low/hard state
taken with XMM-Newton and RXTE in March 2006. At variance with the
results of Miller et al. (2006a), we can successfully ﬁt the X-ray spectrum
of Swift J1753 with continuum models that do not require emission from a
prominent disk extending down to the innermost stable circular orbit. Models
including emission from a disk component, as proposed by M06, are also consistent with the data, although for those models where the disk component is
required we found that the ﬂux of the disk is a factor of 2 to 3 less than in the
analysis of M06. Regardless of the continuum model, we found a broad iron
line at around 7 keV with an equivalent width of 60–187 eV, depending on the
model. If the line is from a single ionization stage of iron and the broadening
is due to relativistic eﬀects near the black hole, then the line proﬁle implies
an inner disk radius between ∼2 Rg and ∼16 Rg , depending on the relativistic
line proﬁle (i.e. Laor, diskline, Kerrdisk or Kyrline), or the model used to
ﬁt the continuum. The inner disk radius can be larger if the width of the
line results from the combination of lines from diﬀerent ionization stages of
iron, with each of these lines being broadened by relativistic eﬀects. In fact,
a model of reﬂection from an ionized disk that calculates the strength of all
relevant lines self-consistently, convolved with a kernel that accounts for the
relativistic eﬀects close to the black hole yields an inner disk radius of 256 Rg ,
with a 95% conﬁdence lower limit of 246 Rg .
To get a better insight in the accretion disk geometry there are several
factors that must be considered. We know that black-hole binaries show two
basic states, the low/hard and the high/soft states (see e.g. Tananbaum et
al. 1972), with transitions in between these states (see e.g., McClintock &
Remillard 2006; Homan & Belloni 2005). The X-ray emission in the HSS
is dominated by a thermal component which is usually identiﬁed as emission
from the accretion disk. In this state, the inner radius of the disk, Rin , appears
to remain constant despite large changes of the disk ﬂux (e.g., Tanaka & Lewin
1995; Méndez, Belloni & van der Klis 1998). Tanaka (1992) interpreted this
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lack of change in Rin as a signature of the innermost stable orbit around a
black hole. The black hole spectra in the LHS is dominated by emission from
a power-law like component; in those cases where the interstellar absorption
towards the source is low, a soft component with a low temperature (.0.5 keV)
appears to be present in the spectrum (e.g., XTE J1118+480; McClintock et
al. 2001). This component has been interpreted as due to a cool accretion
disk truncated at a large radius (e.g., Chaty et al. 2003). This picture is
strengthened by the fact that during transitions from the HSS to the LHS the
radius of the disk increases with a decreasing disk temperature (Gierliński et al.
2008), suggesting that the disk recedes and cools down during the transition.
Other sources show a similar behavior (e.g., Kalemci et al. 2004), but since
the inferred temperatures of the disk are below ∼0.3–0.5 keV, interstellar
absorption and inadequate coverage of the low-energy part of the spectrum
make some of those results less secure. Changes of characteristic frequencies
in the power density spectra of BHCs during state transitions (e.g., Méndez &
van der Klis 1997; Homan & Belloni 2005) also seem to support the idea of a
receding disk, although in this case there is no clear-cut explanation about the
origin of the variability (see the discussion in M06), and hence the evidence is
less compelling.
The picture of an accretion disk truncated at large radii in the LHS is also
expected in some models. For instance, in the advection-dominated accretionﬂow (ADAF) model in which the accretion ﬂow is divided into two zones: A
geometrically thin, optically thick accretion disk with a large inner radius,
and a vertically extended inner region, the ADAF region, which is hot and
optically thin and radiates less eﬃciently (Narayan, McClintock & Yi 1996;
Esin et al. 1997; see Narayan & McClintock 2008 for a review). This model
has been successfully applied not only to sources in the LHS, but to quiescent
sources as well (Narayan et al. 1996). Some recent work (Meyer et al. 2007;
Liu et al. 2007) suggests, however, that a part of the ADAF material may
recondense back into a disk, but the contribution of this condensed disk to the
total X-ray luminosity would be small (Taam et al. 2008).
In the last ﬁve years, XMM-Newton and Chandra revealed relatively broad
iron emission lines of BHCs with proﬁles that are consistent with being broadened by relativistic eﬀects near the black hole (see Miller 2007 for a review).
These broad iron lines are generally detected in the HSS (e.g., GRO J1655−40;
Balucińska-Church & Church 2000; XTE J1650−500; Miller et al. 2002b; GX
339−4; Miller et al. 2004; Dunn et al. 2008), in which the disk is thought to
extend down to the ISCO (as described before), and the relativistic eﬀects are
therefore strong. Broad iron emission lines, consistent with a disk extending
close to the ISCO, were also detected in GX 339−4 in the LHS (Miller et
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al. 2006b), and in V4641 Sgr when the source was in an intermediate state
(Miller et al. 2002a). We found a broad iron line in the XMM-Newton/RXTE
spectrum of Swift J1753, making it only the second case of a BHC in the LHS
state showing such a broad line. A relativistic broadened iron line in this black
hole state would be in contradiction with the standard scenario as described
above, in which the disk is truncated at very large distances from the black
hole.
This contradiction appears to be resolved by recent studies of the BHCs
Swift J1753, GX 339−4 and XTE J1817−330 (M06; Miller et al. 2006b; Rykoﬀ
et al. 2007) that reveal the possible existence of soft emission below ∼2 keV in
these systems. This emission has been interpreted by these authors in terms
of a prominent accretion disk in the LHS, with temperatures of 0.2–0.3 keV,
and inner disk radii of ∼2–6 Rg . The idea of a cool disk extending all the way
down to the ISCO in the LHS has recently been challenged by Gierliński et
al. (2008) for the case of XTE J1817−330 and by D’Angelo et al. (2008) for
the cases of Swift J1753 and GX 339−4. These authors pointed out that a
truncated disk would be aﬀected by irradiation from the same Comptonized
photons that produce the high-energy emission, and would therefore appear to
be hotter and a have smaller radius than in the non-irradiated case. This eﬀect
was not taken into account in the ﬁts of M06, Miller et al. (2006b), or Rykoﬀ
et al. (2007). Gierliński et al. (2008) ﬁt the Swift spectra of XTE J1817−330
with a simpliﬁed model that accounts for irradiation, and they ﬁnd that if this
eﬀect is not considered, the inner disk radius is underestimated by a factor
of 2–3. D’Angelo et al. (2008) analyzed the case of an ADAF ﬂow inside
a truncated accretion disk and, from qualitative ﬁts to the X-ray spectra of
Swift J1753 and GX 339−4, they conclude that reprocessing of hard photons
by a truncated disk would mimic a soft disk extending down to very small
radii.
Using the same data as analyzed by M06, we found that there are realistic
models that ﬁt the X-ray spectrum of Swift J1753 without the need of a
thermal disk-like component extending down to very small radii. We point
out that for our ﬁts we do not consider the eﬀect of possible irradiation of the
disk by high-energy Comptonized photons (Gierliński et al. 2008; D’Angelo
et al. 2008). We can calculate the magnitude of this eﬀect by noting that
in the case of the reflion+pl model only ∼30% of the power-law ﬂux is
reﬂected oﬀ the accretion disk, and therefore the remaining ∼70% of this ﬂux
must be thermalized and re-emitted by the disk. From our results we deduced
that the disk ﬂux due to this irradiation would have to be ∼2 ×10−10 erg
cm−2 s−1 (0.6–10 keV). However, in the ﬁt with the reflion+pl model we
did not detect emission from the accretion disk, with an upper limit that is a
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factor ∼25 less than what is expected. (We note that the discrepancy is even
larger given that one should also include the intrinsic -gravitational- disk ﬂux;
see Gierliński et al. 2008.) This a challenge to the interpretation of the Fe
emission line as due to reﬂection.
In the case of GX 339−4, Tomsick et al. (2008) found that the disk component is signiﬁcantly required to ﬁt the LHS spectra at luminosities of 2.3%
and 0.8% of the Eddington luminosity, a factor of ∼2 and ∼7 below the luminosities as probed by Miller et al. (2006b) for the same source. Tomsick
et al. (2008) found inner disk radii of ∼4 Rg however, following the results of
Gierliński et al. (2008) and D’Angelo et al. (2008), their values would probably increase by a factor of ∼2–3 if irradiation of the disk by the Comptonized
emission was considered. Tomsick et al. (2008) also detected broad features
due to iron Kα in the LHS of GX 339−4; their results indicate that if the
width of the line is produced by relativistic eﬀects in the disk, then the line
must originate from within 10 Rg of the black hole.
In this work we used relativistic line proﬁles to ﬁt the broad emission line
at around 7 keV, although one should bear in mind that there are alternative
models that explain the width and the proﬁle of the iron Kα line without the
need of relativistic eﬀects. For instance, Laurent & Titarchuk (2007) proposed
a model that explain the properties of the iron line in terms of down-scattering
of hard photons in a Comptonizing outﬂow with optical depth greater than
1. Done & Gierliński (2006) applied a similar model to ﬁt BeppoSAX data of
the galactic BHC XTE J1650−500. They found that the line at around 7 keV
in the spectrum of a bright LHS observation can either be ﬁt with a model
including extreme relativistic eﬀects, or by resonance iron K-line absorption
from an outﬂowing disk wind and an emission line that is compatible with
a truncated disc. On the other hand, Różańska & Madej (2008) calculated
atmosphere models for an accretion disk around a super-massive black hole
irradiated by a hard X-ray power law, and they found that the observed spectrum contains a Compton shoulder that can contribute to the asymmetry and
equivalent width of some observed Fe Kα lines in active galactic nuclei. One
should also take into account that, as we have shown here, the best-ﬁt proﬁle of the line depends on the underlying continuum assumed to ﬁt the data,
which adds extra uncertainties to the inferred parameters of the disk.

5.5

Conclusions

We have shown that the X-ray spectrum of Swift J1753 can be ﬁt with a
continuum model that does not require a disk-like component, and inferred
from the line proﬁle the disk does not extend down to the ISCO, but it is
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consistent with a disk truncated at a few to a few hundred gravitational radii.
However, as demonstrated by M06, the data of Swift J1753 also allow for ﬁts
with models in which the disk is truncated at radii close to the ISCO, although
irradiation of the disk by the Comptonized emission may aﬀect this picture
(Gierliński et al. 2008; D’Angelo et al. 2008). We found that in those cases
that a disk-like component was required, the contribution of the disk to the
total ﬂux is a factor of 2 to 3 times less than the ﬂux contribution that M06
found for the disk component.
We have detected a broad iron line in the spectrum of Swift J1753. The
inner radius of the disk deduced from ﬁts to the line, using a Laor proﬁle, seems
to suggest a disk extending down to 5.5–12.5 Rg , for the best-ﬁt models. Fits
with diﬀerent relativistic line proﬁles suggest somewhat larger inner disk radii,
up to ∼16 Rg (diskline and Kyline), or lower Rin , down to ∼2 Rg (Kerrdisk),
whereas reﬂection models smeared by relativistic eﬀects suggest even much
larger radii, Rin ∼250 Rg . The XMM-Newton/RXTE data as analyzed here,
do not provide a deﬁnitive answer to the question of the accretion disk is
truncated at large radii or not, since the answer strongly depends on the
continuum and line model that are used. One should however bear in mind
that the interpretation of the line proﬁle in terms of relativistic eﬀects close
to the black hole is not the only possible one, and other alternatives do not
require a disk extending down close to the ISCO to explain the shape of the
line. It remains to be seen whether this kind of models can ﬁt the data of
Swift J1753 and other sources in the LHS.
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bknpl
bknpl+Laor
bknpl+Laor+diskbb

Parameter
Model
pl+diskbb
pl+Laor
pl+Laor+diskbb

kT0
(keV)
0.13±0.01
0.01+0.05
−0.01

Γ1
1.69±0.01
1.70±0.01
1.71±0.04

Γ
1.60±0.01
1.66±0.01
1.62±0.01

pl
NΓ
(10−2 )
5.57±0.05
–
6.05±0.02
–
5.71±0.04
–
bknpl
Eb
(keV)
Γ2
2.9±0.2
1.60±0.01
2.7±0.2
1.62±0.01
2.9±0.2
1.62±0.01
comptt
kT
(keV)
τ
11.9±2.4
3.2±0.3
23.1+3.0
2.2+0.5
−2.0
−0.03

NC
(10−2 )
1.7±0.2
4.1+0.1
−0.8

NΓ
(10−2 )
6.17±0.04
6.18±0.05
6.36±0.34

–
–
–

EL
(keV)
6.79±0.20
6.75+0.25
−0.35

EL
(keV)
–
6.75+0.25
−0.12
6.89+0.11
−0.49

EL
(keV)
–
6.40+0.16
−0.0
6.79±0.17

index
3.8+2.5
−0.9
3.5+6.5
−0.7

index
–
3.7+6.3
−0.9
3.9+6.1
−1.2

index
–
3.8±0.5
3.9+0.4
−0.9

Laor
Rin
(Rg )
–
1.36+0.31
−0.13
14.6±5.1
Laor
Rin
(Rg )
–
+11.9
12.5−1.7
17.4±7.9
Laor
Rin
(Rg )
11.1+4.9
−3.8
+11.6
12.4−7.4

i
(deg)
86.2+1.1
−0.1
86.2+0.1
−2.8

i
(deg)
–
86.2+0.1
−2.8
86.2+0.1
−11.3

i
(deg)
–
90.0+0.0
−1.8
86.2+0.1
−2.3

NL
(10−4 )
2.7±0.6
1.6±0.6

NL
(10−4 )
–
1.8±0.8
1.5+0.7
−0.4

NL
(10−4 )
–
5.8±0.7
1.8±0.3

...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

...

Table 5.1: Results of various continuum models. For each model we could not report all the best fit paramaters on the same line. The parameters
of the diskbb and phabs components are shown in Table 5.2, as well as the best fit χ2 /ν. In the first part of the table we show the results of a
power-law (pl) based model. A line component (Laor), a disk blackbody (diskbb) or both were added (these components are also added to the
other continuum models). The pl parameters are the photon index, Γ, and the normalization NΓ (in units of photons/keV/cm2 /s at 1 keV). The
Laor parameters are the line energy, EL , which we constrain to range between 6.4 and 7 keV, the emissivity index, index, inner disk radius, Rin
(with Rg =GM/c2 ), inclination, i, and normalization of the line, NL (in units of photons/cm2 /s). The diskbb parameters are the temperature at
inner disk radius, kTin , and disk normalization, ND , which is defined as [Rin (km)/d(10 kpc)]2 cosi, where d is the distance to the source. Next,
we show the results of a broken power-law (bknpl) based model, with Γ1 , the photon index for energies below the break energy, break point, Eb ,
photon index after the break, Γ2 , and normalization, NΓ (same units as pl normalization). Next, we give the results of a continuum model based on
a Comptonization (comptt) component. The comptt parameters are: soft seed photon temperature, kT0 , plasma temperature, kT , optical depth
of the plasma, τ , and normalization, Nc . models including an absorption model (phabs) with NH the equivalent hydrogen column, and a constant
component to normalize between the instruments. For all continuum models, the unabsorbed flux is 3.9×10−10 erg cm−2 s−1 (0.6–10 keV). In the
models with a diskbb component, the flux of this component ranges between 0.3–1.6 × 10−11 erg cm−2 s−1 (0.6–10 keV).

comptt+Laor
comptt+Laor+diskbb
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comptt+Laor
comptt+Laor+diskbb

bknpl
bknpl+Laor
bknpl+Laor+diskbb

Model
pl+diskbb
pl+Laor
pl+Laor+diskbb

Parameter

...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

diskbb
kTin
(keV)
ND
0.38±0.04
36.7±10.4
–
–
0.36±0.02
35.2+3.2
−2.7
diskbb
kTin
(keV)
ND
–
–
–
–
+4484.6
0.18±0.02 2458.8−1908.1
diskbb
kTin
(keV)
ND
–
–
+29.9
0.38±0.04
35.1−17.3

phabs
NH
(1021 cm−2 )
1.61±0.02
1.60±0.01
1.63±0.02
phabs
NH
(1021 cm−2 )
1.67±0.02
1.67±0.02
2.09+0.16
−0.07
phabs
NH
(1021 cm−2 )
1.55±0.03
1.60±0.04

Table 5.2: Continuation of Table 5.1.

χ2 /ν
662.8/495
566.4/493

χ2 /ν
601.8/500
564.0/495
552.9/493

χ2 /ν
603.7/500
646.1/497
564.2/495
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Parameter
Model
pexrav
pexrav+Laor
pexrav+Laor+diskbb
pexriv
pexriv+Laor
pexriv+Laor+diskbb

Γ
1.54±0.01
1.59±0.01
1.55±0.01

Γ
1.67±0.01
1.68±0.01
1.65±0.01
1.68±0.01
1.69±0.01
1.64±0.01
pl

–
–
–

pexrav/pexriv
ξ
(erg cm/s)
–
–
–
+113
134−74
0.0+0.01
+118
317−205
cosi
0.16±0.04
0.13±0.05
0.01+0.05
−0.0
0.13±0.03
0.12±0.03
0.01+0.05
−0.0

NΓ
(10−2 )
4.10±0.15
5.17+0.24
−0.09
4.18±0.26

NP
(10−2 )
6.06±0.03
6.11±0.04
5.90±0.07
6.09±0.03
6.12±0.03
5.85±0.07

Γ
1.54±0.01
1.59±0.01
1.55±0.01

EL
(keV)
–
6.40+0.12
−0.0
6.40+0.12
−0.0
–
6.40+0.1
−0.0
6.43+0.57
−0.03
reflion
ξi
(erg cm/s)
+528
5053−650
+576
1850−628
+233
4800−96

NR
(10−8 )
7.6±0.8
8.2±0.2
7.9±0.3

index
–
3.4+0.7
−0.4
3.2±0.5
–
3.4±0.6
10.0+0.0
−6.2

–
–
–

Laor
Rin
(Rg )
–
5.5±0.8
5.6+1.5
−0.9
–
5.5±0.7
5.6±3.2

i
NL
(deg)
(10−4 )
–
–
86.9±2.7
3.4±0.6
84.8+2.4
2.5+0.6
−10.8
−1.3
–
–
84.8+1.4
3.5±0.7
−2.3
78.0+8.3
1.0+0.9
−18.2
−0.4
Kerrconv
i
Rin
(deg)
(Rg )
–
–
–
–
0.9+7.6
256±12
−0.9

...
...
...
...
...
...
...
...
...
...
...
...
...
...
...

Table 5.3: Results of various continuum models. For each model we could not report all the best fit paramaters on the same line.
The parameters of the diskbb and phabs components are shown in Table 5.4, as well as the best fit χ2 /ν. We show the results of two
reflection models pexrav and pexriv, with parameters: photon index, Γ, cosine of the inclination angle, cosi, and normalization, NP
(same units as pl normalization). An extra parameters of the pexriv component is the disk ionization parameter, ξ. Finally, we give the
results of another reflection model: reflion+pl. To gain information about the disk radius, we convolve this model with a Kerrconv
component. The reflion components are the ionization parameter, ξi , and normalization of the reflected spectrum, NR . The photon
index of the reflion component is coupled to the pl photon index. The free Kerrconv parameters are the inclination and inner radius
of the disk. We fit each of the above models including an absorption model (phabs) with NH the equivalent hydrogen column, and a
constant component to normalize between the instruments. For all continuum models, the unabsorbed flux is 3.9×10−10 erg cm−2 s−1
(0.6–10 keV). In the models with a diskbb component, the flux of this component ranges between 0.3–1.6 × 10−11 erg cm−2 s−1 (0.6–10
keV).

reflion+pl
reflion+pl+diskbb
(reflion+pl)∗kerrconv
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99
reflion+pl
reflion+pl+diskbb
(reflion+pl)∗kerrconv

...

Model
pexrav
pexrav+Laor
pexrav+Laor+diskbb
pexriv
pexriv+Laor
pexriv+Laor+diskbb

Parameter

...
...
...
...
...
...
...
...
...
...
kTin
...
...
...
...

diskbb
kTin
(keV)
ND
–
–
–
–
+43.7
0.31±0.05
50.7−32.4
–
–
–
–
+10.1
31.0−7.2
1.67±0.04
diskbb
NH
(keV)
ND
–
–
+18.8
0.39±0.06
17.7−11.0
–
–
(1021 cm−2 )
1.75±0.01
1.66±0.01
1.75±0.01

phabs
NH
(1021 cm−2 )
1.61±0.02
1.64±0.02
1.68±0.06
1.64±0.02
1.65±0.02
562.2/493
phabs

Table 5.4: Continuation of Table 5.3.

χ2 /ν
568.4/500
560.3/498
562.1/498

χ2 /ν
693.7/501
590.0/496
560.9/494
651.6/500
586.4/495
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Abstract
In studies of accreting black holes in binary systems, empirical relations
have been proposed to quantify the coupling between accretion processes and
ejection mechanisms. These processes are probed respectively by means of
X-ray and radio/optical-infrared observations. The relations predict, given
certain accretion conditions, the expected energy output in the form of a
jet. We investigated this coupling by studying the black hole candidate Swift
J1753.5-0127, via multiwavelength coordinated observations over a period of
∼ 4 years. We present the results of our campaign showing that, all along
the outburst, the source features a jet that is fainter than expected from the
empirical correlation between the radio and the X-ray luminosities in hard
spectral state. Because the jet is so weak in this system the near-infrared
emission is, unusually for this state and luminosity, dominated by thermal
emission from the accretion disc. We brieﬂy discuss the importance and the
implications of a precise determination of both the slope and the normalisation
of the correlations, listing some possible parameters that broadband jet models
should take into account to explain the population of sources characterized by
a dim jet. We also investigate whether our data can give any hint about
the nature of the compact object in the system, since its mass has not been
dynamically measured.
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6.1

Introduction

Transient black hole candidates (BHCs) are low-mass X-ray binaries that usually show relatively short (weeks to months) outbursts, separated by long
periods of quiescence (see Remillard & McClintock 2006 for a review). When
an outburst starts, BHCs go through a loop in an X-ray hardness-intensity
diagram (HID), in which in many cases they draw a q-shape pattern. Four
spectral states (Homan et al. 2001, Homan & Belloni 2005, Belloni 2009; see
McClintock & Remillard 2006 for an alternative deﬁnition of states) can be
identiﬁed in the X-ray HID: the low/hard state (HS), the high/soft state (SS)
and two intermediate states (called hard and soft intermediate state). The HS
of BHCs is characterized by a hard power-law X-ray spectrum (with photon
index Γ ∼ 1.4 − 2.1; e.g. Remillard & McClintock 2006) which is usually
interpreted as the result of comptonization of seed photons by hot electrons
(the so called “corona”, e.g. Esin et al. 1997). Observations suggest that
the accretion disc is cold and truncated at large radii (e.g. McClintock et al.
2001, Tomsick et al. 2009, Done & Diaz Trigo 2009; but see also Miller et al.
2006b and Reis et al. 2009b) at low X-ray luminosities (LX . 1%LEdd where
LEdd is the Eddington luminosity; Cabanac et al. 2009). The X-ray energy
spectrum of BHCs in the SS is dominated by a thermal emission below ∼ 5
keV, likely produced by an optically thick/geometrically thin accretion disc
extending to/close to the innermost stable circular orbit (ISCO). The energy
spectrum in the SS also features a steeper power-law tail than in the HS. The
intermediate states are characterized by spectral properties in between the
HS and the SS. In timing studies, the HS and the intermediate states show
strong quasi periodic oscillations (QPOs) and noise components while the SS
is characterized by weak/absent variability (see van der Klis 2006 and Belloni
2009 for reviews).
A characterization of the four states needs to take into account the behaviour
at longer wavelengths (e.g. Fender, Belloni & Gallo 2004; Fender, Homan &
Belloni 2009). In the HS a compact jet is on and substantially contributes to
the total energy output of the system (see Fender 2006 for a review). The key
signature of such a jet is a ﬂat/slightly inverted spectrum with spectral index
α & 0 (Sν ∝ ν α , where Sν is the radio ﬂux density at a certain frequency ν)
observed in the radio band (e.g. Hjellming & Wade 1971) and extending from
radio to higher (sometimes to optical/infrared, OIR) frequencies (Markoﬀ et
al. 2003). Following a classical argument presented in Blandford & Königl
(1979), the jet spectrum can be attributed to a superposition of self-absorbed
synchrotron spectra from segments of a collimated jet. In the last decade
jet-dominated models have been developed (Falcke & Biermann 1995,
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SMARTS, I and H band

WSRT 8.5 GHz, 3σ upper limits

WSRT 4.9 GHz, 3σ upper limits

WSRT 4.9 GHz

Figure 6.1: Lower panel: Swift/BAT light curve of Swift J1753.5-0127 for the period 2005 May 30 - 2009 October 16. Bin
size is 1 day. The dashed line marks the zero of the y axis. Upper panel: radio light curve of Swift J1753.5-0127. We plotted
all our data points (VLA, MERLIN and WSRT). Bin size is a whole observation. The horizontal thick line marks the period
in which we performed SMARTS OIR observations (H and I band). A complete log of all the radio and OIR observations is
reported in the appendix (§6.6).

Merlin 1.7 GHz, 3σ upper limits

Merlin 1.7 GHz

VLA 8.4 GHz

VLA 4.8 GHz, 3σ upper limits

VLA 4.8 GHz

VLA 1.4 GHz
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Markoﬀ, Falcke & Fender 2001, Giannios 2005, Maitra et al. 2009, Pe’er &
Casella 2009; but see also Zdziarski et al. 2003, Heinz 2004, Maccarone 2005)
and have been used to successfully ﬁt broadband spectra of BHCs in the HS
and in quiescence (e.g. Gallo et al. 2007; Migliari et al. 2007a). In this
framework the comptonizing medium (the corona) responsible for the hard
X-ray power-law tail could actually be the base of the jet (Markoﬀ, Nowak &
Wilms 2005; but see also Malzac & Belmont 2009). There is evidence that the
compact jet quenches when the BHC switches to the soft states (Tananbaum
et al. 1972; Fender et al. 1999). Intermittent radio emission (characterized by
an optically thin spectrum with spectral index α < 0) is occasionally detected
in the SS (Fender et al. 2009a) and it could be attributed to the interaction between ejecta detached from the jet base and the interstellar medium.
However, the possibility that it originates in a weaker core jet itself can not
be completely ruled out without high angular resolution VLBI (Very Long
Baseline Interferometry) radio observations.
Not all the BHCs undergo outbursts drawing a q-shape path in the HID:
GRS 1915+105 for example spends all its time in the intermediate states at
very high X-ray luminosity (see Fender & Belloni 2004 for a review), while
there is a number of sources that stay for the whole outburst in the HS
(Brocksopp, Bandyopadhyay & Fender 2004) or in the HS and in the hardintermediate state (H 1743-322 and possibly SAX J1711.6-3808; see Capitanio
et al. 2009 and Wijnands & Miller 2002, respectively), without transiting to
the soft states. Some of these systems underwent both “normal” outburst and
HS-only outbursts (e.g. XTE J1550-564, Homan et al. 2001, Belloni et al.
2002b). The possibility of explaining both type of outbursts (with/without a
transition to the soft states) is a challenge for theoretical models: both the
disc-instability model (DIM, King & Ritter 1998, Dubus et al. 2001, Lasota
2001) and the “diﬀusive” model (Wood et al. 2001) expect the outburst to
take place in the disc, but contribution from a corona and/or a jet needs to
be added to explain the HS emission and possibly the quiescent one, if the jet
indeed plays a substantial role (e.g. Gallo et al. 2006).
To understand the mechanisms governing BHC outbursts it is important
to quantify the contribution of the diﬀerent processes (accretion/ejection) to
the total energy output of the system. Hannikainen et al. (1998) and Corbel
et al. (2003) found an empirical correlation between the radio ﬂux density
and the X-ray ﬂux in the HS of the BHC GX 339-4. Gallo, Fender & Pooley
(2003) enlarged the sample including other sources in the HS, covering more
than three orders of magnitude in X-ray luminosity and proposed that the
correlation could be universal in both slope and normalisation. Since the radio
emission very likely originates in the compact jet and the X-ray emission from
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the accretion processes, assuming that the two are causally related, then the
correlation constitutes a physical relation between the inﬂow and the outﬂow.
The contribution of the compact jet to the total energy output of BHCs in
the HS sometimes extends to OIR frequencies (e.g. Markoﬀ et al. 2003; in
the optical band the emission is dominated by the companion star and the
heated/irradiated accretion disc rather than the jet). Russell et al. (2006)
tested whether a correlation between the X-ray ﬂux and the OIR ﬂux also
holds, in the HS and in quiescence. They found that a global correlation
exists, extending over ∼9 orders of magnitude in X-ray luminosity (2-10 keV).
Gallo et al. (2006) included in the sample data from the BHC A0620-00
in quiescence. In this way they extended the radio/X-ray correlation from
typical HS levels down to very low X-ray luminosities (LX ∼ 10−8.5 LEdd for a
distance to the source of 1.2 kpc), showing that a jet can still be detected at
very low accretion rates (with a radio ﬂux at µJy level at 8.5 GHz), suggesting
that the physics of the inﬂow/outﬂow coupling in the HS probably still holds
in quiescence. The BHC V404 Cyg also produces a jet when in its quiescent
state (Gallo et al. 2003; Miller-Jones et al. 2008), although its quiescent X-ray
luminosity is rather high (LX ∼ 5.3 × 1032 erg/s, Corbel, Körding & Kaaret
2008; we considered a distance to the source of 2.39 ± 0.14 kpc, Miller-Jones
et al. 2009), as expected (Lasota 2008) for a long orbital period BHC (∼ 155
hours).
The same X-ray/radio scaling found for BHCs may hold for supermassive
black holes in active galactic nuclei (AGN), if the mass of the black hole is
taken into account. Merloni, Heinz & di Matteo (2003) and Falcke, Körding
& Markoﬀ (2004) have independently shown that BHCs and AGN populate
a “Fundamental Plane” (FP) in the log(LR , LX , M ) domain. This suggests
that the same mechanisms govern accretion and ejection processes from black
holes hold over ∼ 9 orders of magnitude in mass.
Körding et al. (2006b) noted that, since the accretion states of BHCs are
deﬁned according to the source position on an X-ray HID, a generalization
of HID could be constructed also for AGN. In this way they showed that
radio loud BHCs and AGN populate the same region of a HID, suggesting
that despite the diﬀerent masses involved, systems that contain a black hole
display similar accretion states and jet properties.
McHardy et al. (2006) showed that BHCs in the SS and AGN also populate
a plane in the space deﬁned by the black hole mass M , the accretion rate
Ṁ and a characteristic frequency ν in the X-ray power density spectra. The
plane has been extended by Körding et al. (2007) by also including BHCs in
the HS (considering a constant oﬀset for the frequencies in the two states).
This also suggests that some fundamental properties of BHCs and AGN, like
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characteristic timescales and mass accretion rate, are related in the same way
in the two classes of objects, once the mass has been taken into account.
The existence of the radio/X-ray correlation and the FP have broad implications. For example, the small scatter around them has been used as an
argument by Heinz & Merloni (2004) to infer that jets from BHCs and AGN
(once a mass-correction factor is introduced) are characterized by similar bulk
velocities. However, in the last years, the supposed universality of the radio/Xray correlation has been doubted (Xue & Cui 2007) and several outliers have
been found (Gallo 2007). These sources seem to follow “normal” outbursts in
the X-rays (their X-ray luminosities are similar to the other BHCs) but they
are fainter in radio (at the same X-ray luminosity) than other sources. Corbel
et al. (2004) and Gallo (2007) proposed that a correlation with the same slope
but a lower normalisation (a factor ∼ 20) could describe this discrepancy, at
least in a few sources (e.g. in the BHC XTE J1650-500, Corbel et al. 2004).
How BHCs accreting at similar rates (and so displaying similar X-ray luminosities) can produce diﬀerent ejecta has not been clariﬁed yet. Considering
the similarities in the inﬂow/outﬂow coupling between BHCs and AGN, any
explanation should also be relevant for supermassive black holes (possibly as
far as helping to explain the apparent radio loud:radio quiet dichotomy, e.g.
Sikora, Stawarz & Lasota 2007, Tchekhovskoy et al. 2009).

6.1.1

Swift J1753.5-0127

Swift J1753.5-0127 was discovered in the hard X-ray band with the Burst Alert
Telescope (BAT) on board Swift on 2005 May 30 (Palmer et al. 2005). The
source was also detected in the soft X-rays with the Swift/X-ray Telescope
(Swift/XRT, Burrows et al. 2005) and with the Proportional Counter Array
(PCA) aboard the Rossi X-ray Timing Explorer (RXTE, Morgan et al. 2005).
Figure 6.1 (bottom panel) shows the Swift/BAT light curve: after the discovery, the source ﬂux reached a peak of 200 mCrab on 2005 July 9 in the All
Sky Monitor (ASM, 1.2-12 keV) on board RXTE (Cadolle Bel et al. 2007).
Subsequently the ﬂux started decreasing and then stalled at a level of ∼20
mCrab (2-20 keV) for more than ∼ 6 months. This is an unusual behaviour
for a transient, but even more unusual is the subsequent ﬂux rise which has
been ongoing since roughly June 2006, with a steepening in June 2008 (Krimm
et al. 2008), followed by a decreasing/variable trend. No transition to the soft
states has been reported: the source has always been in the HS during the
whole outburst (Zhang et al. 2007; Cadolle Bel et al. 2007), although its X-ray
spectral hardness has not remained constant (Zhang et al. 2007, Ramadevi &
Seetha 2007). The source was also detected in ultraviolet with the Ultraviolet/Optical telescope UVOT aboard Swift (Still et al. 2005) and in optical with
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the Michigan-Dartmouth-MIT 2.4 m telescope (Halpern 2005). In July 2005,
near the peak of its outburst, Fender, Garrington & Muxlow (2005) observed
Swift J1753.5-0127 at radio frequencies with the Multi-Element Radio-Linked
Interferometer Network (MERLIN), tentatively detecting a point-like radio
counterpart, consistent with the presence of a compact jet.
The strongest hint that the system harbours a black hole comes from the
hard power-law tail in the X/γ-ray energy spectrum up to ∼600 keV, detected
with INTEGRAL (Cadolle Bel et al. 2007), as no neutron star X-ray binary
(NSXB) has ever been detected above ∼ 200 keV (di Salvo et al. 2006; Falanga
et al. 2007). No dynamical conﬁrmation of the nature of the compact object
is available.
Cadolle Bel et al. (2007) considered both the high Galactic latitude of Swift
J1753.5-0127 and the low Galactic column density in its direction and concluded that its distance should not be larger than 10 kpc, most likely in the 4−8
kpc range. Using an empirical relation that predicts the absolute magnitude
of the accretion disc of a BHC in outburst (from Shahbaz & Kuulkers 1998),
Zurita et al. (2008) derived a distance to the source D > 7.2kpc. Throughout
this paper we will consider a distance D = 8 kpc to Swift J1753.5-0127, unless
it will be diﬀerently speciﬁed.
Swift J1753.5-0127 is peculiar for a number of reasons. First of all it is
an outlier to the radio/X-ray luminosity correlation of Gallo et al. (2003).
According to Cadolle Bel et al. (2007), Swift J1753.5-0127 should be 8-60
times more luminous in radio (depending on the distance, assuming that it
must be inside our Galaxy), to ﬁt the correlation. This BHC never left the
HS, so we expect its jet to substantially contribute to the total energy budget
of the system, as observed in most of the BHCs in the HS.
Secondly, it would be the BHC with the shortest orbital period, as claimed
by Zurita et al. (2008) and Durant et al. (2009), who reported a ∼3.2 hr
modulation in the optical lightcurves. It is worth to note (Zurita et al. 2008)
that such period, if conﬁrmed, would be close to the orbital period of two
other BHCs observed only in the HS, XTE J1118+480 and GRO J0422+32:
they respectively feature orbital periods of 4.1 hr (McClintock et al. 2001;
Wagner et al. 2001) and 5.1 hr (Filippenko et al. 1995). Interestingly, all
these sources are likely located in the Galactic halo (Cadolle Bel et al 2007,
Zurita et al. 2008, Durant et al. 2009) and they could constitute a population
of high Galactic latitude X-ray binaries, putting constraints on their formation
and evolution. Hynes et al. (2009) recently performed coordinated optical and
X-ray observations of Swift J1753.5-0127 at high time resolution, reporting a
short delay between the optical and the X-ray emission, consistent with an
orbital period as short as 3.2 hours.
107

6. Investigating the disc-jet coupling in accreting compact objects using the
black hole candidate Swift J1753.5-0127
From binary evolution calculations nothing prevents BHCs to have in principle
orbital periods of ∼2 hours and evolutionary models actually predict that
short-period systems might form the majority of them (Yungelson et al. 2006).
Nevertheless, such a short period would deﬁnitely be peculiar for a BHC (see
e.g. Charles & Coe 2006). NSXBs usually feature a fainter jet than BHCs
(about a factor ∼30 in radio ﬂux; Fender & Hendry 2000; Migliari & Fender
2006) at the same X-ray luminosity. This could suggest that the compact
object in the system is a neutron star and not a black hole, although other
evidence points towards a black-hole nature, as mentioned above.
Another interesting aspect concerning Swift J1753.5-0127 is related to the
possible presence of an accretion disc extending to the ISCO even if in the HS
(Miller et al. 2006a), at variance with the “standard” picture in which the disc
is truncated at larger radii (e.g. Esin et al. 1997) in the HS at low luminosities
(Cabanac et al. 2009; Tomsick et al. 2009). The need for a thermal component
extending to the ISCO to ﬁt the source spectra has been recently weakened
by Hiemstra et al. (2009, §5): they have shown that several spectral models,
without necessarily including disc components extending to the ISCO, can ﬁt
the data equally well (but see Reis et al. 2009a and Reynolds et al. 2009).
In this paper we present the results of radio, OIR and X-ray observations
of Swift J1753.5-0127 performed from the beginning of the outburst (2005
July) until 2009 June (§6.2). During this interval, we collected a large sample of (quasi) simultaneous radio/X-ray and OIR/X-ray observations to test
whether the jet is systematically less luminous than predicted by the empirical correlations introduced above (§6.3.1 and §6.3.2). In 2007 July we also
obtained (quasi) simultaneous multiwavelength observations from radio up to
hard X-ray frequencies, that we used to produce spectral energy distributions
(SEDs, §6.3.3). Our results will be presented in §6.3 and discussed in §6.4. In
the last section we will summarize our conclusions (§6.5).

6.2

Observations and data analysis

We observed Swift J1753.5-0127 from the peak of its outburst (2005 July) until
2009 June. In this section we will describe the data reduction performed, for
all the instruments used.

6.2.1

X-ray data

RXTE
We analysed 24 RXTE observations of Swift J1753.5-0127 (Table 6.1). We
applied standard ﬁlters and extracted PCA spectra from Standard 2 data
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Table 6.1: Log of the RXTE and Swift observations analysed in this paper. We
report the spectral model used to get the X-ray ﬂux to test the radio/X-ray (2-11 keV)
and the OIR/X-ray correlation (2-10 keV). A multiplicative constant has always been
added to the model in order to allow normalisation between the diﬀerent instruments.
We also show the values of the best-ﬁt χ2 . We report a key to the models: phabs
stands for photolectric absorption; bknpower for broken power law, diskbb for disc
blackbody and pow for power law.

a

Date
2005-07-04

RXTE Obs.ID
91094-01-01-01

Radio/X-ray correlation
Swift Obs.ID
Model
phabs bknpower diskbb

2005-07-06

91423-01-01-04

00030090003

phabs pow diskbbb

1007/656

2005-07-07

91423-01-01-00

-

phabs bknpower diskbb

69.34/59

2005-07-08

91094-01-02-01

00030090007

phabs powb,c

796/693

2005-07-10

91094-01-02-02

00030090011

phabs bknpower diskbbb

495/368

χ2 /dof e
62.61/59

2005-07-19

91423-01-03-04

-

phabs bknpower diskbb

57.78/59

2005-07-26

91423-01-04-04

-

phabs bknpower diskbb

45.45/59

2005-08-03

91423-01-05-02

-

phabs bknpower diskbb

58.07/59

2005-08-07

91423-01-06-01

-

phabs bknpower diskbb

45.79/59

2005-08-11

91423-01-06-03

-

phabs pow diskbb

87.42/61

2005-09-11

-

00030090024

phabs pow

1297/1242

2005-10-22

91423-01-17-00

00030090031

phabs pow

677/528

2005-11-19

91423-01-21-00

-

phabs pow

57.4/63

2006-03-11

92404-01-02-00

-

phabs pow

55.1/63

2006-08-03

-

00030090032

phabs pow

331/365

2007-07-01

93105-01-08-00

00030090042

phabs pow

765/732

2007-07-08
2007-07-15
2007-07-22

93105-01-09-00
93105-01-10-00
93105-01-11-00

00030090045
00030090050
-

phabs pow
phabs pow
phabs pow

1055/1001
830/747
51.73/60

2009-06-09

93105-02-33-00

-

Date
2007-07-08

RXTE Obs.ID
93105-01-09-00

phabs pow
OIR/X-ray correlation
Swift Obs.ID
Model
00030090045
phabs pow

2007-07-15
2007-07-22
2007-07-29

93105-01-10-00
93105-01-11-00
93105-01-12-00

00030090050
-

phabs pow
phabs pow
phabs pow diskbb

830/747
51.73/60
45.22/58

2007-08-05

93105-01-13-00

-

phabs pow diskbb

56.97/58

2007-08-12

93105-01-14-00

-

phabs pow diskbb

56.81/58

2007-08-20

93105-01-15-00

-

phabs pow

58.58/60

2-11 keV fluxa
4.63+0.01
−0.05
3.70+0.84
−0.50

4.861+0.006
−0.058
3.79+0.91
−0.63

3.61+0.07
−0.03

3.588+0.005
−0.030

2.850+0.007
−0.023

2.119+0.001
−0.024

1.802+0.005
−0.018

1.670+0.005
−0.026

0.813+0.004
−0.017

0.559+0.003
−0.002
+0.002

0.464−0.003

0.383+0.003
−0.002

0.434+0.007
−0.014

0.742+0.012
−0.001

0.72+0.11
−0.12
0.766 ± 0.009
0.676+0.002
−0.005

45.48/50

0.731+0.002
−0.003

χ2 /dof
1055/1001

2-10 keV fluxd
6.71+1.17
−0.58

2007-09-09

93105-01-18-00

-

phabs pow

69.44/60

2007-09-23

93105-01-20-00

-

phabs pow diskbb

57.40/58

7.08+0.11
−0.06
6.25 ± 0.03
6.77+0.02
−0.14
6.58+0.01
−0.08

5.82+0.03
−0.09

5.8856+0.0007
−0.0420
5.56+0.01
−0.05

5.67+0.01
−0.22

In 10−9 erg/cm2 /s, un-absorbed flux; b Swift/XRT spectra fitted only in the 0.5-10 keV
band; c RXTE/HEXTE data not available for this observation; d In 10−10 erg/cm2 /s,
un-absorbed flux; e dof: degrees of freedom

(Jahoda et al. 1996), using only data from PCU2 (Proportional Counter Unit
2), the most reliable of the ﬁve PCUs, always on during all our observations.
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OIR, SMARTS
Radio, Merlin
Radio, VLA
Radio, WSRT

Figure 6.2: Swift/BAT light curve of Swift J1753.5-0127, as in Figure 6.1. Diﬀerent symbols at the lower edge of the ﬁgure
represent the radio (VLA, MERLIN and WSRT) and SMARTS observations listed in Tables 6.2 and 6.3. For clarity, the insets
show a zoom on two intervals (2005 July 02 - 2005 August 13 and 2007 July 07 - 2007 August 26).
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The data were background corrected using the latest PCA background
model. We generated response matrices and ﬁtted the spectra in the energy
range 3.0-25.0 keV, after applying a 1% systematic error. We also extracted
background and dead-time corrected HEXTE (High Energy Timing Experiment on board RXTE, cluster B only) energy spectra that we ﬁtted in the
energy range 20-200 keV, after generating response matrices. HEXTE spectra
in the energy channels 1-26 were grouped by a factor 2, while in the channels 27-62 they were grouped by a factor 3. No systematic error was applied.
To produce the SEDs discussed in §6.3.3 we used the HEXTE spectra in the
energy range 20-150 keV.
Swift
We ran the XRT pipeline (v.0.12.0) on all the 9 Swift observations (see Table
6.1), using standard quality cuts and event grades 0-2. Our data were all
collected in windowed timing (WT) mode. Since within each observation there
are time gaps in the data, we obtained an event ﬁle for every observing interval.
We extracted source and background spectra (with Xselect v.2.3) for every
event ﬁle using circular regions with radii of ∼30 and ∼15 pixel, respectively.
We generated exposure maps and we used them as an input to create ancillary
response ﬁles. We made use of the latest response matrices (v011) provided
by the Swift/XRT team. The spectra have been grouped to a minimum of
20 counts per bin. A systematic error of 2.5% was also applied (Campana et
al. 2008). We ﬁtted the spectra in the 0.3-10 keV energy range. For three
observation we could get a statistically acceptable ﬁt only by restricting the
energy range to 0.5-10 keV (see Table 6.1). To produce the SEDs discussed in
§6.3.3 we used the XRT spectra in the energy range 0.6-10 keV.
Fitting procedures
We ﬁtted the X-ray spectra using the standard XSPEC v11.3 ﬁtting package
(Arnaud 1996). For simultaneous RXTE and Swift observations (performed
within the same day) we combined the XRT+PCA+HEXTE spectra to ﬁt
them together. For a normalisation between the diﬀerent instruments, we
multiplied the continuum model by a constant component. All model parameters, except these multiplicative constants, were linked between the diﬀerent
instruments. When ﬁtting RXTE spectra alone, we ﬁxed the interstellar absorption to the average column density value obtained by Hiemstra et al. 2009
(NH = 1.7 × 1021 cm−2 ) while we let it free to vary when including also XRT
data. We ﬁtted Swift J1753.5-0127 energy spectra in order to get a reliable
estimate of the un-absorbed X-ray ﬂux in two energy bands (2-10 keV and 2111
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11 keV, to make the comparison easier with the results in Russell et al. 2006
and Gallo et al. 2006, respectively, see §6.3), so an accurate discussion on the
best model to be used is beyond the scope of this paper. For that we address
the reader to Miller et al. (2006a), Reis et al. (2009a), Hiemstra et al. (2009),
Cabanac et al. (2009) and Reynolds et al. (2009). The models used for the
ﬁtting are reported in Table 6.1. We obtained reduced χ2 between 0.86 and
1.53.

6.2.2

Radio data

We observed Swift J1753.5-0127 in radio with the Westerbork Synthesis Radio
Telescope (WSRT), the Very Large Array (VLA) and MERLIN. A radio light
curve is plotted in Figure 6.1 (upper panel). A log of the observations used
to test the X-ray/radio correlation is reported in Table 6.2. A complete log of
all the radio observations is reported in tables 6.5 and 6.4 in the appendix.
In the following we will describe the data-reduction steps that we performed
for each radio facility.
WSRT
We observed Swift J1753.5-0127 with the WSRT on four occasions: 2007 July
01/02, 08/09, 15/16, and 22/23. The observations were made between ∼16–04
UT, in the frequency-switching mode, at the median frequencies of 4.901 and
8.463 GHz, with a total bandwidth of 160 MHz. The primary calibrators used
were 3C 48 for the ﬁrst epoch and 3C 286 for the others. The calibration and
analysis of the data were done using MIRIAD (Sault et al. 1995).
The resulting beam was very elongated. To improve on the quality of the
images, we selected only the data taken between 18–02 UT and restored the
radio maps with a circular Gaussian beam with the full width at half maximum
of 10 arcsec at 4.9 GHz and 5 arcsec at 8.5 GHz. These sizes of the restoring
beams were chosen to be close to the values of the spatial resolution in the
East-West direction at the two frequencies.
When detected, at a position compatible with that reported by Fender et al.
(2005) and implicitly by Cadolle Bel et al. (2007), the target was unresolved.
The ﬂux densities quoted here were measured in the image plane. We note
that on the last epoch, i.e. 2007 July 22/23, at 4.9 GHz we detected a compact
radio source of about 0.25 mJy ﬂux density, 25 arcsec away from the expected
position of Swift J1753.5-0127. This is very likely an artifact.
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MERLIN
1.7 GHz
1.1 ± 0.2
1.2 ± 0.2
1.0a
0.8 ± 0.3
1.4 GHz
3.02 ± 0.33
3.21 ± 0.52
3.12 ± 0.45
1.31 ± 0.39
1.18 ± 0.43
0.86 ± 0.21
-

WSRT
4.9 GHz
8.5 GHz
0.28 ± 0.05
0.3a
0.39 ± 0.05
0.3a
0.42 ± 0.05
0.3a
0.09a
0.3a
-

Spectral index α
−0.28 ± 0.27
−0.58 ± 0.30
−0.06 ± 0.09
0.26 ± 0.09
−0.52 ± 0.25
−0.14 ± 0.01
−1.20 ± 0.30
. 0.13
. −0.48
. −0.61
-

3σ upper limit; b 15 GHz flux (VLA): 0.69 ± 0.17 mJy; c the flux densities that we obtained for this observation are different from the ones quoted
in Cadolle Bel et al. (2007), although consistent within the errors. Probably Cadolle Bel et al. (2007) used slightly different settings for the data
reduction and the fitting.

Date
2005-07-04
2005-07-06
2005-07-07
2005-07-08
2005-07-10
2005-07-19
2005-07-26
2005-08-03
2005-08-07
2005-08-11b,c
2005-09-11
2005-10-22
2005-11-19
2006-03-11
2006-08-03
2007-07-01
2007-07-08
2007-07-15
2007-07-22
2009-06-09

Radio observations
Flux densities (mJy)
VLA
4.8 GHz
8.4 GHz
2.79 ± 0.05 1.96 ± 0.04
2.24 ± 0.14 1.14 ± 0.12
2.38 ± 0.13 2.42 ± 0.05
1.50 ± 0.13 1.81 ± 0.09
0.84 ± 0.12 0.47 ± 0.10
0.57 ± 0.07
0.74 ± 0.05 0.68 ± 0.01
0.73 ± 0.12 0.37 ± 0.07
0.33 ± 0.06
0.48 ± 0.09
0.08a
0.19a
0.50 ± 0.02

Table 6.2: Log of the MERLIN, VLA (proposal codes AR570, AR572, AR603 and AM986) and WSRT observations simultaneous (performed within 24 hours) to the RXTE and/or Swift observations listed in Table 6.1. We used these observations to
test the radio/X-ray correlation in Figure 6.3. The data points plotted in Figure 6.1 (upper panel) that are not simultaneous
to any pointed RXTE and/or Swift observation are not listed here. Figure 6.2 shows the position of these radio observation on
the Swift/BAT light curve of the outburst of Swift J1753.5-0127.
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Table 6.3: Log of the SMARTS observations used to test the OIR/X-ray correlation.
If on one day we had X-ray observations but not a SMARTS pointing, we averaged
(when possible) the I-band and the H-band ﬂuxes obtained on the previous and the
following day. Figure 6.2 shows the position of these SMARTS observation on the
Swift/BAT light curve of the outburst of Swift J1753.5-0127. The observed ﬂux
densities have been de-reddened assuming Rv = 3.1 and Av = 3.1 × EB−V = 1.05
(EB−V ∼ 0.34, Cadolle Bel et al. 2007).

a

SMARTS observations
Date
Flux densities (mJy)
I band
H band
2007-07-09
1.51 ± 0.01 1.09 ± 0.24
2007-07-15
1.61 ± 0.04 1.16 ± 0.26
2007-07-21a 1.46 ± 0.09 1.10 ± 0.26
2007-07-23a 1.69 ± 0.11 1.25 ± 0.35
2007-07-22b
1.57 ± 0.14 1.18 ± 0.43
2007-07-28a 1.66 ± 0.02 1.15 ± 0.25
2007-07-30a 1.71 ± 0.09 1.19 ± 0.25
2007-07-29b
1.68 ± 0.10 1.17 ± 0.35
2007-08-05
1.54 ± 0.01 1.23 ± 0.50
2007-08-11a 1.43 ± 0.21
2007-08-13a 1.47 ± 0.03 1.02 ± 0.22
2007-08-12c
1.45 ± 0.22
2007-08-19a 1.53 ± 0.04 1.05 ± 0.19
2007-08-21a 1.56 ± 0.04 1.29 ± 0.25
2007-08-20b
1.54 ± 0.06 1.17 ± 0.32
2007-09-09
1.51 ± 0.03 1.09 ± 0.22
2007-09-22a 1.60 ± 0.03 1.06 ± 0.20
2007-09-24a 1.63 ± 0.02 1.17 ± 0.23
2007-09-23b
1.61 ± 0.03 1.12 ± 0.30
No RXTE/Swift observation available on this day; b No SMARTS observation available
on this day, average of the previous and the following day; c No SMARTS observation
available on this day, average of the previous and the following day (I band only)

VLA
All the publicly available VLA data surrounding the outburst at 1.4, 4.8 and
8.4 GHz were retrieved from the VLA archive (proposal codes AR570, AR572,
AR603, AM986, AT320 and S7810). We used a ParselTongue1 pipeline procedure (see Kettenis et al. 2006) to calibrate and image the data. Firstly the
data were ﬂagged for errors using the AIPS task ’FLAGR’. As the observations
were taken in various VLA conﬁgurations at various hour angles, appropriate
ﬂux and phase calibrators were used to calibrate depending on availability.
1

ParselTongue is a python interface to the Astronomical Imaging Processing System
(AIPS, Greisen 2003)

114

6.2 Observations and data analysis
After calibration, the images were made using a natural weighting scheme (for
best point source sensitivity) and lightly cleaned with 50 iterations. Image
self calibration was not incorporated as the signal to noise of the target source
was insuﬃcient.
The images were then processed using the prototype LOFAR (LOw Frequency ARray) transient detection algorithms (Swinbank 2007). The outburst
was easily detectable and the algorithms automatically performed Gaussian
ﬁts at the region of interest for all detections above 3σ. Below 3σ the map
rms was used to produce an upper limit to the ﬂux densities. As the outburst
was unresolved on the longest VLA baseline the peak ﬂux density from the
Gaussian ﬁt was used in Figure 6.1 to plot the evolution of ﬂux with time.
MERLIN
Monitoring observations of Swift J1753.5-0127 were made with the Jodrell
Bank MERLIN imaging array in July 2005 at 1658 MHz with a bandwidth of
15 MHz in both left and right circular polarization (Thomasson 1986, Fender
et al. 2005). The observations were made at the start of the Summer engineering period and contained varying numbers of MERLIN antennas as individual
telescopes were withdrawn for scheduled maintenance and painting. The observations were full tracks running from 18:30 UT to 02:30 UT on each night
between July 3rd and 9th. The observations of July 3rd/4th contained the
full MERLIN array of 7 telescopes. Observations between July 4th and 6th
contained 5 MERLIN antennas, and observations between July 6th and 8th
were made with a subset of 3 MERLIN antennas.
The observations were phase referenced to the nearby point source J1743-03
with a target to phase calibrator cycle of 8:2 minutes. The ﬂux density scale
was set by observations of the bright point source OQ208 and the unvarying
but resolved calibration source 3C286. Assuming a total ﬂux density of 13.661
Jy for 3C286, the ﬂux density of OQ208 was derived to be 1.17 Jy at the time
of the observations.
The data were re-weighted to account for the varying telescope sensitivities and then all MERLIN baselines vector averaged at the position of Swift
J1753.5-0127 to derive a single ﬂux density measurement for each full track.

6.2.3

OIR/ultraviolet data

SMARTS data
We observed Swift J1753.5-0127 using the 1.3 m telescope located at Cerro
Tololo Inter-American Observatory (CTIO) with the ANDICAM instrument
(DePoy et al. 2003). ANDICAM is a dual-channel imager with a dichroic
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Swift J1753.5-0127
Swift J1753.5-0127 3σ upper limits
Data used in Gallo et al. (2006):
A0620-00
4U 1543-47
V404 Cyg
GS 1354-64
GX 339-4
GX 339-4, 3σ upper limits
1E1740.7-2942
XTE J1118+480
XTE J1550-564, 3σ upper limits
XTE J1550-564
GRO J0422+32
GRS 1758-258

b~1.0

b~1.4

Outliers, from Gallo (2007):
Swift J1753.5-0127
XTE J1720-318
XTE J1720-318, 3σ upper limits
IGR J17497-2821, 3σ upper limits
XTE J1650-500

bG06~0.58

H 1743-322, from Jonker et al. (2009) and
McClintock et al. (2009):
detections
3σ upper limits

Figure 6.3: The BHCs sample of Gallo et al. (2006) and Gallo (2007), with the
addition of the Swift J1753.5-0127 data (red points). We also included data from
the BHC H 1743-322, recently reported in McClintock et al. (2009) and Jonker et
al. (2009). The X-ray scaled ﬂuxes from McClintock et al. (2009) and Jonker et al.
(2009) have been measured in the energy bands 2-20 keV and 0.5-10 keV, respectively.
The dashed line is the ﬁt to the Gallo et al. (2006) data, a non-linear relation of the
form Sradio = k(SX )b (kG06 = 224.72 and bG06 = 0.58 ± 0.16) where Sradio is the
scaled radio ﬂux density and SX is the scaled X-ray ﬂux. The dashed-dotted line and
the dotted line represent the best-ﬁt limits to the Swift J1753.5-0127 data, two non
linear relations with b ∼ 1.0, k ∼ 13 and b ∼ 1.4, k ∼ 6, respectively. Following Gallo
et al. (2003) and Gallo et al. (2006), all the ﬂuxes have been scaled to a distance of
1 kpc.

that feeds an optical CCD and an infrared (IR) imager, which can obtain
simultaneous data in one optical band (B, V, R or I) and one IR band (J, H or
K). Simultaneous I- and H-band images of Swift J1753.5-0127 were obtained
between 2007 July 09 – 2007 September 23 (this time interval is marked in
the upper panel of Figure 6.1). Standard ﬂat-ﬁelding and sky subtraction
procedures were applied to each night’s data, and the internal dithers in the
infrared were combined as described in Buxton & Baylin (2004). Diﬀerential
photometry was carried out each night with a set of reference stars in the ﬁeld.
Intercomparisons between reference stars of similar brightness to the source
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suggest a precision of < 0.02 mag in I and ∼ 0.03 mag in H. Calibrations to
the standard optical and IR magnitude system were carried out using USNO
and 2MASS stars present in the ﬁeld of view of Swift J1753.5-0127.
The observed magnitudes were converted into spectral ﬂux densities using
E(B − V ) = 0.34 ± 0.04 (Cadolle Bel et al. 2007), assuming a ratio of total
to selective extinction, Rv = 3.1 (Rieke & Liebofsky 1985), and the extinction
law of Cardelli, Clayton & Mathis (1989). The uncertainty on the optical
extinction dominates over the intrinsic errors (see e.g. Hynes et al. 2002 for a
discussion). The de-reddened ﬂux densities obtained from the SMARTS observations which have been used to test the OIR/X-ray correlation are reported
in Table 6.3. A complete log of the SMARTS observations is reported in the
appendix (§6.6) in Table 6.6.
Swift/UVOT data
Swift/UVOT observed Swift J1753.5-0127 on 2007 July 08 (Obs.ID 00030090045)
with the ﬁlters UVW1 (2600Å), UVM2 (2246Å) and UVW2 (1928Å). UVOT
observations contain gaps (as the XRT ones), so for each ﬁlter we added all
the intervals in order to get one event ﬁle per ﬁlter. Using the standard
HEASOFT tasks we extracted the following ﬂuxes: (1.02 ± 0.03) × 10−15 erg
cm−2 s−1 Å−1 (UVW1), (7.63 ± 0.32) × 10−16 erg cm−2 s−1 Å−1 (UVM2)
and (1.20 ± 0.03) × 10−15 erg cm−2 s−1 Å−1 (UVW2), that correspond to
16.47 ± 0.03 mag, 16.94 ± 0.05 mag and 16.63 ± 0.03 mag, respectively.

6.3

Results

Figure 6.1 shows, with the same time scale, the X-ray and radio light curves of
Swift J1753.5-0127. The time interval in which we also had OIR observations
is marked with a horizontal line. The peculiar morphology of the X-ray light
curve has already been discussed in §6.1.1. VLA and MERLIN sampled intensively the ﬁrst part of the outburst, in which both the radio and the X-ray
ﬂux reached their peak. VLA also observed the source in a more recent phase
of the outburst, in 2009 June. The WSRT and SMARTS observations instead
focused on part of the slow-rise phase in 2007 July-September.
From an inspection of Figure 6.1 we note that the morphology of the radio lightcurve is reminiscent of the X-ray one: the two curves feature similar
shapes. Table 6.2 also reports the spectral indices α of the radio spectra for all
the observations with detections at diﬀerent wavelengths (or with one detection and one upper limit). Only one spectrum is signiﬁcantly inverted while
all the others are either optically thin or consistent with being ﬂat. We do
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8 kpc

Figure 6.4: Radio underluminosity of Swift J1753.5-0127 as a function of the scaled
radio ﬂux density. We considered only the radio detections and not the 3σ upper
limits. The radio underluminosity has been deﬁned in §6.3.1. The symbols mark
diﬀerent telescopes and frequencies, as in Figure 6.1.

not observe any evolution of α. We will now focus on the radio and OIR
observations that are simultaneous to Swift/XRT and/or RXTE observations
(Figure 6.2). The aim is to understand whether the jet is constantly less luminous than expected from the empirical correlations of Gallo et al. (2006)
and Russell et al. (2006) introduced in §6.1.

6.3.1

Radio/X-ray correlation

Cadolle Bel et al. (2007) tested whether the scaled radio ﬂux of Swift J1753.50127 is consistent with that predicted by the empirical radio/X-ray correlation
found for several sources, for a set of possible distances (1-15 kpc). The system
was observed near the peak of the outburst on 2005 August 08, when the X-ray
ﬂux was F2−11keV = 1.5 × 10−9 erg cm−2 s−1 . They concluded that, no matter
which distance is assumed, the source is less luminous in radio than expected
from the correlation (at the same X-ray luminosity). Figure 6.2 shows, all
along the outburst, when we had simultaneous or quasi-simultaneous (within
24 hours) X-ray and radio observations. The corresponding dates are listed in
Tables 6.1 and 6.2.
Figure 6.3 shows the BHCs sample published in Gallo et al. 2006 (the dashed
line is the ﬁt to their data Sradio = 225 · (SX )0.58±0.16 ), plus the outliers
presented in Gallo (2007) and the data recently published by McClintock et al.
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6 kpc
10 kpc

Figure 6.5: Radio underluminosity of Swift J1753.5-0127 as a function of the radio
ﬂux density density for two other possible distances to the source. Diﬀerent symbols
mark the two distances (6 and 10 kpc). On the X axis we plotted the radio ﬂux
density and not the scaled radio ﬂux density, as we did in Figure 6.3 and Figure 6.4.
We considered only the radio detections and not the 3σ upper limits.

(2009) and Jonker et al. (2009) for the BHC H 1743-322. Our Swift J1753.50127 data points are also plotted. All the radio and X-ray ﬂuxes have been
scaled to a distance of 1 kpc. Our campaign was performed over ∼ 4 years,
covering a broad range in X-ray ﬂux (a factor ∼ 12 between the peak and the
minimum). Nevertheless, the lack of coordinated observations at low X-ray
ﬂuxes (below a scaled ﬂux of ∼ 1 Crab) does not allow to obtain a statistically
good ﬁt to the data. For this reason, we can only give a range of slopes b and
normalisations k (for a relation of the form Sradio = k(SX )b ): b ∼ 1.0 − 1.4
and k ∼ 6 − 13 (see the dashed-dotted and the dotted line in Figure 6.3). At
a given X-ray luminosity, Swift J1753.5-0127 is less luminous than expected
from the radio/X-ray correlation by a factor ∼ 4 − 20 (considering only the
detections and not the upper limits). Figure 6.4 shows, for all the simultaneous
X-ray and radio detections (reported in Table 6.2), the corresponding radio
underluminosity as a function of the scaled radio ﬂux density. We deﬁne
the radio underluminosity as the ratio between the scaled radio ﬂux density
expected from the correlation of Gallo et al. (2006) and the scaled radio
ﬂux density that we actually measured. The radio underluminosity has been
plotted for all the available telescopes and frequencies. Figure 6.5 shows how
the radio underluminosity is aﬀected by the distance to the source (see the
discussion in Cadolle Bel et al. 2007 and Zurita et al. 2008) that we are
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Data from Russell et al. (2006):
BVRI bands
JHK bands
XTE J1118+480
XTE J1118+480
4U 1543-47
4U 1543-47, from Russell et al. (2007)
XTE J1550-564
XTE J1550-564, from Russell et al. (2007)
GX 339-4
GX 339-4
GRO J0422+32
GRO J1655-40
A0620-00
GRS 1915+105
GRS 1124-68
GS 1354-64
GRO J1719-24
XTE J1859+226
LMC X-3
M31 r2-70
V404 Cyg

Swift J1753.5-0127:
I band
H band

Figure 6.6: The BHCs sample of Russell et al. (2006), with the addition of the Swift
J1753.5-0127 data. We also included data from the BHCs XTE J1550-564 and 4U
1543-47 (near IR only), from Russell et al. (2007). The dashed line is the ﬁt to the
Russell et al. (2006) data, a relation of the form LOIR ∝ L0.61±0.02
in the (LX , LOIR )
X
plane. Our data of Swift J1753.5-0127 are marked in red, for the two bands (I and
H). We did not plot the error bars for clarity.

using to scale the radio and the X-ray ﬂuxes. Considering two other possible
distances to Swift J1753.5-0127 (6 and 10 kpc), the radio underluminosity is
in the range ∼ 3 − 26.

6.3.2

OIR/X-ray correlation

Figure 6.6 shows the large sample of BHCs used by Russell et al. (2006) to
obtain a correlation between the OIR and X-ray luminosities in the HS and in
quiescence. We also included the data points from our simultaneous X-ray and
OIR observations of Swift J1753.5-0127 and the data points from the BHCs
XTE J1550-564 and 4U 1543-47 (near IR only), from Russell et al. (2007). At
a given X-ray luminosity, Swift J1753.5-0127 is less luminous than expected
from the OIR/X-ray correlation by a factor ∼ 3.5 − 4.1 for the I band and
∼ 4.9 − 5.7 for the H band. In Figure 6.6 the source is located with the
other BHCs, although it is on the edge of the cluster that they form. The
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SMARTS observations were performed in a short time interval (∼ 2 months)
in which the X-ray and the I band ﬂuxes varied at most by a factor ∼ 1.3
(Table 6.1) and ∼ 1.2 (Table 6.3), respectively. This tells that deﬁning an
OIR underluminosity (as the ratio between the OIR luminosity expected from
the correlation of Russell et al. (2006) and the OIR luminosity that we actually
measured) would not give any additional information.

6.3.3

Spectral energy distributions

We created 4 quasi-simultaneous (all observations were done within ∼ 32
hours) broadband SEDs. To get the de-reddened/un-absorbed spectrum (e.g.
in the X-ray band) we need to assume a continuum model. Since we are not
modelling the SEDs, a conservative approach suggests to present the observed
OIR, ultraviolet and X-ray ﬂuxes, without correcting for the absorption. Figure 6.7 (panel a) shows the SED obtained around 2007 July 08 which has the
best spectral coverage, since it includes also ultraviolet data. The radio–OIR
spectral index α calculated for the SEDs in the panels a and b (using the
radio ﬂux density at 4.9 GHz and the de-reddened H and I-band ﬂux densities
in Tables 6.2 and 6.3) is slightly inverted, α = 0.12 ± 0.01 (∼ 0.10 without
considering the I band). However, considering only the radio detection at 4.9
GHz and the 3σ upper limits at 8.5 GHz we ﬁnd optically thin spectra with
spectral indices α . −0.48 and α . −0.61 for the SEDs in panels a and b,
respectively. The SEDs from 2007 July 21 and 2007 July 23 are reported in
Figure 6.7 (panels c and d, respectively). They show the radio upper limits (at
4.9 and 8.5 GHz) obtained on 2007 July 22, which do not allow us to calculate
the spectral index α of the radio spectrum. The non detection at 4.9 GHz,
compared to the detection at the same frequency during the previous WSRT
observation (on 2007 July 15), tells that the radio ﬂux density lowered at least
by a factor ∼ 5.

6.4

Discussion

A primary aim of our observing campaign was to test whether Swift J1753.50127 features a faint jet in all the phases of its ongoing (at least at the moment
of writing this paper) outburst. Figure 6.3 ﬁrmly proves that the jet is always
fainter than expected from the empirical radio/X-ray correlation (Gallo et al.
2006).
It is worth to mention that the position of the bright outliers in Figure 6.3
(with X-ray scaled ﬂux above ∼ 1 Crab), because of the partially-quenched
radio emission, is reminiscent of the position of some BHCs in the SS (see
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Figure 6.7: SEDs of Swift J1753.5-0127 on 2007 July 08, 15, 21 and 23 (panels a, b, c
and d, respectively). We are showing the observed OIR, ultraviolet and X-ray ﬂuxes,
without correcting for the absorption. The red squares and the black arrows on the
left-hand side of each panels mark the radio WSRT observations (detections at 4.9
GHz and 3σ upper limit at 8.5 GHz). The red squares (at an energy of ∼ 10−3 keV)
represents the H and I bands detections with SMARTS. The Swift/UVOT detections
(ultraviolet, available only for panel a) are marked with purple triangles. X-ray points
are marked with blue open circles (Swift/XRT, not available for panels c and d),
orange open triangles (RXTE/PCA) and purple open circles (RXTE/HEXTE). See
§6.2 for the details on the data reduction and Tables 6.1, 6.2 and 6.3 for the values
of the used ﬂuxes. Panel c): we used WSRT and RXTE data from 2007 July 22 and
SMARTS data from 2007 July 21. Panel d): we used WSRT and RXTE data from
2007 July 22 and SMARTS data from 2007 July 23.

Gallo et al. 2003). Nevertheless, all the outliers in Figure 6.3 (including Swift
J1753.5-0127) have been observed in the HS (Gallo 2007; Zhang et al. 2007,
Jonker et al. 2009).
In §6.3.1 we deﬁned a parameter, the “radio underluminosity”. An inspection of Figure 6.4 shows that there is no correlation between the observing
frequency and the radio underluminosity and that this parameter decreases
for an increasing radio ﬂux. This trend is expected, since the slope of the
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best-ﬁt of the Swift J1753.5-0127 data points is steeper than the slope reported in Gallo et al. (2006). The BHC H 1743-322 has been found to follow
an opposite behaviour (its radio underluminosity increases for an increasing
radio ﬂux), since the slope of the best-ﬁt correlation reported in Jonker et al.
(2009) is bJ09 = 0.18 ± 0.01.
To test whether the radio underluminosity in Swift J1753.5-0127 is not just
an artifact due to our assumption on the distance to the source (D = 8 kpc),
in Figure 6.5 we plotted the radio underluminosity for two other possible distances (6 and 10 kpc). This parameter varies in the range ∼ 3 − 26: the radio
emission from Swift J1753.5-0127 is always less luminous than expected from
the radio/X-ray correlation, no matter which distance to the source we assume
(in the range 6 − 10 kpc).
In Figure 6.6 we tested for the ﬁrst time whether the OIR emission from
Swift J1753.5-0127 is less luminous than expected from the correlation of Russell et al. (2006). Our coordinated X-ray/OIR observations spanned ∼ 2
months. We found that the OIR emission is less luminous then expected by
a factor ∼ 3.5 − 4.1 in the I band and ∼ 4.9 − 5.7 in the H band. Swift
J1753.5-0127 lies in Figure 6.6 at the edge of the cluster formed by the other
BHCs.
Coriat et al. (2009) recently reported the results from coordinated OIR and
X-ray observations of four outbursts of the BHC GX 339-4. They discovered
that even in the SS the X-ray and the OIR ﬂuxes are correlated, with a slope
similar to the HS but with a lower normalisation. They also suggested a disc
origin for the OIR emission of GX 339-4 in the SS. Interestingly, the position of
Swift J1753.5-0127 in Figure 6.3 is reminiscent of the position of the SS points
of GX 339-4 in Figure 3 of Coriat et al. (2009). However, the same origin can
not be invoked to explain the outliers of the radio/X-ray correlation, since the
radio emission is not coming from the accretion disc.
The majority of the spectral indices in Table 6.2 are consistent with an
optically thin radio spectrum, also the ones obtained from the WSRT observations on 2007 July 08 and 15. The spectral indices obtained from the SEDs
in Figure 6.7 (panels a and b; 2007 July 08 and 15), without considering the
3σ upper limit at 8.5 GHz, give slightly inverted spectra. Flat or slightlyinverted spectra are common for BHCs in the HS (Fender 2001; Fender et al.
2001) and are considered the signature of the compact-jet spectrum extending
from radio to higher frequencies (Markoﬀ et al. 2003). However, the negative
spectral indices reported in Table 6.2 suggest that in Swift J1753.5.0127 the
OIR emission does not originate in the jet (so the radio and the OIR come
from unconnected regions), but for example is produced by the reprocessing of
the X-rays in the outer regions of the accretion disc or from the outer regions
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of the accretion disc itself. The contribution of the companion star is most
likely negligible in the OIR bands (Cadolle Bel et al. 2007, Zurita et al. 2008,
Hynes et al. 2009), since the system probably hosts a late type K or M star
(Cadolle Bel et al. 2007), more speciﬁcally an M2V-type star (Zurita et al.
2008).
The slope of the OIR/X-ray correlation can be used to test whether the reprocessing or the emission from the outer disc are viable mechanisms (van
Paradijs & McClintock 1994, but see Coriat et al. 2009). Unfortunately during our OIR campaign the X-ray and OIR ﬂuxes did not considerably vary
(see §6.3.2), so we can not ﬁt any correlation to the data.
We also considered the possibility that the radio does not originate in the compact jet but comes from ballistic blobs of plasma ejected from near the BHC
(Fender, et al 2004a), usually characterised by optically thin spectra. Fender
et al. (2004a) and Casella et al. (2005a) suggested that these blobs are ejected
during the transition from the hard intermediate state to the soft intermediate
state. Since Swift J1753.5-0127 never left the HS during the whole outburst,
this possibility seems unlikely.

6.4.1

The scatter of the radio/X-ray correlation

From the ﬁtting of our data we could only give a range of values in which
the slope and the normalisation of the radio/X-ray correlation vary. Further
observations when Swift J1753.5-0127 is fading to quiescence and in the quiescent state will be fundamental to better constrain these parameters.
A precise determination of the slope b of the correlation is particularly important, since it can be used to infer the radiative eﬃciency of the jet, in other
words how the power carried by the jet LJ scales with the mass accretion rate
ṁ (see Fender, Gallo & Jonker 2003 and Migliari & Fender 2006). Figure
6.8 shows a zoom of Figure 6.3, in which only the data points from Swift
J1753.5-0127 are reported. It also shows the best ﬁt correlations, from Figure
2 in Migliari & Fender (2006), for a sample of atoll sources and atoll and Z
sources (NSXBs accreting respectively at low and high Eddington rate with
X-ray luminosities LX,atoll . 0.5LEdd and LX,Z & 0.5LEdd , see van der Klis
2006 for a review). We note that the upper range of possible slopes for the
radio/X-ray correlation in Swift J1753.5-0127 is comparable to that measured
for the neutron star system (but see Tudose et al. 2009 for the atoll source
Aql X-1).
The possibility that the outliers to the radio/X-ray correlation could follow
a relation characterised by a similar slope to the “normal” BHCs but with a
diﬀerent normalisation (Corbel et al. 2004; Gallo 2007) has important implications. For instance, it implies that the slope of the radiative eﬃciency does
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not vary in diﬀerent sources but some other parameters and factors might
interfere in regulating the energy output in the form of an outﬂow. Körding
et al. (2006a) presented a method to measure the mass accretion rate ṁ from
the radio luminosity. The presence of sources characterised by similar accretion properties but very diﬀerent outﬂows would be a major problem for the
applicability of their method.
Pe’er & Casella (2009) presented a model for emission from jets in X-ray binaries, in which electrons are accelerated only once at the base of the jet (at
variance with other jet models, in which multiple accelerations occur; see e.g.
Maitra et al. 2009, Jamil, Fender & Kaiser 2009). In the model, a jet magnetic ﬁeld above a critical value Bcr ≈ 105 G would cause a quenching of the
jet, without inﬂuencing the energy output in the X-ray band (Casella & Pe’er
2009).
In the case of BHCs, the dependence of the outﬂows on the black-hole spin
should also be analysed. However, no systematic study on how the spin couples with the phenomenology of the ejecta has been reported yet (we address
the reader to Fender, Gallo & Russell 2009, submitted). Models involving a
role of the spin of the compact object should be able to explain the fact that
AGN seem to feature a similar inﬂow/outﬂow coupling to BHCs (when a mass
dependence is considered; Merloni et al. 2003, Falcke et al. 2004).
The scatter in the radio X-ray correlation could also be analysed in terms of
de-boosting eﬀects of jets with diﬀerent values of the bulk Lorentz factor Γ
and diﬀerent inclination angles, as already discussed in Gallo et al. (2003)
and Heinz & Merloni (2004). A discussion of this topic is beyond the scope
of this work. In a subsequent paper (Soleri & Fender, in prep., §7) we will
discuss how a possible dependence of the Lorentz factor Γ on the accretionpowered luminosity could qualitatively reproduce the observed scatter around
the radio/X-ray correlation.

6.4.2

Swift J1753.5-0127: a peculiar source

As we already mentioned in §6.1.1, no dynamical measurement of the mass of
the compact object in Swift J1753.5-0127 is available. Although Swift J1753.50127 is fainter in radio than “standard” BHCs by a factor ∼ 4 − 20, other
dynamically-conﬁrmed BHCs can be as radio dim as it. For example the BHC
XTE J1550-564 contains a black hole with mass 9.6 ± 1.2M⊙ (Orosz et al.
2002) but it occupies a region of the diagram in Figure 6.3 together with the
other outliers. Similar conclusions can be drawn for the BHC XTE J1650-500,
that contains a black hole with mass probably in the range 4 − 7.3M⊙ (Orosz
et al. 2004). Figure 6.8 shows that Swift J1753.5-0127 lies in a region of the
(SX , Sradio ) diagram in between the correlation found by Gallo et al. (2006)
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BHCs, Gallo et al. (2006)

Atoll sources

b~1.0

b~1.4

Z and atoll sources

Figure 6.8: Zoom of Figure 6.3, in which only the data points from Swift J1753.50127 are reported. The 3σ upper limits have been also plotted using open circles. The
dashed, dotted-dashed and dotted lines have already been deﬁned in §6.3.1 and in the
caption of Figure 6.3. The solid line and the dashed-dotted-dotted line represent the
best ﬁts reported in Figure 2 of Migliari & Fender (2006) for the atoll and Z sources
(k ∼ 1.98, b ∼ 0.7) and the atoll sources only (k ∼ 1.03, b ∼ 1.35), respectively.

for BHCs and the correlations reported in Migliari & Fender (2006) for NSXBs,
so we can not consider its position a hint for the nature of the compact object
in the binary system. The slope of the radio/X-ray correlation b ﬁtted for
the Swift J1753.5-0127 data lies in the interval ∼ 1.0 − 1.4. Considering this
broad range and the fact that both in NSXBs and BHCs the determination of
b is highly uncertain and (in some cases) source dependent (Migliari & Fender
2006; Corbel et al. 2008, Jonker et al. 2009), we can not use the value of b as
an estimator for the nature of the compact object in the system.

6.5

Conclusions

We observed the BHC Swift J1753.5-0127 with a campaign of coordinated
multiwavelength observations in the radio, OIR and X-ray bands. Following
the source for ∼4 years we could clearly conﬁrm that it features a jet that
is fainter than expected from the empirical correlation between the radio and
the X-ray scaled ﬂuxes (Corbel et al. 2003; Gallo et al. 2003, 2006). We
also veriﬁed that the Swift J1753.5-0127 is only slightly fainter in OIR than
expected from the correlation of Russell et al. (2006): in the (LX , LOIR ) plane
the source clusters with other BHCs.
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6.5 Conclusions
From the analysis of the SEDs in Figure 6.7 we inferred that probably the
jet is not responsible for the OIR emission. Viable mechanisms are either reprocessing of the X-rays in the outer regions of the accretion disc or emission
from the accretion disc itself while the possibility that the OIR emission comes
from the companion star seems unlikely.
For BHCs in the HS, we expect the radio emission to come from the compact
jet. However the optically thin radio spectra that we obtained might suggest
that the radio emission originates in blobs of plasma detached from the core.
Such blobs are usually ejected during the transition between the hard intermediate and the soft intermediate state, so this possibility seems unlikely, since
Swift J1753.5-0127 never left the HS during the whole outburst.
The best-ﬁt parameters to the Swift J1753.5-0127 data in the (SX , Sradio )
plane could only be poorly constrained, because of the lack of observations at
low (< 1 Crab) scaled X-ray ﬂux. We discussed the importance of a precise
determination of both the slope b and the normalisation k of the radio/X-ray
correlation to infer the radiative eﬃciency of the jet. The possibility that (at
least some of) the outliers of the correlation could be ﬁtted using a relation
characterized by the same slope b as the majority of the BHCs but a lower
normalisation suggests that some parameters (e.g. the spin of the black hole
and the jet magnetic ﬁeld) might play a role in regulating the disc/jet coupling
and the energy output in the form of a jet.
We also brieﬂy discussed on the nature of Swift J1753.5-0127, since the mass
of the accretor has not been measured. From our data we can not draw any
conclusion on the nature of the compact object. Although the possibility that
the system is a NSXBs can not be excluded, the detection of a hard power-law
tail in the X-ray/γ-ray energy spectrum up to ∼600 keV still constitutes the
strongest hint that Swift J1753.5-0127 is a BHC.
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6.6

Appendix: radio and OIR observations

Here we report three tables in which we list all the radio and OIR observations
reported in Figure 6.1 (upper panel).
Table 6.4: Log of all the MERLIN and WSRT observations used to plot the radio
lightcurve in Figure 6.1.
MERLIN radio observations
Flux densities (mJy) at 1.7 GHz
2005-07-03
2.2 ± 0.2
2005-07-04
1.1 ± 0.2
2005-07-06
1.2 ± 0.2
2005-07-07
1.0a
2005-07-08
0.8 ± 0.3
WSRT radio observations
Flux densities (mJy)
4.9 GHz
8.5 GHz
2007-07-01 0.28 ± 0.05
0.3a
2007-07-08 0.39 ± 0.05
0.3a
2007-07-15 0.42 ± 0.05
0.3a
2007-07-22
0.09a
0.3a
a
3σ upper limit
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Table 6.5: Log of all the VLA (proposal codes AR570, AR572, AR603, AM986,
AT320 and S7810) observations used to plot the radio lightcurve in Figure 6.1.
Date
2005-07-08
2005-07-10
2005-07-15
2005-07-19
2005-07-26
2005-08-03
2005-08-07
2005-08-11
2005-08-12
2005-08-16
2005-08-18
2005-08-20
2005-08-24
2005-08-29
2005-09-04
2005-09-11
2005-09-18
2005-09-23
2005-10-07
2005-10-17
2005-10-22
2005-10-24
2005-11-19
2005-12-23
2005-12-31
2006-01-08
2006-01-14
2006-02-03
2006-02-06
2006-02-19
2006-03-11
2006-03-19
2006-04-12
2006-04-29
2006-05-03
2006-06-08
2006-06-26
2006-07-13
2006-08-03
2006-08-04
2006-08-05
2006-08-09
2006-08-18
2006-08-28
2006-09-09
2006-09-29
2007-01-28
2007-02-08
2007-02-10
2009-06-09
2009-06-10
2009-06-15

VLA radio observations
Flux densities (mJy)
1.4 GHz
4.8 GHz
8.4 GHz
3.02 ± 0.33
2.79 ± 0.05
1.96 ± 0.04
3.21 ± 0.52
2.24 ± 0.14
1.14 ± 0.12
3.08 ± 0.46
2.76 ± 0.14
2.65 ± 0.26
3.12 ± 0.45
2.38 ± 0.13
2.42 ± 0.05
1.31 ± 0.39
1.50 ± 0.13
1.81 ± 0.09
1.18 ± 0.43
0.84 ± 0.12
0.47 ± 0.10
0.57 ± 0.07
0.86 ± 0.21
0.74 ± 0.05
0.68 ± 0.01
0.97 ± 0.21
0.56 ± 0.08
0.65 ± 0.05
0.55 ± 0.07
0.66 ± 0.45
0.57 ± 0.09
0.62 ± 0.07
1.05 ± 0.32
0.52 ± 0.07
0.64 ± 0.07
0.39 ± 0.10
0.73 ± 0.12
0.37 ± 0.07
0.41 ± 0.07
0.41 ± 0.07
0.45 ± 0.06
0.45 ± 0.06
a
0.24
0.33 ± 0.06
0.36 ± 0.06
0.48 ± 0.09
0.21 ± 0.05
0.27 ± 0.05
0.31 ± 0.06
0.35 ± 0.06
0.23 ± 0.06
0.16a
0.17a
0.07 ± 0.05
0.08a
0.49 ± 0.14
0.04 ± 0.03
0.18 ± 0.06
0.23a
0.11 ± 0.03
0.26 ± 0.07
0.29 ± 0.05
0.31 ± 0.06
0.19a
0.13a
0.22 ± 0.04
0.19a
0.19 ± 0.05
0.10 ± 0.05
0.17 ± 0.06
0.32 ± 0.05
0.24 ± 0.05
0.19 ± 0.04
0.35 ± 0.04
0.50 ± 0.02
0.42 ± 0.05
0.40 ± 0.02
a 3σ upper limit
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Table 6.6: Log of all the SMARTS observations. The period during which they
have been performed is marked with a horizontal line in the upper panel of Figure
6.1. The observed ﬂux densities have been de-reddened assuming Rv = 3.1 and
Av = 3.1 × EB−V = 1.05 (EB−V ∼ 0.34, Cadolle Bel et al. 2007).
SMARTS OIR observations
Flux densities (mJy)
I band
H band
2007-07-09
1.51 ± 0.01
1.09 ± 0.02
2007-07-14
1.57 ± 0.06
1.12 ± 0.02
2007-07-15
1.61 ± 0.04
1.16 ± 0.03
2007-07-17
1.46 ± 0.03
1.10 ± 0.02
2007-07-18
1.58 ± 0.01
1.19 ± 0.02
2007-07-21
1.46 ± 0.09
1.10 ± 0.03
2007-07-23
1.69 ± 0.01
1.25 ± 0.04
2007-07-24
1.13 ± 0.04
2007-07-26
1.64 ± 0.03
1.24 ± 0.03
2007-07-27
1.56 ± 0.07
1.11 ± 0.02
2007-07-28
1.66 ± 0.02
1.15 ± 0.02
2007-07-30
1.71 ± 0.09
1.19 ± 0.03
2007-07-31
1.51 ± 0.07
1.12 ± 0.02
2007-08-02
1.56 ± 0.06
1.11 ± 0.02
2007-08-03
1.54 ± 0.06
1.09 ± 0.02
2007-08-04
1.58 ± 0.07
1.17 ± 0.03
2007-08-05
1.54 ± 0.01
1.23 ± 0.05
2007-08-07
1.58 ± 0.04
1.15 ± 0.03
2007-08-11
1.43 ± 0.02
2007-08-13
1.47 ± 0.03
1.02 ± 0.02
2007-08-14
1.56 ± 0.01
1.16 ± 0.03
2007-08-15
1.61 ± 0.01
1.24 ± 0.03
2007-08-16
1.63 ± 0.02
1.16 ± 0.02
2007-08-17
1.63 ± 0.05
1.26 ± 0.04
2007-08-18
1.64 ± 0.02
1.19 ± 0.03
2007-08-19
1.53 ± 0.04
1.05 ± 0.02
2007-08-21
1.56 ± 0.04
1.29 ± 0.03
2007-08-22
1.50 ± 0.03
1.28 ± 0.04
2007-08-23
1.71 ± 0.03
1.28 ± 0.03
2007-08-24
1.61 ± 0.01
2007-08-29
1.63 ± 0.05
1.11 ± 0.02
2007-09-03
1.54 ± 0.03
1.10 ± 0.02
2007-09-04
1.44 ± 0.08
1.12 ± 0.04
2007-09-06
1.44 ± 0.01
1.11 ± 0.02
2007-09-07
1.56 ± 0.07
1.22 ± 0.03
2007-09-08
1.58 ± 0.07
2007-09-09
1.51 ± 0.03
1.09 ± 0.02
2007-09-10
1.50 ± 0.10
1.10 ± 0.02
2007-09-12
1.47 ± 0.05
1.11 ± 0.03
2007-09-14
1.57 ± 0.03
1.21 ± 0.03
2007-09-19
1.60 ± 0.06
1.13 ± 0.02
2007-09-20
1.58 ± 0.04
1.12 ± 0.02
2007-09-21
1.56 ± 0.04
1.05 ± 0.02
2007-09-22
1.60 ± 0.03
1.06 ± 0.02
2007-09-24
1.63 ± 0.02
1.17 ± 0.02
2007-09-28
1.49 ± 0.01
1.20 ± 0.03
2007-09-29
1.61 ± 0.01
1.21 ± 0.03
2007-09-30
1.39 ± 0.02
1.13 ± 0.03
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Abstract
The coupling between accretion processes and ejection mechanisms in accreting black holes in binary systems can be investigated by empirical relations
between the X-ray/radio and X-ray/optical-infrared luminosities. These correlations are valid over several orders of magnitude and were supposed to
be universal. However, many sources have been found to produce jets that,
given certain accretion-powered luminosities, are fainter than expected from
the correlations. This shows that black holes with similar accretion ﬂows can
produce a broad range of outﬂows in power, suggesting that some other parameters or factors might be tuning the accretion/ejection coupling. Here we
discuss whether typical parameters of the binary system, as well as the properties of the outburst, produce any eﬀect on the energy output in the jet. No
obvious dependence is found. We also deﬁne a jet-toy model in which the
bulk Lorentz factor becomes larger than ∼ 1 above ∼ 0.1% of the Eddington
luminosity. With this model we are able to describe qualitatively the scatter
of the X-ray/radio correlation and the “radio quiet” population.
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7.1

Introduction

Relativistic ejections (jets) are a common consequence of accretion processes
onto black holes in active galactic nuclei (AGN) as well as onto stellar mass
black holes in X-ray binaries (XRBs, see Fender 2006 for a review). In the
hard state (HS) and probably in the quiescent state of black hole candidates
(BHCs) a compact-steady jet is on (Fender 2001; Gallo et al. 2006). The
characteristic signature of compact-steady jets (Blandford & Königl 1979) is
a ﬂat/slightly inverted spectrum (α & 0, Fν ∝ ν α ) observed in the radio band
and sometimes extending to infrared (IR) and possibly optical frequencies (e.g.
Hynes et al. 2000; Brocksopp et al. 2001). The jet power dominates over the
accretion-powered luminosity in the HS at LX . 1% LEdd (LX and LEdd
are the X-ray and the Eddington luminosities, respectively; Fender, Gallo &
Jonker 2003, Migliari & Fender 2006). There is strong evidence that the jet
is highly quenched in the soft state (SS) of BHCs (Tananbaum et al. 1972;
Fender et al. 1999).
Körding, Jester & Fender (2006) showed that a generalization of the accretion
states used to describe BHCs could also be applied to AGN. This suggests
that despite the diﬀerent masses involved, systems that contain a black hole
display similar accretion states and jet properties.
Hannikainen et al. (1998) and Corbel et al. (2003) found that the radio
ﬂux of the BHC GX 339-4 in the HS correlates over several orders of magnitude with the X-ray ﬂux. Gallo, Fender & Pooley (2003) included other
sources in the sample and proposed that a correlation of the form LX ∝ LbR
(where LX and LR are the X-ray and radio luminosities, respectively) with
b = 0.58 ± 0.16 (Gallo et al. 2006) could be universal and also valid for sources
in quiescence. This might indicate that the mechanisms responsible for the
ejection of the outﬂows are coupled to the properties of the accretion ﬂow.
Russell et al. (2006) veriﬁed that an empirical correlation between the X-ray
0.6 , where
luminosity and the optical/IR luminosities also holds (LX ∝ LOIR
LOIR is the optical/IR luminosity) for BHCs in the HS and in quiescence.
There is evidence that the optical emission is not dominated by the jet but
by the reprocessing of the X-rays in the outer regions of the accretion disc
(Russell et al. 2006).
Merloni, Heinz & Di Matteo (2003) and Falcke, Körding & Markoﬀ (2004)
have independently shown that the same X-ray/radio scaling found for BHCs
also holds for supermassive black holes in AGN, if the mass of the compact
object is taken into account. This suggests that similar mechanisms rule accretion and ejection processes to/from black holes hold over ∼ 9 orders of
magnitude in mass.
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The existence of the radio/X-ray correlation has broad implications. For example, the small scatter around it has been used as an argument by Heinz &
Merloni (2004) to infer that jets from BHCs and AGN (once a mass-correction
factor is introduced) are characterized by similar bulk velocities, unless they
are all non relativistic.
However, in the past few years, the supposed universality of the radio/Xray correlation has been doubted (Xue & Cui 2007) and several “radio quiet”
outliers have been found (Gallo 2007). These sources seem to feature similar
X-ray luminosities to other BHCs but are characterized by a radio emission
that, at a given X-ray luminosity, is fainter than expected from the radio/Xray correlation. It is possible that a correlation with similar slope but lower
normalisation than the other BHCs could describe this discrepancy, at least
in a few sources (e.g. Corbel et al. 2004; Gallo 2007; Soleri et al. 2009b, §6).
If conﬁrmed, this would suggest that some other parameters might be tuning
the accretion-ejection coupling, allowing accretion ﬂows with similar radiative
eﬃciency to produce a broad range of outﬂows.
Garcia et al. (2003) investigated the dependence of the jet power on the
orbital period of the binary. They noted that, among 14 dynamically conﬁrmed
BHCs, we can spatially resolve a powerful jet in 4 systems characterized by
long orbital periods. This suggests that this binary parameter might play a
role in powering jets from BHCs.
Pe’er & Casella (2009) presented a model for the emission from jets in XRBs in
which the electrons are accelerated only once at the base of the jet (at variance
with other models, in which multiple accelerations occur; see e.g. Maitra et
al. 2009, Jamil, Fender & Kaiser 2009). In the model, the jet magnetic ﬁeld
is the parameter that can cause a quenching of the jet (when above a critical
value Bcr ≈ 105 G), without inﬂuencing the accretion conditions and the Xray luminosity (Casella & Pe’er 2009).
The dependence of the jet power on the spin of the black hole has recently been
investigated by Fender, Gallo & Russell (2009b). They inferred the jet power
from the normalisations of the radio/X-ray and near-IR/X-ray correlations
found by Gallo et al. (2006) and Russell et al. (2006). They concluded that,
if our measures of the spin and the estimates of the jet power are correct,
the spin does not play any role in powering jets from BHCs. In AGN, the
most powerful jets have been associated with high-spin black holes (Sikora,
Stawarz & Lasota 2007). Considering the similarities between accretion states
and jet properties in BHCs and AGN (Merloni et al. 2003, Falcke et al. 2004,
Körding et al. 2006), this is an issue that broad-band jet models should take
into account.

133

7. On the nature of the “radio quiet” black hole binaries

Table 7.1: Radio and IR normalisations for a sample of 17 BHCs. Unless it has been diﬀerently speciﬁed, the data used to
calculate the radio normalisations are from Gallo et al. (2003, 2006) and Gallo (2007); the IR normalisations are from the
BHCs sample of Russell et al. (2006, 2007). We also report the orbital period (Porb ), the mass of the accretor (MX ), the q
ratio (q = MX /M2 , M2 is the mass of the companion star), the size of the Roche lobe of the compact object (Rl ), the orbital
inclination (i) and the distance to the source (D). Unless more recent estimates are available, the inclinations are from Charles
& Coe (2006) and all the other parameters from Russell et al. (2006).

(6) Russell et al. (2007); (7) Hannikainen et al. (2009); (8) Migliari et al. (2007a); (9) Foellmi et al. (2006); (10) Orosz et al. (2004);

BHC sample
Normalisations
Source
radio
near IR
Porb (hr)
MX (M⊙ )
q
Rl (R⊙ )
i (◦ )
D (kpc)
H 1743-322
28.16(1,2)
7.5(1)
+7
GX 339-4
28.81
33.86
42.1
∼5.8
∼ 12.5
6.69
15 − 60(3)
8−1
XTE J1118+480
28.51
33.20
4.1
6.8 ± 0.4
27.2
1.61
81 ± 2
1.71 ± 0.05
GRS 1915+105
29.26
33.28
846
14.0 ± 4.4
17.28
64.25
70 ± 2
11.2 ± 0.8(3)
V404 Cyg
28.80
155.3
10.0 ± 2.0
15.38
19.55
55 ± 4
2.39 ± 0.14(4)
A0620-00
29.00
7.75
11.0 ± 1.9
14.86
2.73
37 ± 5
1.2 ± 0.4
GRO J0422+32
27.63
5.09
3.97 ± 0.95
8.63
1.39
45 ± 2
2.49 ± 0.30
GS 1354-64
28.86
61.1(5)
7.83 ± 0.50(5)
7.68(5)
8.99
< 79
> 25(5)
4U 1543-47
29.18
34.03(6)
26.8
9.4 ± 1.0
3.84
5.13
21 ± 2
7.5 ± 0.5
XTE J1550-564
27.92
33.50(6)
36.96
10.6 ± 1.0
7.41
7.16
72 ± 5
4.1 ± 0.8(7)
GRO J1655-40
27.86(8)
33.77
62.9
7.02 ± 0.22
2.99
7.98
70 ± 2
≤ 1.7(9)
XTE J1650-500
27.60
7.63
< 7.3(10)
> 10(10)
2.26
50 ± 3(10)
2.6 ± 0.7(11)
Swift J1753.5-0127
27.90(12)
32.59(12)
3.2(13)
> 3.0(13)
& 10(13)
0.91
> 85(14)
∼ 8(13,15)
Cyg X-1
28.22
134.4(16)
∼ 10.1(16)
0.57(16)
13.26
35 ± 5(3)
∼ 2.1
XTE J1720-318
27.56
6.5 ± 3.5(17)
1E1740.7-2942
27.99
305.52(18)
∼ 8.5(3)
GRS 1758-258
27.34
442.8(18)
∼ 8.5(3)
(1) Jonker et al. (2009); (2) McClintock et al. (2009); (3) Gallo et al. (2003); (4) Miller-Jones et al. (2009); (5) Casares et al. (2009);
(11) Homan et al. (2006); (12) Soleri et al. (2009b); (13) Zurita et al. (2008); (14) Hiemstra et al. (2009), §5; (15) Cadolle Bel et al.
(2007); (16) Herrero et al. (1995); (17) Chaty & Bessolaz (2006); (18) Smith et al. (2002)
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7.2 The hard state jet power
In this paper we investigate whether there is any connection between the
values of some binary parameters and properties of the outburst of BHCs and
the compact steady-jet power. We also discuss how Doppler de-boosting eﬀects
could qualitatively explain the scatter around the radio/X-ray correlation,
when a particular dependence of the bulk Lorentz factor of the jet on the
accretion-powered luminosity is taken into account.

7.2

The hard state jet power

In this paper we will follow the approach presented in Fender et al. (2009b)
to use the normalisations of the radio/X-ray and OIR/X-ray correlations as
a proxy for the jet power. We will consider the slopes of the correlations as
∼ 0.6. Although some sources have been found to follow a correlation with
a diﬀerent slope (e.g. H 1743-322, b ∼ 0.18, Jonker et al. 2009) and this
parameter is often badly constrained by ﬁtting the data points (e.g. Swift
J1753.5-0127, Soleri et al. 2009b), we can consider it universal, in order to
have a rough estimate of the jet power. For more details on this method we
address the reader to Fender et al. (2009b).
Table 7.1 lists the BHCs considered in this paper. Unless diﬀerently speciﬁed,
the normalisations have been calculated using the data from Gallo et al. (2003,
2006), Gallo (2007) and Russell et al. (2006, 2007). Since the optical emission
is not dominated by the jet, we considered only the near-IR data from Russell
et al. (2006, 2007; J, K and H bands). For each source we ﬁtted the X-ray and
radio data using a relation of the form log10 (LR ) = cR + 0.6(log10 (LX ) − 34),
considering the normalisations cR as free parameters. We applied the same
method to obtain the normalisations cIR from the X-ray and near-IR data.
Since Gallo et al. (2003) and Russell et al. (2006) in some cases adopted
diﬀerent distances to the same source, in this paper we use the most recent
estimates. For the BHC Cyg X-1 we do not include the data points that show
evidence for suppression of the radio emission as the source enters softer Xray states (see Figure 3 of Gallo et al. 2003 for the details). Although we
are only considering BHCs in HS, we include in our sample GRS 1915+105
(which spends all its time in the intermediate states), using data from the
radio-bright plateau state, which is approximately an analogous to the HS
(see Fender & Belloni 2004 for a review on the source). The properties of the
BHCs are reported in Table 7.1, as well as the normalisations (cR and cIR )
used as a proxy for the jet power. The properties of their outbursts are listed
in Table 7.2.
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Radio normalisation as a function of
the Roche lobe radius
Near-IR normalisation as a function of the
orbital period

Radio normalisation as a function of
the orbital period
Near-IR normalisation as a function of the
Roche lobe radius

GRO J1655-40
4U 1543-47
XTE J1550-564
XTE J1118+480
V404 Cyg
Cyg X-1
A0620-00
H 1743-322
XTE J1720-318
GS 1354-64
GRO J0422+32
GRS 1758-258
XTE J1650-500
1E 1740.7-2942
GX 339-4
Swift J1753.5-0127
GRS 1915+105

Figure 7.1: Radio and near-IR normalisations as a function of the orbital period and the size of the Roche lobe of the black
hole. See Table 7.1 for a log of the used values. A key of the symbols used in this plot and in the following ones is in the inset.
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Figure 7.2: Radio and near-IR normalisations as a function of the inclination angles
i of the BHCs. See Table 7.1 for a list of the used values. The dashed lines indicate an
upper limit (GS 1354-64, ﬁlled circle) and a lower limit (Swift J1753.5-0127, downward
open triangle). See Figure 7.1 for a key to the symbols.

7.3

BHC properties and jet power

We will now examine whether three characteristic parameters of the binary
system (the orbital period, the size of the accretion disc and the orbital inclination) and the properties of the outburst aﬀect the energy output in the jet.

7.3.1

Binary parameters

Since the accretion disc occupies ∼ 70% of the Roche lobe of the black hole
(Frank, King & Raine 2002), we calculated the size of the Roche lobe of the
accretor as a measure of the disc size. Following Frank, King & Raine (2002),
the orbital separation a is given by:
1
2/3
1/3
a = 3.5 × 1010 MX (1 + )1/3 Porb cm
q
where MX is the mass of the accretor (in M⊙ units), q is the mass ratio
(q = MX /M2 , M2 is the mass of the donor) and Porb the orbital period (in
hours). The size of the Roche lobe of the compact object Rl can be calculated
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Table 7.2: Properties of the outbursts of 10 BHCs in our sample. The sources that
showed only “normal” outbursts are not listed here. See Brocksopp et al. (2004)
for the details. HIMS and SIMS mean hard-intermediate state and soft-intermediate
state, respectively (see Belloni 2009 for a deﬁnition of the states).

Source
H 1743-322

Outbursts occurred
several, normal
or HS-HIMS only(1)
quasi persistent,
in the
HIMS-SIMS(2)
one, HS only

GRS 1915+105

V404 Cyg
XTE J1118+480
GRO J0422+32
GS 1354-64
4U 1543-47
XTE J1550-564
Swift J1753.5-0127
Cyg X-1

one, HS only
one, HS only
four, normal
and HS only
four, normal
and HS only
four, normal
and HS only
one, HS only(4)
persistent

Additional remarks
We use data
from a normal one
We use data from
the radio-bright
plateau state
possible transition
to the SS(3)
We use data from
a HS-only one
We use data from
a normal one
We use data from
a normal one
see (5) for details
on the data
selection

(1) Capitanio et al. (2009); (2) Fender & Belloni (2004); (3) Życki et al. (1999); (4)
Cadolle Bel et al. (2007), its outburst is still ongoing at the moment of writing this
paper, see Negoro et al. (2009); (5) Gallo et al. (2003)

as follows:
Rl = a

0.49 q 2/3
cm
0.6 q 2/3 + ln(1 + q 1/3 )

Figure 7.1 shows the radio and near-IR normalisations as a function of the
size of the Roche lobe of the black hole and the orbital period of the binary.
The lower panels of Figure 7.1 might suggest that the near-IR normalisation
increases with the size of the Roche lobe of the accretor and with the orbital
period, although the sample contains only 7 BHCs. Two of them do not follow
this possible trend: XTE J1550-564 and GRS 1915+105.
We also investigate the dependence of the radio and near-IR normalisations on the orbital inclinations of the BHCs. Although there is evidence that
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HS-only outburst

Normal outburst
they also had
HS only

Normal outburst

"Special"
sources

Figure 7.3: Radio and near-IR normalisations as a function of the properties of the
outburst from which they have been obtained. By “normal” we mean an outburst
that shows a transition to the soft states. The “special” sources are GRS 1915+105
and Cyg X-1, which are a quasi-persistent and a persistent source, respectively. See
Figure 7.1 for a key to the symbols.

in some sources the binary inclination does not coincide with the inclination
between the jet axis and the line of sight (e.g. the misalignment has been
estimated to be ∼ 15◦ in GRO J1655-40, see Maccarone 2002 and references
therein), in this paper we will consider the orbital inclination as a proxy for
the jet axis inclination to the line of sight. We will refer to this angle i as either inclination or viewing angle. Compact-steady jets in the HS are thought
to be mildly relativistic (with bulk Lorentz factor Γ < 2; Gallo et al. 2003,
Fender, Belloni & Gallo 2004). That suggests that de-boosting eﬀects should
not be relevant and the jets, except for high inclination angles, should not be
de-boosted. However, new results cast doubts on this fundamental assumption. Casella et al (2009) recently observed the BHC GX 339-4 in the HS at
low X-ray luminosity (LX ∼ 0.14% LEdd , considering a distance to the source
and a mass MX as in Table 7.1), with coordinated X-ray and IR observations
at high-time resolution. From the analysis of the cross-correlation function,
they inferred a lower limit on the bulk Lorentz factor of the jet Γ > 2 (at 3.8σ
conﬁdence level). This result suggests that de-boosting eﬀects can become important, not only at high viewing angles. Assuming that the X-ray emission
is un-beamed (but see Markoﬀ, Nowak & Wilms 2005 for a model in which
the X-rays are coming from the base of the jet in the HS), jets with Γ & 2
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and not pointed towards us, should result less luminous than expected from
the empirical radio/X-ray and OIR/X-ray correlations.
Figure 7.2 shows the radio and near-IR normalisations as a function of the
inclination angles i. From the upper panel, no obvious dependence can be
found. In the lower panel, the distribution of the data points suggests that
BHCs characterised by a high inclination could have a low near-IR normalisation. To test if a correlation exists, we calculated the Spearman coeﬃcient
ρ for the data points. We obtained ρ ∼ −0.9, with a probability for the null
hypothesis (the probability the data are not correlated) of ∼ 2%. This suggests that the anticorrelation between the inclination angle and the near-IR
nomalisation is strong. However, the lack of data points (compared to the
upper panel of Figure 7.2) might have biassed this result.

7.3.2

Properties of the outburst

During an outburst, BHCs usually show a transition to the SS (see Belloni 2009
and references therein). However, some sources spend the whole outburst in
the HS, without transiting to the soft states (Brocksopp, Bandyopadhyay &
Fender 2004). It is not clear why some BHCs do not soften. Considering
that the transition from the hard to the soft states is possibly associated with
the emission of highly relativistic jets (with Γ > 2; Fender et al. 2004a),
it is important to ascertain whether HS-only outbursts feature diﬀerent jet
properties. Furthermore, there is evidence that some sources (e.g. XTE J1550564) feature diﬀerent near-IR and radio normalisations (Russell et al. 2007
and Corbel et al. in preparation, respectively) when in the HS, depending
on whether they are observed during the outburst rise or during the decay,
before/after the transition to/from the SS. This suggests that the transition
to the SS might aﬀect the jet properties even when the source is not in the
HS.
Table 7.2 presents the properties of the outbursts for 10 BHCs in our sample.
Sources that occurred only “normal” outbursts (with “normal” we refer to
BHCs that showed a transition to the soft states) have not been listed.
To see whether the type of outburst (HS only or with a transition to the soft
states) aﬀects the jet power, in Figure 7.3 we reported the radio and near-IR
normalisations of our sample of BHCs, dividing it according to the properties
of the outburst. No obvious dependence of the jet power on the type of the
outburst can be found.

140

141
Figure 7.4: Left-hand panel: Lorentz factor of the jet (solid line) as a function of LX (in Eddington units, for a ∼ 10M⊙
black hole) as used in our toy model. Γ becomes larger than ∼ 1.3 above ∼ 0.1% of LEdd . Right-hand panel: Doppler boosting
factor δ 2 as a function of LX , for 10 possible viewing angles (in the range i ∼ 18◦ − 87◦ , this corresponds to cos i ∼ 0.05 − 0.95).

i = ~87 degrees

i = ~18 degrees
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7.4

The scatter of the radio/X-ray correlation: a jet-toy
model

Here we deﬁne a jet-toy model. The aim is to test whether a dependence of
the bulk Lorentz factor of the jet Γ on the accretion powered X-ray luminosity
might qualitatively describe the scatter around the radio/X-ray correlation
and the “radio quiet” BHCs population. As in §7.3.1, we are assuming that
the X-ray emission is un-beamed (but see Markoﬀ et al. 2005).
We will consider a Γ Lorentz factor that becomes larger than ∼ 1.3 above
∼ 0.1% of the Eddington luminosity LEdd (see Figure 7.4, left panel). This
assumption is based on the fact that compact steady jets are though to be
mildly relativistic (Γ ≤ 2; Fender et al. 2004a, but see Casella et al. 2009) in
the HS below about 1% of LEdd (e.g. Fender et al. 2003, Migliari & Fender
2006) while major relativistic ejections (Γ ≥ 2) are in some cases associated
with the transition from the hard to the soft states. These transitions occur at
a variable LX but usually above a few per cent of LEdd (Fender et al. 2004a).
We calculated the Doppler boosting factor δ (δ = Γ−1 ×(1−β cos i)−1 ; β = v/c
is the bulk velocity of the emitting material; Γ = (1 − β 2 )−1/2 ) for 10 possible
inclinations i. Since the orientation of the approaching jet is random on a
hemisphere of 2π sr, cos i is uniformly distributed between 0 and 1. This does
not imply that i is uniformly distributed in the range 0◦ − 90◦ . We considered
a uniform distribution of 10 values of cos i between 0 and 1. Figure 7.4 (right
panel) shows the evolution of δ2 as a function of LX . At LX & 10% LEdd , only
for one inclination angle (of the ten considered) the jet will be boosted (δ2 > 1)
and not de-boosted. If the jet power is well traced by the radio luminosity
LR and LR ∝ LX δ2 , for each inclination i we can determine how the Doppler
de-boosting will aﬀect the radio-jet luminosity LR . Figure 7.5 illustrates the
results from our toy model. The data points represents the BHCs sample used
to infer the radio normalisations reported in Table 7.1. The scatter around
the best-ﬁt correlation of Gallo et al. (2006, dashed line) can be partially
reproduced.

7.5

Discussion

In this paper we tested whether there is a connection between the values of
some characteristic binary parameters of BHCs, as well as the properties of
their outbursts, and the energy output in the form of a jet. Our discussion is
based on the assumption that the jet power can be traced by the radio and
near-IR normalisations of the radio/X-ray and OIR/X-ray correlations (see
Fender et al. 2009b).
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Figure 7.5: Values of LR expected from our toy model for 10 viewing angles (in the range 0.05 ≤ cos i ≤ 0.95). The data
points used to infer the radio normalisations cR are also plotted. For clarity, we did not include the Cyg X-1 data points. A
key to the diﬀerent symbols is in Figure 7.1. The dashed line represents the best ﬁt correlation obtained in Gallo et al. (2006).

i = ~87 degrees

i = ~18 degrees

Best fit from Gallo et al. (2006)
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The upper panels of Figure 7.1 show that there is no connection between
two (non independent) parameters of the binary system (the size of the Roche
lobe of the black hole and the orbital period) and the radio normalisations.
Garcia et al. (2003) suggested that long period BHCs could feature spatiallyresolved powerful jets. However, our result is not unexpected: theoretical
works predict that a powerful jet should be formed when a thick accretion ﬂow
is present (as it is thought the case in the HS; Livio et al. 1999; Meier 2001).
Considering that the thick accretion ﬂow does not extend to the outer regions
of the accretion disc (although the details of its geometry are unknown, see
Gilfanov 2009 and references therein), it seems unlikely that the jet power is
aﬀected by the size of the Roche lobe and the orbital period. In fact variations
of these two parameters would leave the conditions in the vicinities of the black
hole unchanged.
The distribution of the data points in the lower panels of Figure 7.1 suggests
an increase of the near-IR normalisations with the size of the Roche lobe and
the orbital period, although 2 out of 7 sources (GRS 1915+105 and XTE
J1550-564) behave diﬀerently. It is possible that this trend is due to the lack
of data points (compared to the upper panels of Figure 7.1). Furthermore, in
some cases, the near-IR emission is not dominated by the jet but by thermal
emission from the accretion disc (e.g. Swift J1753.5-0127, Soleri et al. 2009b),
so the possible increasing trend is probably due to the high contribution from
a large disc rather than from the jet.
In §7.3.2 we examined the spectral properties of the outbursts occurred by
the BHCs in our sample. The transition to the soft states is characterized by
sudden changes in the jet properties (Tananbaum et al. 1972; Fender et al.
1999; Fender et al. 2004a). Furthermore, Russell et al. (2007) and Corbel et al.
(in preparation) found a dependence of the near-IR and radio normalisations
on the phase of the outburst in which the BHC is observed. More speciﬁcally,
the normalisations measured at the outburst rise (in the HS) are diﬀerent
from the normalisations measured at the outburst decay, after the source has
transited back from the SS to the HS. For this reason, we can think that even
in the HS, the jet properties (e.g. its bulk velocity and power) are inﬂuenced
by the transition to the soft states. This could aﬀect the jet properties of those
sources that remain in the HS for the whole outburst (Brocksopp et al. 2004).
Figure 7.3 shows that the type of outburst does not seem to inﬂuence both the
radio and the near-IR normalisations. This suggests that the energy output
in the jet in the HS is not regulated by the fact that the BHC transits or not
to the soft states.
It is worth to note that the three known BHCs with the shortest orbital
periods (Swift J1753.5-0127, XTE J1118+480 and GRO J0422+32) only had
144

7.5 Discussion
hard outbursts (but see Negoro et al. 2009 for a possible softening of Swift
J1753.5-0127). From binary evolution calculations, BHCs can in principle have
orbital periods as short as ∼2 hours and evolutionary models actually predict
that short-period systems might form the majority of them, similarly to what
is observed in cataclysmic variables (Yungelson et al. 2006). The fact that 16
BHCs in Table 7.1 have an orbital period Porb ≥ 4.1 hr is quite puzzling. A
possible explanation is that in short-period systems, the mass transfer from
the companion star might be interrupted by resonances within the primary’s
Roche lobe, if the mass ratio is q ∼ 50 (Yungelson et al. 2006). Zurita et
al (2008) suggested that the mass ratio in Swift J1753.5-0127 is q & 10 and
could be as high as approximately 40, thus making Swift J1753.5-0.127 the
ﬁrst BHC detected in this regime. However, even if the mass transfer in Swift
J1753.5-0127 is partially interrupted (because of the high mass ratio), this does
not explain why the source is less luminous than expected in the radio band
(in other words why its radio and near-IR normalisations are low compared
to the majority of the BHCs in our sample), although its X-ray luminosity
is comparable to other BHCs (Soleri et al. 2009b). The behaviour of XTE
J1118+480 is diﬀerent: although it is the known BHC with the second shortest
orbital period (Porb = 4.1 hr) and its mass ratio is rather high compared the
other sources in the sample (q ∼ 27), its radio normalisation is higher than
the one estimated for 7 other BHCs with longer orbital periods. This suggests
that it features jet properties that are not diﬀerent from the majority of the
BHCs.
In §7.3.1 we investigated the connection between the inclination angles of
the BHCs and the radio and near-IR normalisations. Casella et al. (2009)
showed that compact steady jets can have bulk Lorentz factor Γ > 2, even
in the HS at low X-ray luminosities (LX = 0.14% LEdd ), excluding the possibility that the observations were performed in proximity of the transition
to the soft states. This new result suggests that Doppler de-boosting eﬀects
could be important for HS jets that are not pointed towards us. The upper
panel of Figure 7.3 does not show any correlation between the radio normalisation and the inclination angles. The near-IR normalisation instead has a
high probability to be anticorrelated to the inclination angle: we calculated a
Spearman rank coeﬃcient ρ ∼ −0.9, with a probability for the null hypothesis
of ∼ 2%. More coordinated X-ray/near-IR observations are needed to enlarge
the sample, since our results might be inﬂuenced by the small number of data
points.
To further test if Doppler de-boosting eﬀects play a role in populating the sample of BHCs characterised by a faint jet (Corbel et al. 2004, Gallo 2007, Soleri
et al. 2009b), in §7.4 we deﬁned a jet-toy model in which the bulk Lorentz
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factor Γ becomes larger than ∼ 1 above LX ∼ 0.1% LEdd . This model can
qualitatively describe the scatter around the radio/X-ray correlation, considering a range of viewing angles (Figure 7.5). The line for i ∼ 18◦ (cos i = 0.95)
increases its slope at LX & 10−4 LEdd (Figure 7.5). This is expected, since for
i ∼ 18◦ the jet is boosted, as already noted in §7.4 (Figure 7.4, right panel).
The model predicts that the radio/X-ray correlation, because of de-boosting
eﬀect, should become ﬂatter at high LX . This might be the case for the
BHC H1743-322 (for which LR ≈ L∼0.18
, Jonker et al. 2009), although other
X
sources, e.g. XTE J1650-500 and Swift J1753.5-0127 (Corbel et al. 2004; Soleri et al. 2009b), feature a steeper slope than the one obtained by Gallo et
al. (2006; b ∼ 0.6). We also note that the BHC V404 Cyg lies approximately
on the line for i ∼ 18◦ . This does not match the measured value of 55 ± 4◦
(Table 7.1). Most of the BHCs are actually scattered over several lines: this
suggests that, although the model can qualitatively describe the scatter in the
(LX , LR ) plane, it should be only seen as a viable possibility to describe the
“radio quiet” population. In fact, at the moment we do not know whether the
“radio quietness” is an intrinsic property or it might change with time.

7.6

Conclusions

We examined three characteristic parameters of BHCs and the properties of
their outbursts to test whether they regulate the energy output in the form
of a jet. This has been motivated by the fact that a growing population of
sources seems to feature similar accretion ﬂows to the majority of the BHCs
(e.g. similar radiative eﬃciency) but fainter jets than expected. Garcia et
al. (2003) suggested that spatially-resolved powerful jets might be associated
with long period systems. If our estimates of the jet power are correct, both
the orbital period and the size of the accretion disc are not related to the
radio-jet power. The jet power inferred from near-IR observations possibly
shows a positive correlation with those two parameters. However, this result
might be due to the lack of data points and to the fact the IR emission is not
dominated by the jet in some sources.
We retrieved the properties of the outbursts occurred by the BHCs in our
sample to see if HS-only outbursts feature diﬀerent jet properties. We did not
ﬁnd any association between the jet power and the fact that a BHC transits
to the soft states during an outburst.
We also considered the inclination angles for our sample of BHCs. A recent
result shows that compact-steady jets in the HS can have bulk Lorentz factor
Γ > 2. This suggests that not only jets with a high inclination can suﬀer
de-boosting eﬀects. However, we did not ﬁnd any association between the
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viewing angles and the jet power inferred from radio observations. The jet
power obtained from near-IR measurements decreases when the inclination
angle increases. This result might be biassed by the small number of BHCs
for which we have IR data.
We deﬁned a jet-toy model in which the bulk Lorentz factor Γ becomes larger
than ∼ 1 above 0.1% LEdd . Considering an uniform distribution of viewing
angles in the cos i space, the model can qualitatively reproduce the scatter
around the radio/X-ray correlation. Although this result is quite promising,
we stress that the toy-model has several limitations, for instance it can not
reproduce the measured inclination angles of the BHCs in our sample. Nevertheless we think that it suggests a valid possibility that theoretical models
should explore in more detail.
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Het klinkt misschien verrassend, maar sterren hebben een leven. Ze worden
geboren in wolken van gas en wanneer hun brandstof op is, sterven ze. Wanneer een ster veel zwaarder is dan onze zon (meer dan 10 maal de massa van de
zon) zal zijn leven letterlijk explosief eindigen, in een zogenaamde supernova
explosie. Het eindproduct van een dergelijke explosie zal, afhankelijk van de
massa van de oorspronkelijke ster, ofwel een neutronenster ofwel een zwart gat
zijn (zogenaamde compacte objecten).
Neutronensterren hebben een straal van ongeveer 10-15 km en een massa van
1.3 maal de massa van de zon. Ter vergelijking; de zon heeft een straal van
700000 km! De dichtheid van een neutronenster kunnen we op aarde niet in
een laboratorium nabootsen.
Het beschrijven van een zwart gat is geen gemakkelijke taak. Zwarte gaten
hebben geen oppervlak, ze zijn niet iets wat we daadwerkelijk kunnen aanraken. De beste beschrijving is waarschijnlijk de volgende; een zwart gat is
object van dermate grote dichtheid (veel groter dan van een neutronenster)
dat wanneer iets erop valt het niet meer kan ontsnappen. Een zwart gat zendt
geen licht uit, omdat zelfs licht niet in staat is aan zijn zwaartekracht te ontsnappen. Voor zowel het beschrijven van neutronensterren als zwarte gaten is
de algemene relativiteitstheorie van Albert Einstein is nodig.
De meeste sterren in onze Melkweg en in het heelal zijn dubbelstersystemen, dat wil zeggen, twee sterren die om elkaar heen bewegen. Wanneer
een neutronenster of een zwart gat zich in een dubbelstersysteem bevindt,
kan deze een sterke interactie aangaan met de tweede ster (de zogenaamde
begeleidende ster) door middel van zwaartekrachtsinteractie. Zo beweegt de
maan bijvoorbeeld om onze planeet vanwege de aantrekkende zwaartekracht
van de aarde. In een dubbelstersysteem met een neutronenster of zwart gat
kan het compacte object letterlijk materie naar zich toetrekken door zijn sterke zwaartekracht. In dit proces vormt zich een schijf van gas, waarin materie in een spiraalbeweging naar binnen valt totdat het op het compacte
object terecht komt (de zogenaamde accretieschijf). Tijdens deze valbeweging
wordt het gas enorm heet (miljoenen graden) en zendt het röntgenstraling
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uit, welke we kunnen detecteren met röntgensatellieten. Deze systemen worden daarom röntgendubbelstersystemen genoemd. Door het bestuderen van
röntgendubbelsterren kunnen we het gedrag van materie onderzoeken onder
extreem relativistische omstandigheden (bijvoorbeeld nabij een zwart gat) en
onder invloed van sterke zwaartekrachtsvelden, dergelijke condities kunnen we
niet op aarde in een laboratorium genereren.
Figuur 1.1 toont een artistieke weergave van een röntgendubbelster waarin
alle belangrijke elementen zijn aangegeven.
De accretie van gas van een begeleidende ster op een compact object is een
van de meest interessante processen gerelateerd aan een röntgendubbelster. In
Figuur 1.1 kan men een even zo fundamenteel element ontdekken: de straalstroom (“jet” in de afbeelding). Tegenwoordig weten we dat het uitstoten
van krachtige straalstromen (deeltjes die worden uitgezonden in een richting
ongeveer parallel aan de rotatie-as van het dubbelstersysteem) een gebruikelijk eﬀect is van het accretieproces (invallende materie) op neutronensterren
en zwarte gaten. Door middel van (voornamelijk) waarnemingen met radiotelescopen kunnen we de eigenschappen van deze uitstotingen onderzoeken.
We weten dat straalstromen één van de meest energetische fenomenen zijn in
onze Melkweg. De uitstotingen gaan gepaard met hoogenergetische deeltjes,
aangezien deze bewegen met de lichtsnelheid. Echter, ondanks vele jaren van
waarnemingen is het nog niet duidelijk hoe straalstromen worden geproduceerd en versneld.
In dit proefschrift onderzoek ik de processen die de accretie van materie
op het compacte object verbinden met uitstotingen in de vorm van straalstromen. Ik gebruik een fenomenologische benadering, door middel van bijvoorbeeld de analyse van röntgenwaarnemingen, welke het mogelijk maken
de accretiestroom op het compacte object te onderzoeken. Ik maak ook gebruik van waarnemingen op andere golﬂengten (bijvoorbeeld in radio, maar
ook optische- en infraroodwaarnemingen) om het gedrag van de straalstromen
te onderzoeken.
In de hoofdstukken van dit proefschrift gebruik ik verschillende analysetechnieken om aanvullende informatie te verkrijgen.
In hoofdstukken 2 en 5 richt ik mij op de accretiestroom in twee
röntgendubbelsterren die een zwart gat bevatten. Het doel is om de geometrie
en de variabiliteit van de röntgenstraling, uitgezonden nabij het zwarte gat,
te onderzoeken.
In hoofdstuk 3 bestudeer ik een röntgendubbelster welke een neutronenster bevat en bekend is vanwege zijn sterke en krachtige straalstromen. Door
het analyseren van röntgen- en radiowaarnemingen kunnen we de connecties
tussen de variabiliteit van de invallende materie en de emissie van krachtige
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straalstromen onderzoeken.
In hoofdstuk 4 bestudeer ik de interactie tussen de straalstromen die worden geproduceerd in de röntgendubbelster, welke is onderzocht in §3, en het
omliggende medium (het gas tussen de sterren in de Melkweg). Dit biedt de
mogelijkheid om af te schatten hoe krachtig de straalstroom is en de eigenschappen (bijvoorbeeld de dichtheid) van het omliggende gas te onderzoeken.
De koppeling tussen de accretie van materie op zwarte gaten en de populatie van krachtige straalstromen wordt onderzocht in hoofdstukken 6 en
7. In het bijzonder presenteer ik de resultaten die ik heb verkregen door
een röntgendubbelster (welke waarschijnlijk een zwart gat bevat) gedurende
vier jaar te volgen met verschillende instrumenten bij verschillende golﬂengten
(namelijk bij radio-, infrarood-, optische- en röntgengolﬂengten). Bovendien
onderzoek ik een breed scala aan röntgendubbelsterren om te zien of bepaalde
typische dubbelstereigenschappen (bijvoorbeeld de afstand tussen het zwarte
gat en de begeleidende ster) de sterkte van de straalstroom beı̈nvloeden.
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Potrebbe suonare strano, ma anche le stelle hanno una vita. Nascono da nubi
di gas e, quando il combustibile ﬁnisce, muoiono. Quando una stella è molto
più pesante del nostro Sole (più di ∼ 10 volte la massa del Sole), la sua morte è
letteralmente esplosiva e viene chiamata esplosione di Supernova. Il prodotto
ﬁnale di tale esplosione può essere, a seconda della massa della stella originale,
o una stella di neutroni o un buco nero (questi corpi vengono chiamati oggetti
compatti).
Le stelle di neutroni hanno un raggio di circa 10-15 km e una massa di circa
1.3 volte la massa del Sole. Giusto per dare al lettore un termine di paragone,
il Sole ha un raggio di 700000 km: la densità di una stella di neutroni è cosı̀
alta che non possiamo riprodurla artiﬁcialmente in un laboratorio.
Descrivere un buco nero non è un compito facile. I buchi neri non hanno
una superﬁcie, non sono un qualcosa che possiamo materialmente toccare. La
miglior descrizione che posso dare è probabilmente la seguente: un buco nero
è un oggetto cosı̀ denso (molto più denso di una stella di neutroni) che se
qualcosa dovesse caderci sopra, non potrebbe più sfuggirgli. Un buco nero
non emette luce, dal momento che nemmeno la luce potrebbe sfuggirgli. Per
descrivere i buchi neri e le stelle di neutroni abbiamo bisogno della teoria della
relatività generale di Albert Einstein.
La maggior parte delle stelle nella Via Lattea (la nostra Galassia) e nell’universo si trovano in sistemi binari, sistemi di due stelle in orbita l’una attorno
all’altra. Quando un buco nero o una stella di neutroni si trovano in un sistema binario, possono interagire con la seconda stella (chiamata la compagna)
per attrazione gravitazionale. Per esempio, la Luna subisce l’attrazione gravitazionale della Terra e vi orbita attorno. Nei sistemi binari contenenti una
stella di neutroni o un buco nero, considerando le notevoli masse in gioco, l’oggetto compatto può letteralmente risucchiare materia dalla stella compagna.
Questo processo da origine a uno disco di gas che spiraleggia verso l’oggetto
compatto ﬁnché non vi cade sopra. Mentre cade spiraleggiando, il gas si riscalda enormemente (ﬁno a raggiungere temperature di milioni di gradi) ed
emette radiazione X (raggi X), che possiamo osservare con l’ausilio di satelliti
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per astronomia X. Questi particolari sistemi binari vengono chiamati binarie
X. Studiando le binarie X abbiamo l’opportunità di esplorare il comportamento della materia in regimi altamente relativistici (per esempio nelle vicinanze
di un buco nero), sotto l’azione di campi gravitazionali eccezionalmente intesi.
In nessun laboratorio sulla Terra possiamo ricreare tali condizioni.
Figura 1.1 mostra una rappresentazione artistica di una binaria X, nella
quale tutti gli elementi principali sono stati indicati.
L’accrescimento di gas dalla stella compagna verso l’oggetto compatto è uno
dei processi più interessanti legati alle binarie X. In Figura 1.1 possiamo anche
notare un altro elemento fondamentale, il getto (“jet” in Inglese). L’emissione
di potenti getti (particelle espulse in una direzione all’incirca parallela all’asse rotazionale della binaria) è ben nota per essere una naturale conseguenza
dei processi di accrescimento (cioè della materia che cade spiraleggiando verso
l’oggetto centrale) su buchi neri e stelle di neutroni. Con l’ausilio di radiotelescopi (ma non solo), possiamo studiare le proprietà dei getti. Sappiamo che
i getti espulsi dalle binarie X sono tra i processi più energetici che avvengono
nella nostra Galassia. I getti contengono particelle altamente relativistiche che
si muovono a velocità prossime a quella della luce. A dispetto dei nostri notevoli sforzi osservativi, non è ancora chiaro come questi getti vengano prodotti
ed accelerati.
In questa tesi mi concentro sullo studio del legame tra i processi di accrescimento sull’oggetto compatto e l’emissione dei getti relativistici. Adottando
un approccio fenomenologico, utilizzo osservazioni in banda X per analizzare
le proprietà del ﬂusso di accrescimento nelle vicinanze dell’oggetto compatto.
Faccio uso anche di osservazioni fatte ad altre lunghezze d’onda (per esempio
osservazioni radio, ottiche ed infrarosse) per esaminare il comportamento dei
getti.
Nei vari capitoli di questa tesi illustro vari tipi di analisi, al ﬁne di approcciare
la problematica da diversi punti di vista.
Nei Capitoli 2 e 5 mi concentro sulle proprietà del ﬂusso di accrescimento in
due binarie X che contengono un buco nero, al ﬁne di esplorarne la struttura
e studiare la variabilità dei raggi X emessi nelle vicinanze del buco nero.
Nel Capitolo 3 studio una binaria X contenente una stella di neutroni, ben
nota per i suoi getti estremamente energetici. Analizzando osservazioni radio e
in banda X, possiamo studiare se esiste un collegamento tra la variabilità della
materia che accresce sulla stella di neutroni e l’emissione di getti relativistici.
Nel Capitolo 4 studio l’interazione tra i getti prodotti dalla binaria X già
analizzata al Capitolo 3 e il mezzo circostante (cioè il gas tra le varie stelle
nella Galassia). In questo modo possiamo stimare la potenza del getto e le
proprietà (per esempio la densità) del gas circostante.
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L’accoppiamento tra i processi di accrescimento di materia su un buco nero
e la produzione dei getti è presentato ai Capitoli 6 e 7. In particolare, presento
i risultati che ho ottenuto monitorando una binaria X (contenente probabilmente un buco nero) per più di 4 anni con vari strumenti e a diverse lunghezze
d’onda (nella banda radio, infrarossa, ottica e X). Nel Capitolo 7 prendo in
esame un campione di varie binarie X al ﬁne di capire se i valori di alcuni
parametri del sistema (per esempio la separazione tra il buco nero e la stella
compagna) inﬂuenzano la potenza del getto.
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Suave, mari magno turbantibus aequora ventis,
e terra magnum alterius spectare laborem;
non quia vexari quemquamst iucunda voluptas,
sed quibus ipse malis careas quia cernere suave est.
Titus Lucretius Carus, De rerum natura, II, 1-4
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