UvA-DARE (Digital Academic Repository)

Different manifestations of accretion onto compact objects
Altamirano, D.
Publication date
2008

Link to publication
Citation for published version (APA):
Altamirano, D. (2008). Different manifestations of accretion onto compact objects. [Thesis,
fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).
Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)
Download date:07 Jan 2023

8

The transient black hole
candidate XTE J1550–564 as
seen by RXTE
D. Altamirano and M. van der Klis
Astrophysical Journal, to be submitted

Abstract
We have analyzed the power spectra of 427 observations of the black hole
candidate XTE J1550–564. We investigate how the frequency, coherence and
strength of each power spectral component evolves in time and varies as a
function of spectral hardness and intensity and ﬁnd that it is generally possible to follow components as they shift in frequency and vary in strength and
coherence. We use this information to identify the diﬀerent components and
ﬁnd that the frequencies of power spectral components correlate with each
other. We compare these correlations with previous frequency–frequency relations that have been suggested to hold for all sources and ﬁnd that many of
our correlations coincide with these previous relations, but that some are at
variance with one previously proposed relation.
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8. The transient black hole candidate XTE J1550–564 as seen by RXTE

8.1

Introduction

Observations with the Rossi X-ray Timing Explorer (RXTE) have led to extraordinary progress in the knowledge of the variability properties of many
diﬀerent types of sources, particularly of black hole candidates (or just black
hole, BH) and neutron stars that are found in low-mass X-ray binaries (see,
e.g, van der Klis 2006). Mass transfer between the companion and compact
object in these systems is mainly via Roche-lobe overﬂow, with the material
forming an accretion disk around the compact object through conservation of
angular momentum.
Many of the quasi-periodic oscillations (QPOs) observed in these types of
systems are thought to originate in the innermost regions of the accretion disk
and therefore have been the subject of many previous studies (see Remillard
& McClintock 2006 and van der Klis 2006, for the latest reviews). In the case
of neutron star systems, QPOs have been found at frequencies as low as mHz
(e.g Revnivtsev et al. 2001; Altamirano et al. 2008b) and as high as 1260 and
1329 Hz (Jonker et al. 2007; van Straaten et al. 2000, respectively), with the
so called “kHz QPOs” cover the highest frequency region (300–1329 Hz) of the
power density spectra. In the case of black hole candidates, QPOs have also
been found with frequencies as low as mHz, but the maximum QPO frequency
reported is 450 Hz (Strohmayer 2001b). In some models, this diﬀerence is
interpreted as due to the diﬀerence in masses between neutron stars and black
holes (see, e.g., the review by van der Klis 2006).
Although the high frequency QPOs ( 100 Hz) are particularly interesting given that they might be produced close to the innermost stable orbit
(Syunyaev 1973, but also see Kluźniak & Abramowicz 2001; Bursa et al. 2004;
Kluźniak & Abramowicz 2005, for some alternative models), the study of the
properties and behavior of lower frequency QPOs ( 50 Hz) may also provide
important clues to the physics of accretion onto the compact objects (see, e.g.,
Wijnands & van der Klis 1999; Psaltis et al. 1999; Casella et al. 2004; Homan
et al. 2001; Belloni et al. 2005; van der Klis 2006).
Not only the study of the QPOs, but also the study of the broad band noise
found in the power spectra of neutron stars can provide important information
that can be used to understand the nature of these systems. For example,
van der Klis et al. (1985), Di Salvo et al. (2003), van Straaten et al. (2002),
van Straaten et al. (2003) and Altamirano et al. (2006) have shown that the
characteristic frequency of the broad band noise and QPOs correlate, and do
so in the same manner among diﬀerent neutron star systems, which means that
the mechanisms that produce QPOs and broad band noise are connected.
In the case of black hole candidates, while many works investigated the
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broad band noise in terms of the total fractional rms amplitude in a given
frequency range, no systematic quantitative study of the behavior of the individual broad band components and their relation with the observed QPOs and
with source state has been reported as yet across several outbursts of a given
source. As we describe in Section 8.5, in this work we decompose the power
spectra using a multi-Lorentzian model in such a way that both broad band
noise components and QPOs can be described using the same model. As part
of a larger program including a range of black hole and neutron star sources
(see also Klein-Wolt & van der Klis 2008), in this paper we report on the
behavior of the broad band noise and its relation with the QPO behavior and
source state for the black hole candidate XTE J1550–56. In the next section
we introduce in more detail the current thinking on black hole states as it was
developed in the works by Homan et al. (2001), Belloni et al. (2005), Homan
& Belloni (2005) and Klein-Wolt & van der Klis (2008), (see also reviews by
McClintock & Remillard 2003; Remillard & McClintock 2006, for a diﬀerent
point of view), in Section 8.3 we introduce the methodology used in this paper,
and in Section 8.4 we provide an introduction to XTE J1550–564, the object
of our current study.

8.2

Black hole states

In black holes the X-ray spectrum can be decomposed into two main components: (i) a hard, non-thermal, power-law component with photon index
in the range 1.5–2 ; when this component dominates, it is usually attributed
to a corona containing energetic electrons, and (ii) a soft, thermal, blackbody like component with temperature kT  1 keV (Mitsuda et al. 1984);
this component is attributed to thermal emission from an optically thick but
geometrically-thin accretion disk (Shakura & Sunyaev 1976). See, e.g., Tananbaum et al. (1972), White & Marshall (1984), Życki et al. (2001); Gierliński
& Done (2003); McClintock & Remillard (2003); Kubota & Makishima (2004)
and Remillard & McClintock (2006) for further discussion of the X-ray spectrum as a function of source state. Based on these two components, it is
possible to describe the spectral evolution of a black hole outburst in time. A
complete description would of course include the X-ray time variability, other
X-ray spectral components as well as the emission at other wavelengths.
In Figure 8.1 (left panel) we schematically show the roughly square pattern
in the hardness–intensity diagram that a typical BH tends to trace out during an outburst (this ﬁgure was taken from van der Klis 2006). The arrows
show the direction in which the source evolves in time. First, it has a period
in which the intensity increases by a large factor as the hardness slightly de141
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creases. This region in the hardness–intensity diagram is generally called the
low/hard state (or just low state – hereafter LS). At some point, the source
’turns the corner’: the intensity stops increasing and the source moves at approximately constant intensity towards a softer state usually known as the
high/soft state (or just high state – hereafter HS). In between the low and the
high states, there is the intermediate state (IMS) which links both extremes
and where complex behavior, including sometimes large ﬂares in intensity, occur. After the source reaches the HS, it usually shows a decrease of intensity
at approximately constant hardness (with some excursions to harder or softer
states) until it reaches a level in which it moves back in the direction of the LS
at approximately constant intensity. The hardening of the spectra continues
until it reaches values that are approximately the same as those observed at
the beginning of the outburst. At this point the hardening stops, the intensity
rapidly decreases and the source returns to quiescence.
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Figure 8.1: Left: Schematic Hardness–intensity diagram that shows the main black
hole states: the Low state (LS), the Intermediate state (IMS) and the high state (HS).
This ﬁgure was taken from van der Klis (2006) and was inspired by observations of
the black holes XTE J1550–564 (Homan et al. 2001) and GX 339–4 (Belloni et al.
2005). Right: Hardness–intensity diagram as shown by Belloni et al. (2005) for all
observations of the 2002/2003 outburst of the black hole GX 339–4. These authors
subdivided the IMS into the Soft IMS (SIMS) and the hard IMS (HIMS).

In Figure 8.1 (right panel) we show the track drawn by the black hole candidate GX 339–4 during its 2002/2003 outburst (this ﬁgure was taken from
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Belloni et al. 2005). The source shows a pattern such as that presented in the
schematic in the left panel of Figure 8.1, although it does not always move
smoothly in the hardness–intensity diagram. While black hole low-mass X-ray
binaries show behavior which diﬀers between sources and can even change between outbursts of the same source (see, e.g., Homan & Belloni 2005; Remillard
& McClintock 2006), the loop in the hardness–intensity diagram is usually recognizable. As discussed by Belloni et al. (2005), in the case of the 2002/2003
outburst of GX 339–4 the intermediate state can be usefully subdivided into
the Soft Intermediate State (SIMS) and the Hard Intermediate state (HIMS)
based on the X-ray time variability.
The intermediate states are associated with state transitions and show
strong and fast variations in their properties (see, e.g., Miyamoto et al. 1991,
1993, 1994; Belloni et al. 2005; Homan & Belloni 2005, and references within).
These state transitions are important for the understanding of accretion onto
black holes since it is thought that during these intervals strong structural
changes take place in the accretion ﬂow. For example, there is evidence that
the ejection of relativistic jets takes place during some of these transitions
(e.g., Fender & Belloni 2004; Corbel et al. 2004; Belloni 2007).
In describing black hole source states it is essential to consider the X-ray
time variability. The power spectra of the LS and the HIMS are dominated
by a strong band-limited noise that can reach fractional rms amplitudes of
up to ∼ 50% (see van der Klis 2006, and references within). Sometimes,
low frequency QPOs are observed with frequencies in the range of ∼ 10−3 −
20 Hz. The characteristic frequencies (see Section 8.5 for a deﬁnition) of these
QPOs and noise components are found to correlate (see, e.g., Wijnands &
van der Klis 1999; Belloni et al. 2002b), generally increasing towards softer
states. The SIMS shows no strong band-limited noise; transient QPOs appear
whose frequencies are rather stable (see, e.g, Casella et al. 2004, 2005, and
references within). In the HS, only weak power-law noise is observed in the
power spectrum and sometimes a QPO with frequency in the range 10–20 Hz
(see, e.g., the HS of XTE J1550–564 – Homan et al. 2001). In Figure 8.2
we show characteristic power spectra for each of the four black hole states
described above.
High frequency (100 < ν < 450 Hz) QPOs have been reported in seven black
holes (see review by van der Klis 2006). They are weak (0.5 to 2% rms in the
2–60 keV range), transient, energy dependent (rms amplitudes increasing with
energy) and detected only at high count rates. For two sources (XTE J1550–
564 and GRO J1655–40) two simultaneous high frequency QPOs have been
observed. Otherwise, these QPOs are found alone, at either the frequency of
the lower frequency peak or that of the upper one. In either case, in a given
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Figure 8.2: The characteristic power spectra of the black hole source states. From
top to bottom the X-ray spectrum becomes harder. HS, SIMS, HIMS and LS stand for
high state, soft intermediate state, hard intermediate state, and low state, respectively
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source the frequency is rather constant. Finding high frequency QPOs is not
always straightforward, as special selections on time or energy are necessary
(e.g Strohmayer 2001a).

8.3

Identiﬁcation and evolution of power spectral components

The study of low frequency QPOs ( 20 Hz) in previous works has led to a
proposed classiﬁcation into 3 main types (A, B and C) based on coherence,
frequency, time lags and the presence or absence of simultaneous strong broad
band noise (see e.g Wijnands et al. 1999; Homan et al. 2001; Remillard et al.
2002a; Casella et al. 2004, 2005; Belloni et al. 2005). A classiﬁcation method
for also the broad band noise components based on that for neutron stars
(van Straaten et al. 2003) was discussed by Belloni et al. (2002b). Klein-Wolt
& van der Klis (2008) further studied this scheme, that names the diﬀerent
QPOs as well as broad band components as Li , where L stands for Lorentzian
and i for the name of the component. For example, Lb stands for “Lorentzian
at the break”, LLF for “Low frequency QPO”, Lh for hump, L for the lower
kHz QPO, etc. This classiﬁcation and way of labeling was used successfully to
identify the diﬀerent components in the power spectra of neutron star systems
(see, e.g., van Straaten et al. 2002, 2003, 2005; van der Klis 2006; Klein-Wolt
& van der Klis 2008) and has been proven to be a practical way of comparing
power spectral components of diﬀerent neutron star systems (van Straaten
et al. 2002; Belloni et al. 2002b; van Straaten et al. 2003, 2005; Altamirano
et al. 2006) and between neutron stars and black hole systems (Psaltis et al.
1999; Belloni et al. 2002b; Klein-Wolt & van der Klis 2008).
As in this work we study both QPOs and broad band components, we use
the Li classiﬁcation. For completeness, references to the types A, B and C
are given throughout the paper based on previous works. When a change
between types occurs in time, we use a note in the form “(Type ? → Type ?,
Reference)”. For example, (Type B → Type C, Homan et al. 2001) refers to
a change from Type B to C QPO as reported by Homan et al. (2001). Later
in this paper, we explain the relation between the Type A, B and C and the
Li classiﬁcations.
Independently of the labeling used, in order to understand the phenomenology we observe in the power spectra of black holes and neutron stars, it is
important to study the characteristics of power spectral components as they
evolve in time and as a function of spectral hardness and intensity. Correlations that exist between the characteristic frequencies of most of their power
spectral components can be useful in this. As we describe below, there are
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two main relations that are known to hold for black hole variability: the PBK
relation (after Psaltis et al. 1999) and the WK relation (after Wijnands et al.
1999).
Psaltis et al. (1999) found an approximate frequency correlation involving a
low-frequency QPO and a broad noise component (LLF and Lh , respectively,
see Section 8.8), the lower kHz QPO frequency and a broad noise component
interpreted as low-frequency version of this QPO (L ). This correlation spans
nearly three decades in frequency, where bright neutron star sources populate
the > 100 Hz range and black holes and weak neutron star the < 10 Hz range.
As already noted by Psaltis et al. (1999), because (i) the correlation combines
features from diﬀerent sources which show either peaked or broad components
with relatively little overlap, and (ii) the correlation is composed of a subset
of data points per source and hence can be biased by the sampling, the data
are suggestive but not conclusive with respect to the existence of a single correlation covering this wide frequency range (van der Klis 2006). Interestingly,
Warner & Woudt (2002) and Mauche (2002) show that the PBK relation may
be extended to white dwarf systems. If true, this implies that the mechanism
producing the frequency–frequency correlations must be generic to a broad
class of accretion ﬂows.
Wijnands et al. (1999) found that there is a relation between the break
frequency of the band-limited noise (Lb ) and the centroid frequency of a lowfrequency QPO above this break (LLF ). Similarly to the PBK relation case,
the WK relation is composed of a subset of data points per source.
van Straaten et al. (2002), together with the Li labeling scheme referenced
to above, have proposed for the neutron star variability a ’universal scheme’
of correlations between the thus labeled frequencies which encompass the WK
and PBK relations. (see also Di Salvo et al. 2003; van Straaten et al. 2003,
2005; Altamirano et al. 2005; Linares et al. 2005; Altamirano et al. 2006) but
which has also been recently used to compare black hole variability with that
of neutron star systems (Klein-Wolt & van der Klis 2008).
In Section 8.7 we describe the evolution of the power spectral components
as a function of time, spectral hardness and intensity independently of their
classiﬁcation. Using these results and the classiﬁcation proposed by KleinWolt & van der Klis (2008) and others, in Section 8.8 we study how the time
variability measured XTE J1550–564 ﬁts in the classiﬁcations and frequency–
frequency relations described above.
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8.4

The black hole XTE J1550–56

XTE J1550–564 was ﬁrst detected by the All-Sky Monitor (ASM) on board
RXTE on September 7th, 1998 (Smith 1998). Shortly after that the optical
(Orosz et al. 1998) and radio (Campbell-Wilson et al. 1998) counterparts were
discovered.
This ﬁrst outburst was the longest, lasting for about 250 days and was
composed of two phases which are separated by a deep and broad intensity
dip (see, e.g., Homan et al. 2001; Remillard et al. 2002a, see also Section 8.7.1).
On September 20th 1998, approximately 13 days after the ﬁrst detection of
the source, XTE J1550–564 exhibited one of the brightest ﬂares (∼ 6.8 Crab)
ever observed with RXTE (Remillard et al. 1998). Extensive spectral analysis
of this ﬁrst outburst has been reported by Sobczak et al. (1999, 2000) while an
extensive analysis of the time variability has been reported by Homan et al.
(2001) and Remillard et al. (2002a). Of particular interest for our current
work are the results of Homan et al. (2001), who interpreted the variability
observed in XTE J1550–564 as evidence that spectral states are set not only
by the mass accretion rate Ṁ as it had been generally assumed (e.g., Tanaka
& Lewin 1995; van der Klis 1995b), but that changes in at least one other
physical parameter are also required to explain the overall behavior of the
source.
Multiwavelenght observations were also performed during this outburst.
The radio outburst lagged the X-ray outburst by 1.8 days and reached a
maximum ﬂux of 375 mJy at 843 MHz (Hannikainen et al. 2001a,b) while
optical observations showed that there is no strong correlation between optical and X-ray ﬂux (Jain et al. 2001c). From the ﬁrst observations it was
already suspected that XTE J1550–564 is a black hole X-ray binary (based on
the spectral and temporal properties, see Sobczak et al. 1999; Cui et al. 1999;
Homan et al. 2001), and this was conﬁrmed when Orosz et al. (2002) reported
the mass of the compact object to be M = 10.5 ± 1.0M based on optical
spectroscopic observations of the companion star. The distance to the source
is likely ∼ 5.3 kpc (see discussion by Orosz et al. 2002), the orbital period is
∼ 1.54 days (Jain et al. 2001b; Orosz et al. 2002) and the inclination of the
system is between 67 and 77 degrees (Orosz et al. 2002).
On April 6th 2000 XTE J1550–564 became active again (Smith et al. 2000;
Masetti & Soria 2000). This outburst was not as bright as the ﬁrst one,
reaching a maximum luminosity of approximately 1 Crab. Miller et al. (2001)
reported on the analysis of the high frequency timing properties of this outbursts while the spectral evolution was studied by Tomsick et al. (2001a) and
Rodriguez et al. (2003). The correlations between optical, infrared and X-ray
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variability were studied by Jain et al. (2001b).
Further outbursts were detected in 2001 (Tomsick et al. 2001b; Jain et al.
2001a), 2002 (Swank et al. 2002; Bailyn 2002; Belloni et al. 2002a) and most
recently in 2003 (Dubath et al. 2003; Woudt et al. 2003; Miller & Homan
2003; Kuulkers et al. 2003b). These outbursts were short and much dimmer
than the previous two, reaching intensities not higher than 10% of the Crab.
Swank et al. (2002) have reported low-level activity between the 2001 and 2002
outbursts. Radio observations for the 2001 outburst were reported by Corbel
et al. (2001), who found a ﬂat radio spectrum, consistent with a black hole
low state. Aref’ev et al. (2004) reported on the broadband X-ray spectrum
using INTEGRAL (International Gamma-Ray Astrophysics Laboratory) and
RXTE X-ray observations of XTE J1550–564 during the 2003 outburst.
Both low (∼ 0.01 − 20 Hz) and high (∼ 100 − 270 Hz) frequency QPOs have
been studied for this source (see, e.g., Wijnands et al. 1999; Remillard et al.
1999a, 2002a; Cui et al. 2000; Sobczak et al. 2000; Homan et al. 2001; Kalemci
et al. 2001; Miller et al. 2001; Rodriguez et al. 2004) but the broad-band noise
was only studied in some detail (in terms of a decomposition of the broad band
noise into components) by Belloni et al. (2002a) for the 2002 outburst. Results
on time variability during the 2001 and 2003 outbursts are presented for the
ﬁrst time in the present work. XTE J1550–564 and GRO J1655–40 are the
two black hole sources which occasionally show 2 high frequency (> 100 Hz)
peaks simultaneously and at an approximate 2:3 frequency ratio (see review
by van der Klis 2006). In the case of XTE J1550–56, the QPOs were found at
188 ± 3 and 268 ± 3 Hz during the 2000 outburst (Miller et al. 2001).
XTE J1550–564 is also an interesting source since it shows large-scale moving jets which have been detected at both X-ray and radio wavelengths (Corbel
et al. 2002; Tomsick et al. 2003; Kaaret et al. 2003a). The broadband spectrum
of the jets is consistent with synchrotron emission from high-energy particles
that were accelerated either in the shock waves formed within the relativistic
ejecta or by the interaction of the jets with the interstellar medium (Corbel
et al. 2002).

8.5

Observations and data analysis

We use data from the Rossi X-ray Timing Explorer (RXTE) Proportional
Counter Array (PCA; for instrument information see Zhang et al. 1993; Jahoda
et al. 2006). There were a total of 427 pointed observations in sixteen data
sets (30188-06, 30191-01, 30435-01, 30514-03, 40142-04, 40401-01, 40501-01,
50134-01, 50134-02, 50135-01, 50137-02, 50427-01, 60428-01, 70402-01, 8013501, 80412-01) which sample all the outbursts of XTE J1550–564 detected with
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RXTE. Each observation comprises from a fraction of one to several entire
satellite orbits, for ∼ 1 to ∼ 14 ksec of useful data per observation.
We use the 16-s time-resolution Standard 2 mode data to calculate X-ray
colors. For each of the ﬁve PCA detectors (PCUs) we calculate a soft and
a hard color deﬁned as the count rate in the 6.0–16.0 keV band divided by
the rate in the 2.0–6.0 keV band and the 16.0–20.0 keV rate divided by the
2.0–6.0 keV rate, respectively and the intensity, deﬁned as the count rate
in the 2.0–20 keV band. To obtain the count rates in these exact energy
ranges, we interpolate linearly between PCU channels. We then perform deadtime corrections, subtract the background contribution in each band using the
standard bright source background model for the PCA, version 2.1e1 , remove
instrumental drop-outs and ﬁnally obtain colors and intensity for each time
interval of 16s. The RXTE gain epoch changes with each new high voltage
setting of the PCUs (Jahoda et al. 2006). In order to correct for these gain
changes as well as the diﬀerences in eﬀective area between the PCUs, we used
the method introduced by Kuulkers et al. (1994, when analyzing EXOSAT2
data): for each PCU we calculate, in the same manner as for XTE J1550–564,
the colors of the Crab, which can be supposed to be constant. We then average
the 16s Crab colors and intensity for each PCU for each day. For each PCU
we divide the 16s color and intensity values obtained for XTE J1550–564 by
the corresponding average Crab values that are closest in time but in the same
RXTE gain epoch. Then, we average the colors and intensity over all PCUs.
Finally, we average the 16s colors per observation.
In order to better constrain the intensity behavior of the diﬀerent outbursts,
we also extracted the All-Sky Monitor (ASM) data (Levine et al. 1996). The
ASM is sensitive in the range 2 to 12 keV and it performs sets of 90s pointed
observations, covering ∼ 80% of the sky every ∼ 90 minutes.
For the Fourier timing analysis we used data from the PCA’s Event, Good
Xenon and Single Bit modes. Leahy-normalized power spectra were constructed using data segments of 128, 256, 512 or 1024 seconds and a time
resolution such that the lowest available frequency is 1/128, 1/256, 1/512 or
1/1024 Hz and the Nyquist frequency was either 2048 or 4096 Hz. (The choice
of data segment length depended on the data structure and the type of variability present – see also Appendix I for more information). No background
or deadtime corrections were made prior to the calculation of the power spectra. We ﬁrst averaged the power spectra per observation. We inspected the
shape of the average power spectra at high frequency (> 1500 Hz) for unusual
features in addition to the usual Poisson noise and found none. We then sub1
2

PCA Digest at http://heasarc.gsfc.nasa.gov/ for details of the model
A European Space Agency X-ray Observatory Satellite
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tracted a predicted dead-time modiﬁed Poisson noise spectrum estimated from
the power at frequencies higher than 1500 Hz, where neither intrinsic noise nor
QPOs are known to be present, using the method developed by Klein-Wolt
(2004) based on the analytical function of Zhang et al. (1995). In most cases,
this method correctly modeled the Poisson noise spectrum. However, in a few
cases we found signiﬁcant excess of power which was well ﬁtted with a broad
Lorentzian with characteristic frequency higher than 400 Hz. It is possible
that these power excesses are instrumental, but since we cannot exclude the
possibility that they are real, we included them in our results. The resulting
power spectra were converted to squared fractional rms (van der Klis 1995a).
In this normalization the square root of the integrated power density equals
the fractional rms of the intrinsic variability in the source count rate.
To ﬁt the power spectra, we used a multi-Lorentzian function: the sum of
several Lorentzians, each denoted as Li , where i denotes the type of component. The characteristic frequency (νmax , see deﬁnition below) of Li is
denoted νi . We mostly only include those Lorentzians in the ﬁts whose
single-trial signiﬁcance exceeds 3σ based on the negative error bar on the
power integrated from 0 to ∞. In a few cases, extra (< 3σ) components
were needed. In Appendix II we describe those cases in detail. We give the
frequency of the Lorentzians in terms of characteristic frequency νmax (the
frequency where the component contributes most of its variance per logarithmic
frequency interval)as introduced by Belloni et al. (2002b): νmax =

2
ν0 + (F W HM/2)2 = ν0 1 + 1/4Q2 . For the quality factor Q we use the
standard deﬁnition Q = ν0 /F W HM . FWHM is the full width at half maximum and ν0 the centroid frequency of the Lorentzian.
In some cases in which QPOs were very coherent (high values of Q), we ﬁnd
that the multi-Lorentzian function is not able to correctly model the peak, and
therefore the χ2 /dof was high (Q  2; examples of such cases in the current
work can be seen in panel A12 in Figure 8.20 and panel B7 in Figure 8.21).
Three possible solutions to this problem are: (i) to use several Lorentzians to
model a single peak, (ii) to use a combination of Gaussians and Lorentzians
for some of the features or (iii) to ﬁt each peaked feature with one Lorentzian
even if the ﬁnal χ2 /dof is high. We ﬁnd that (i) is not a good solution, as
an unrealistic number of components are needed to model the high Q features
well, while the use of one Gaussian plus one Lorentzian [i.e. method (ii)] to
ﬁt each peaked feature would signiﬁcantly improve the χ2 /dof (based on an
F-test). The problem of using method (ii) however, is that sometimes the
frequency of the Gaussian nor that of the Lorentzian represent the peak of
the feature. Estimating the true quality factor Q represents an additional
problem with this method. Therefore, we opted to use the multi-Lorentzian
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function in which one Lorentzian is used per peaked feature [method (iii)]. We
note that for narrow QPOs, the Q value of the QPO we report can be slightly
underestimated and the fractional rms amplitude slightly overestimated. Since
the broad band noise is the main subject of this paper, we checked how using
methods (ii) and (iii) for the QPOs aﬀect our results on the noise components.
We ﬁnd that the fractional rms amplitude and characteristic frequency of the
broad band noise components did not depend signiﬁcantly on the description
of the QPOs. Although the Q values generally also remained the same within
errors, we found a few cases where Lorentzians with Q  0.5 had to be ﬁxed to
Q = 0 when using method (ii) but were well described with a freely ﬁtted Q in
method (iii). None of these diﬀerences aﬀect our conclusions (see Section 8.8).

8.6

General description of the main ﬁgures used in this
work

Each component we ﬁt in a power spectrum is characterized by 3 values:
the frequency, the quality factor and the rms amplitude. Furthermore, each
component can be diﬀerent at diﬀerent intensities and colors of the source.
Generally, in previous works the complex phenomenology deﬁned by these
variables is presented as two–dimensional projections, in which two variables
are plotted versus each other. In this work we introduce multi-dimensional
plots, in which the extra dimensions are encoded in the size, shape and color
of the symbols. In the following sections we describe the general characteristics
of the main diagrams used in the rest of this work.

8.6.1

Fractional rms amplitude as a function of spectral state

In order to follow the power spectral variations and the total rms amplitude
as a function of the energy spectral changes, we plotted the hardness–intensity
diagram (and details in sub-ﬁgures) of each outburst in Figures 8.3–8.7. In
each ﬁgure, small grey squares represent the average colors for each of the 427
observations we have analyzed in this work. The colored symbols represent the
observations of the speciﬁc outburst the ﬁgure focuses on, colors representing
the averaged rms amplitude in the 0.008–10 Hz range. Open circles, stars and
triangles were used when the integrated power in this frequency range was
< 2.5σ, between 2.5 and 3σ and > 3σ signiﬁcant, respectively. Blue lines link
observations in time order. It is important to note that the color scale here
denotes the fractional rms amplitude in a ﬁxed frequency range and hence has
a diﬀerent meaning from that in the ﬁgures described in Section 8.6.2.
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8.6.2

Power spectral characteristics as a function of time, color
and fractional rms amplitude

For each outburst we have ﬁtted the average power spectrum of each observation with a multi-Lorentzian model as described in Section 8.5 and plotted the
frequencies of all ﬁtted components versus time (Figures 8.8–8.13) and versus
hard color (Figures 8.14–8.18).
In all these ﬁgures, we have encoded the value of the quality factor Q in the
shape and size of the symbol representing each component. All the components
with Q < 1.8 are represented by squares, with 1.8 ≤ Q ≤ 2 by diamonds
and with Q > 2 by circles. In this way it is possible to diﬀerentiate broad
band noise, Q < 1.8, from QPOs, Q > 2, with the diamonds representing
components which, given uncertainties are often straddling the two deﬁnitions.
The quality factor is encoded such that the linear size of the symbol S follows
the relation S = 3.5 × og10 (Q + 3.5). This relation has no physical meaning
but allows to visualize the quality factor Q of all components in the power
spectra.
The fractional rms amplitude of each component is encoded in the color of
the symbol. The color scale diﬀers between outbursts, but in a given outburst
is the same between ﬁgures.

8.6.3

Power spectra

As reference to be used with the ﬁgures described above, we show representative power spectra for each outburst (Figures 8.20–8.23). The panels in each
Figure are ordered numerically in time, but note that similar spectra could
recur at diﬀerent times during the outbursts. The times of occurrence of these
representative power spectra are marked with white stars on the top margin
of Figures 8.8, 8.10, 8.11 and 8.13 (see Section 8.6.2).
For plotting the power spectra in each panel, we use the power times frequency representation (νPν ), where each power spectral density estimate Pν
is multiplied by its Fourier frequency ν. For a Lorentzian this representation
helps to visualize the characteristic frequency νmax , as in νPν the Lorentzian’s
maximum occurs at νmax . The area below the Lorentzian equals the integrated
power of the component and is proportional to the square of the fractional rms
amplitude. In all ﬁgures, the ordinate is in units of rms normalized power density [in (rms/Mean)2 Hz−1 times frequency (in Hz), i.e., dimensionless] and
the range is always 3 × 10−7 − 1. This makes it easier to compare the changes
in total fractional rms amplitude between source states and source outbursts.
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Figure 8.3: Hardness–Intensity diagram for observations during outburst A.
Small grey square symbols represent the average colors during other outbursts of
XTE J1550–56. Colored symbols represent the observations during this outburst.
Open circles, stars and triangles were used when the integrated power in the 0.008–
10 Hz range was < 2.5σ, between 2.5 and 3σ and > 3σ signiﬁcant, respectively. Color
bar with the rms amplitude scale is plotted.
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Figure 8.4: Hardness–Intensity diagram for observations during outburst B.
Small grey square symbols represent the average colors during other outbursts of
XTE J1550–56. Colored symbols represent the observations during this outburst.
Open circles, stars and triangles were used when the integrated power in the 0.008–
10 Hz range was < 2.5σ, between 2.5 and 3σ and > 3σ signiﬁcant, respectively. Color
bar with the rms amplitude scale is plotted.
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Figure 8.6: Hardness–Intensity diagram for observations during outburst C.
Small grey square symbols represent the average colors during other outbursts of
XTE J1550–56. Open circles, stars and triangles were used when the integrated
power in the 0.008–10 Hz range was < 2.5σ, between 2.5 and 3σ and > 3σ signiﬁcant,
respectively. Color bar with the rms amplitude scale is plotted.
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Figure 8.7: Hardness–Intensity diagram for observations during outbursts D, E and
F. Small grey square symbols represent the average colors during other outbursts of
XTE J1550–56. Colored symbols represent the observations during the three outbursts. Open circles, stars and triangles were used when the integrated power in the
0.008–10 Hz range was < 2.5σ, between 2.5 and 3σ and > 3σ signiﬁcant, respectively.
Color bar with the rms amplitude scale is plotted.
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ν for all components (Hz)
Figure 8.8: Characteristics of the QPOs and broad band noise as a function of time for
outburst A. The ordinate marks the characteristic frequency of the components, the abscissa
the time of the observation, the type of symbol the quality factor (see also inset) and the
color of the symbol the fractional rms amplitude of the component. The color bar gives
the rms amplitude. Blue, red and black lines connect the intensity, hard and soft color
measurements, respectively. Note that these values have been scaled by the factor indicated
in the inset. See Section 8.6 for a further description of the symbols and colors used.
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Figure 8.9: Similar to Figure 8.8, but only for the noise components in the period
MJD 51062–51075.
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Figure 8.10: Characteristics of the QPOs and broad band noise as a function of time for
outburst B. The ordinate marks the characteristic frequency of the components, the abscissa
the time of the observation, the type of symbol the quality factor (see also inset) and the color
of the symbol the fractional rms amplitude of the component. The color bar gives the rms
amplitude for all symbols except for the square at MJD 51319.5, which has an rms amplitude
of 39%. Blue, red and black lines connect the intensity, hard and soft color measurements,
respectively. Note that these values have been scaled by the factor indicated in the inset.
See Section 8.6 for a further description of the symbols and colors used. See Section 8.7.6
for a description on a power spectral transition that occurred at the time marked with the
arrow.
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ν for all components (Hz)

Figure 8.11: Characteristics of the QPOs and broad band noise as a function of time for
outburst C. The ordinate marks the characteristic frequency of the components, the abscissa
the time of the observation, the type of symbol the quality factor (see also inset) and the
color of the symbol the fractional rms amplitude of the component. The color bar gives
the rms amplitude. Blue, red and black lines connect the intensity, hard and soft color
measurements, respectively. Note that these values have been scaled by the factor indicated
in the inset. See Section 8.6 for a further description of the symbols and colors used. See
Section 8.7.4 for a description on the frequency jump that occurred at the time marked with
the arrow.
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Figure 8.12: Similar to Figure 8.11, but for the period MJD 51640–51665. Note
that we only plot the points for the broad components.
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Figure 8.13: Characteristics of the QPOs and broad band noise as a function of
time for outbursts D, E and F. The ordinate marks the characteristic frequency of the
components, the abscissa the time of the observation, the type of symbol the quality
factor (see also inset) and the color of the symbol the fractional rms amplitude of the
component. The color bar gives the rms amplitude. Blue, red and black lines connect
the intensity, hard and soft color measurements, respectively. Note that these values
have been scaled by the factor indicated in the inset. See Section 8.6 for a further
description of the symbols and colors used.
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Figure 8.14: Characteristics of the QPOs (lower panel) and broad band noise (upper
panel) as a function of Hard color for outburst A. Symbols are as in Figure 8.8 (see
also Section 8.6).
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Figure 8.15: The same as Figure 8.14, but only for the time interval MJD 51080–
51120
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Figure 8.16: Characteristics of the QPOs (lower panel) and broad band noise (upper
panel) as a function of Hard color for outburst B. Symbols are as in Figure 8.10 (see
also Section 8.6).
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ν for all components (Hz)

Figure 8.17: Characteristics of the QPOs (lower panel) and broad band noise (upper
panel) as a function of Hard color for outburst C. Symbols are as in Figure 8.11 (see
also Section 8.6).
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Figure 8.18: Characteristics of the broad band noise as a function of Hard color for
outburst E. Symbols are as Figure 8.13 (see also Section 8.6).
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Figure 8.19: Characteristics of the broad band noise measured during outburst F, as
a function of the component’s fractional rms amplitude. Symbols are as in Figure 8.13
(see also Section 8.6).
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In the same ﬁgures, the abscissa is in units of Hz and for outbursts A, B and
C is in the 3 × 10−3 − 4096 Hz range, while for outbursts D, E and F is in the
3 × 10−4 − 4096 Hz. The diﬀerence in abscissa range chosen allows to better
describe the characteristics of the power spectra in the diﬀerent outbursts. In
all cases, we have re-binned the data diﬀerently between panels to balance
between the frequency resolution and the signal-to-noise ratio.

8.7
8.7.1

Results
The light curves

RXTE has observed the transient black hole candidate XTE J1550–56 during
all the detected outbursts since MJD 51000. In Figure 8.24 we show the
intensity of the source (in Crab units – see Section 8.5) versus time for all
pointed observations. The ﬁrst outburst was the brightest and longest. The
ﬁrst observation was on September 7th, 1998 (MJD 51063, Smith 1998) and
the outburst lasted for more than 260 days. The following outbursts began
at the end of March 2000 (MJD 51630 Smith et al. 2000; Masetti & Soria
2000), end of January 2001 (MJD 51930, Tomsick et al. 2001b; Jain et al.
2001a), end of November 2001 (MJD 52240, Swank et al. 2002; Bailyn 2002)
and end of March 2003 (MJD 52720, Dubath et al. 2003; Woudt et al. 2003;
Miller & Homan 2003; Kuulkers et al. 2003b). For simplicity, in this work we
have labeled the diﬀerent outbursts with the letters A, B, C, D, E and F (in
order of occurrence – see also Figure 8.24). Since the ﬁrst outburst showed a
deep and broad minimum of intensity (∼ 60 mCrab) at MJD∼ 51150 and then
increased again, we treated the two phases of this long outburst separately.
“Outburst A” comprises the observations between MJD 51063 and 51150, and
“outburst B” those between MJD 51150 and 51410.
From Figure 8.24 it can be seen that the observations do not always sample
the whole outburst, but usually cover the last part of the rise and most of
the decay. In Figure 8.25 we plot the ASM light curve (drawn lines) and the
average intensity per PCA observation (symbols) in units chosen to approximately match the ASM countrates. Although the ASM and PCA light curves
generally match well, sometimes there are clear diﬀerences. For example, the
ﬂare at MJD 51075 during outburst A is larger in the PCA than in the ASM,
indicating that the ﬂare was stronger at higher energies (Remillard et al. 1998),
where the PCA (2–60 keV) is more sensitive than the ASM (1.5–12 keV).
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Figure 8.20: Representative power spectra for outburst A. See Section 8.6 for further
description of this Figure. The time of each power spectrum is marked with a white
star at the top Figure 8.8. The re-binning varies between the panels to balance the
frequency resolution with the signal-to-noise ratio.
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Figure 8.21: Representative power spectra for outburst B. See Section 8.6 for further
description of this Figure. The time of each power spectrum is marked with a white
star at the top Figure 8.10. The re-binning varies between the panels to balance the
frequency resolution with the signal-to-noise ratio.
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Figure 8.22: Representative power spectra for outburst C. See Section 8.6 for further
description of this Figure. The time of each power spectrum is marked with a white
star at the top Figure 8.11. The re-binning varies between the panels to balance the
frequency resolution with the signal-to-noise ratio.
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Figure 8.23: Representative power spectra for outbursts D (D1-D4), E (E1-E3) and
F (F1-F3). See Section 8.6 for further description of this Figure. The time of each
power spectrum is marked with a white star at the top Figure 8.13. The re-binning
varies between the panels to balance the frequency resolution with the signal-to-noise
ratio.

173

8. The transient black hole candidate XTE J1550–564 as seen by RXTE

Intensity (Crab)

10
1
0.1
0.01

(A)

(B)

(C)

(D)

(E)

(F)

0.001
51000 51200 51400 51600 51800 52000 52200 52400 52600 52800
Time (MJD)

Figure 8.24: Intensity in Crab units (see Section 8.5) of all pointed observations of
the BH XTE J1550–564. Each vertical line delimits the diﬀerent outbursts (named
A–F in time order) that are discussed in this paper. Of course, outbursts A and B
could be considered as being only one. However, for clarity we will deal with them
separately (see Section 8.7.1). Errors are typically smaller than the symbols.

8.7.2

Hardness–intensity diagram and colors as a function of time

In Figure 8.26 we plot the Hardness–Intensity diagram (HID) for all outbursts
together. The symbols are the same as those in Figures 8.24 & 8.25. Labels A
to F mark the ﬁrst observation for each outburst. All outbursts start at colors
harder than Crab except B (the continuation of outburst A). The tracks that
XTE J1550–564 traces out in the HID during each outburst resemble those
shown in Figure 8.1. Besides the LS, HS and the SIMS/HIMS, XTE J1550–
564 seems to show an even softer state during outburst B which follows a
diﬀerent track than that usually drawn in the HID by other black holes. While
generally outburst loops are drawn counter-clockwise (see Section 8.2), the
loop corresponding to outburst B is traced out clockwise and located in a
softer area of the hardness–intensity diagram.
Outbursts A, B and C are the brightest of the 6 outbursts. At the beginning they all show a spectral softening as the source becomes brighter (see
Figure 8.26). This is the usual observed behavior for black hole outbursts when
they move in the LS to higher ﬂux, and then from the LS to the HIMS (see Section 8.2 and references within). Their further time evolution diﬀers. Outburst
C smoothly traces the square–like HID pattern in a counterclockwise direction
following the LS→IMS→HS→IMS→LS sequence as expected for a typical BH
outburst (see Section 8.2). Although outburst A draws a similar pattern, its
intensity decay was interrupted at a level of ∼ 7 × 10−2 Crab by outburst B
and did not reach the LS. Probably because outburst B is the continuation
of outburst A, we ﬁnd that the evolution of outburst B is entirely diﬀerent
from that of A (see also Homan et al. 2001; Remillard et al. 2002a). At the
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beginning of outburst B, the intensity increases as the hardness decreases (as
it is usual early in an outburst, when the source emerges from the LS). When
the source reaches the maximum intensity levels, the hard color does not show
a further decrease nor does the source draw the counterclockwise square-like
shape, but instead it remains in a ﬂaring period for approximately 80 days
(Homan et al. 2001). After this the source moves to harder colors at a rather
constant intensity until it reaches approximately the same region in the HID
as that in which XTE J1550–564 spent most of its time during outburst A
(see Figure 8.26). At this point the intensity starts to drop at constant hard
color, overlapping the track drawn during the decay of outburst A, down to
intensities an order of magnitude lower than those at which outburst B started
(Homan et al. 2001). So outburst B, as the continuation of outburst A, traces
a loop in a clockwise direction. At the end of the decay, it shows an intensity
ﬂare that is accompanied by a hardening of the spectra (Homan et al. 2001).
The rest of the decay occurs at hard colors similar to those measured during
the decay of outburst C, D, E and F.
Outbursts D, E and F were hard and weak outbursts (Belloni et al. 2002a,
and this work) and none of them reached hard colors lower than Crab. While
outburst E is sampled during the decay, outburst D and F are sampled during
the late rise and the peak and in the case of outburst D, during most of
the decay. The hard colors during the decay of outbursts D and E are very
similar. Although the decay of outburst F was barely sampled by RXTE (see
Figure 8.25), the last two observations of this outburst suggest that it also
followed a similar track.
Interestingly, Figure 8.26 shows that for all outbursts (if we consider A and
B as one) when near the end the ﬂux drops below several 0.001 Crab, the spectral hardness is similar regardless of the duration and the maximum intensity
reached during each outburst. Moreover, near the end all outbursts show a
slight softening of the spectra (see also Figures 8.4, 8.6 & 8.7). Figure 8.26
also shows that the main hard–soft (LS–HS) transitions and vice versa occur
at diﬀerent intensity levels in diﬀerent outbursts. Consistent with what was
reported for GX 339–4, a higher ﬂux in the LS–HS transition predicts a lower
one for the reverse transition (Belloni et al. 2006).
In order to allow to follow the time evolution of the intensity and colors in
correlation to the power spectral evolution, in Figures 8.8, 8.10, 8.11 & 8.13
we plot the average intensity (blue), the average hard (red) and the average
soft (black) color versus time. For clarity, we have scaled the intensity and the
colors (in Crab units) diﬀerently for each ﬁgure. The multiplicative factors
are reported in the ﬁgures. Similar ﬁgures using PCA data can be found in
Cui et al. (1999) for the ﬁrst part of outburst A and in Homan et al. (2001)
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Figure 8.25: ASM light curve (crosses connected by lines, no errors plotted) of each
outburst of the BH XTE J1550–564 separately. Also plotted is the averaged intensity
in Crab units per PCA observation (symbols are the same as Figure 8.24; errors are
typically smaller than the symbols) in units chosen to approximately match the ASM
countrates. Although the ASM light curve generally matches the intensity as seen
from the PCA pointed observations, sometimes there are clear diﬀerences, probably
due to the fact that the PCA (2–60 keV) is more sensitive at high energies than the
ASM (1.5–12 keV).
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Figure 8.26: Hardness vs. Intensity in units of Crab for all pointed observation
of the BH XTE J1550–564. The labels A–F refer to the 6 outburst shown in Figures 8.24 & 8.25. The position of each label shows the point in the HID in which
the corresponding outburst starts. By following the lines that connect the points it is
possible to follow the change in color/intensity with time (see also Figures 8.3–8.7).
The symbols are the same as in Figure 8.24. Errors are plotted.
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for outburst B. Additional similar ﬁgures have been reported by Kubota &
Done (2004) for outbursts A and B and Miller et al. (2001) for outburst C,
but these used the ASM, which is much less sensitive than the PCA. (For
example, ﬁgure 1 in Kubota & Done 2004 shows that the ASM did not detect
the soft-state ﬂaring studied by Homan et al. 2001). The time evolution of
energy spectral components for outbursts A, B and C can be found in Sobczak
et al. (1999) and Kalemci et al. (2001).
In the following 4 sections we describe the time variability as measured in
the diﬀerent outbursts. We ﬁrst describe outbursts D, E and F as they are
the simplest, then C, and ﬁnally A and B.

8.7.3

Time variability during outbursts D, E and F

As shown in Figure 8.25, it is not obvious from the ASM lightcurve when
outburst D started. An extrapolation of the PCA data suggests that it was not
before MJD 51920. The outburst apparently lasted until MJD∼ 52000 so we
estimate ∼ 80 days as an upper limit for the duration of the outburst. During
this period, RXTE observed the source with the PCA on 48 opportunities.
Similarly, the ASM light curve suggests that outburst E started on MJD∼
52240 and lasted until MJD∼ 52320 for a total of ∼ 80 days sampled with 27
PCA observations. Outburst F started around the MJD∼ 52720 and lasted
until MJD∼ 52780 for a total of ∼ 60 days sampled with 25 PCA observations.
Only broad noise components were signiﬁcantly observed in the power spectra of the individual observations. In Figure 8.13 we plot the characteristics
of all power spectral components as a function of time, and in Figure 8.23 we
show representative power spectra for each outburst labeled D1 to D4, E1 to
E3 and F1 to F3. The times at which these power spectra occurred are indicated by the white stars at the top of the frame in Figure 8.13. One to three
Lorentzian components were needed to ﬁt the diﬀerent power spectra during
these outbursts. All power spectra are consistent with those expected for the
LS of black holes: they are strong (∼ 40 − 60% rms over 0.001–100 Hz), and
tend to have a ﬂat-top at low frequencies, a break in the 0.01–0.1 Hz range
and an additional bump or knee in the 1–10 Hz range.
The ﬁrst pointed observation during outburst D was performed on MJD
51937.7 (ObsId: 50427-01-01-00) and is well ﬁtted with 3 broad Lorentzians
at frequencies 1.5±0.1, 0.15±0.02 and 0.008±0.001 Hz (see D1 in Figure 8.23).
As the outburst proceeds, the power spectra remain approximately the same
although only 2 components were sometimes needed (e.g., D4) for a good ﬁt.
In many cases (e.g., D3 and D4) there is power excess in the form of broad
feature at frequencies lower than 0.05 Hz and in the form of a QPO with
frequencies between 10 and 30 Hz (e.g D2 and D3). In most cases statistics
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were not suﬃcient to measure these power excesses. After MJD 51990, no
signiﬁcant power is observed in the power spectra.
The ﬁrst pointed observation during outburst E was performed on MJD
52284.9 (ObsId: 60428-01-01-00) and is ﬁtted with 3 broad Lorentzians (see
E1). As the source evolves in time, the power spectra are well ﬁtted with only
two broad components and although the power spectral shape remain approximately the same, the characteristic frequency of the components decreases
(from 2.37 ± 0.07 to 0.51 ± 0.17 Hz and from 0.21 ± 0.07 to 0.030 ± 0.009 Hz
for the upper and the lower component, respectively – see also Belloni et al.
2005). Similarly to what we observe in outburst D, sometimes there is an
excess of power at low frequencies (e.g., E2, see also panels A, C and H in
ﬁgure 1 of Belloni et al. 2002a). In two cases we found 3.1σ signiﬁcant excesses of power in the form of broad components at (high) frequencies 40 ± 5
+1.6
and 50 ± 25 Hz, quality factors of 1.7−0.9
and 0.0 (ﬁxed) and fractional rms
amplitudes of 4.0 ± 0.6% and 8.4 ± 1.1%, respectively (see Figure 8.13, not
plotted in Figure 8.23.).
The ﬁrst pointed observation during outburst F was performed on MJD
52725.6 (ObsId: 80135-01-01-00) and is ﬁtted with 2 broad Lorentzians (see
F1 in Figure 8.23). As the outburst proceeds, the power spectral shape remains
approximately the same although most of the time 3 components needed for a
good ﬁt. Note, however, that there are no observations sampling the decay of
outburst F. Similarly to outburst D and E, excess of power at low frequencies
sometimes occurs.
In Figure 8.7 we plot the hardness–intensity diagram for these three outbursts. As can be seen, the 0.008–10 Hz fractional rms amplitude of the power
spectra during most of the observations is high (35–60%, 35–50% and 42–46%
for ourbursts D, E and F, respectively). The peaks of outbursts D and F were
mostly sampled at the same hardness but their intensities are a factor of ∼ 2
diﬀerent (F being the brightest). The observations of outburst E, whose peak
was not covered with the pointed observations, show that the source reached
levels at least as bright as outburst F, but at similar ﬂux levels it was softer.
All 3 outbursts show a slight softening of the spectra during the decay. Signiﬁcant power is measured until the source becomes dimmer than ∼ 2 × 10−3
Crab.
We ﬁnd a positive correlation between the frequency of the ν ∼ 1 Hz broad
component and hard color during outburst E (see Figure 8.18). The frequency
of the ν > 1 Hz broad component measured during outburst F anti-correlates
with this component’s amplitude (see Figure 8.19). We ﬁnd no signiﬁcant
relations between the characteristic frequencies and either colors or intensity
during outbursts D and F, nor between the characteristic frequencies and their
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components’ rms amplitudes during outbursts D and E (not plotted).
So, the frequencies, fractional rms amplitudes and colors we ﬁnd during
outbursts D, E and F are typical of the black hole low state. The fact that
the power spectra can be ﬁtted with a simple model consisting of two or three
Lorentzian components, mostly with zero centroid frequency, is consistent with
ﬁndings by Belloni et al. (2002b) for the hard states of black hole sources.
Contrary to what we will report below for the other outbursts, for outburst
E we ﬁnd that the frequency of the ν ∼ 1 Hz component increases with color
(this work) and decreases in time (see Figure 8.13 and Belloni et al. 2002a).

8.7.4

Timing variability during Outburst C

Outburst C started on MJD 51630 and lasted until MJD∼ 51730 for a total of
∼ 100 days sampled with 67 pointed PCA observations. One to six Lorentzian
components were needed to ﬁt each power spectrum. In Figure 8.11 we plot
the characteristics of all components as a function of time while in Figure 8.22
we show 15 representative power spectra for this outburst. They are labeled
from C1 to C15 and are time ordered. The times at which these power spectra
occurred are indicated by the white stars at the top of the frame in Figure 8.11.
Similar spectra to these can recur at diﬀerent times during the outburst. Figure 8.6 illustrates where in the hardness–intensity diagram these 15 power
spectra were observed. The track traced during this outburst in the hardness–
intensity diagram is diﬀerent than in that for outbursts D, E and F except in
the decay, during which all outbursts show the slight softening of the spectra
(see Section 8.7.2).
The ﬁrst pointed observation in outburst C corresponds to ObsId 50137-0201-00 and was performed on MJD 51644.49. As can be seen in Figure 8.25, this
observation was performed about 15 days after the beginning of the outburst.
As often found in the low state of black holes, the power spectrum contains 2
QPOs at low frequencies (between 0.1 and 1 Hz, Type C, Rodriguez et al. 2004)
plus 3 broad Lorentzians that ﬁt the broad band noise (see C1 in Figure 8.22).
In Figure 8.12 we show the characteristics of the broad band components as
they evolve in time during the period MJD 51640–61665 (see also Figure 8.11).
There are two clear groups of components, namely χ1 and χ2 , whose frequency
is rather constant (at ∼ 30 Hz and ∼ 6 Hz) until MJD 51657, when the
frequency of χ1 seems to start to increase, while χ2 is not signiﬁcantly detected
anymore. As can be seen in Figure 8.12, the behavior of the component in χ3
during the ﬁrst ∼ 7 days is complex, as the component observed in the ﬁrst
two observations (MJD< 51646) seem to split in two between MJD 51646.5
and 51649, to become again one component (when only one component, its
fractional rms amplitude is higher than that of any of the “split” components,
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suggesting that the rms was distributed over the two). At MJD 51650.5 a new
component at frequencies lower than 0.02 Hz is signiﬁcantly detected (group
χ4 ), and simultaneously with this the frequencies of the components in both χ3
and χ4 start to increase. Panels C1–C4 are representative of the time evolution
described above, in which the source moves from the LS to the HIMS. C4 is
the power spectrum of an observation taken on MJD 51660.08 (ObsId: 5013402-01-01, see also Figure 8.6). On MJD∼ 51662.1 (ObsId 50134-02-02-00) and
after a data gap of ∼ 2 days, we ﬁnd that the power spectral characteristics
have changed from typical HIMS power spectra to the typical SIMS shape
shown in C5, in which the 0.008–10 Hz fractional rms amplitude has dropped
from 20.88 ± 0.09 to 6.71 ± 0.03% mainly due to a drop in noise amplitudes,
and the QPO frequencies slightly increased (the strongest QPO frequency
changed from 4.009 ± 0.005 to 4.53 ± 0.01 Hz; Type C → Type B, Rodriguez
et al. 2004). As can be seen from Figures 8.6 & 8.11, the transition coincides
with the highest intensity point sampled by the RXTE pointed observations
but not with an extreme value of the hardness.
On MJD∼ 51664.4 (ObsId:50134-02-02-01) and after a decrease in intensity
and a further decrease of colors, the power spectral characteristics change from
C5 to C6. The same power spectral characteristics are also seen in a second
observation performed the same day (50134-02-03-00). These power spectra
are well ﬁtted with 6 Lorentzians at 276 ± 21, 29 ± 1.3, 17.1 ± 0.5, 6.9 ± 0.1 and
+6.2
0.017 ± 0.002 Hz and quality factors 0.9 ± 0.3, 1.8 ± 0.5, 6.11.9
, 1.37 ± 0.09
and 0.7 ± 0.1, respectively. This is the only observation in outburst C in
which we observe very low frequency noise in the form of a steep power law at
frequencies lower than 0.1 Hz. This power is well modeled by the Lorentzian at
0.017 Hz. (These power spectra were not reported by Rodriguez et al. 2004; we
nevertheless note that the QPO at 17.1 Hz cannot be unambiguously classiﬁed
as either type A, B or C). Coincident with this type of power spectrum, the
decrease in intensity continues, but at a rather constant hardness and during a
period of ∼ 8 days, in which the power spectra change from consisting of just a
single broad component at frequencies lower than 50 Hz (not plotted), to power
spectra that can be ﬁtted with 3 components (a QPO in between two broad
Lorentzians, see power spectrum C8). This period is the closest approach to
the HS of the source during this outburst, reaching rms amplitudes as low as
∼ 4% (softer colors and lower rms amplitudes than these are observed during
outburst B, see Sections 8.7.2 & 8.7.6).
On MJD 51674.7 and as the source hardens again as it enters the HIMS
and the power spectral shape changes to C9 (Type B or C, see discussion by
Rodriguez et al. 2004). As can be seen in Figures 8.6, 8.11 & 8.22, C5 and
C9 are very similar in both color and power spectrum and characteristic of
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the SIMS, although the 0.008–10 Hz fractional rms amplitude in C9 is higher
than in C5 (9.49 ± 0.05 and 6.71 ± 0.03%, respectively).
On MJD 51675.4 the power spectrum changes to C10 (50134-01-03-00).
This power spectrum is diﬀerent from all the other ones in outburst C (but
see power spectra A5 and A6 in Section 8.7.5); the QPO reaches its maximum
frequency (16.9 ± 0.1 Hz) and this is the only time we detect more than two
broad components at frequencies lower than that of the QPO. On MJD 51676
the power spectrum changes to the typical HIMS shape seen in C11 (5013401-04-00), in which the QPO is now detected at frequencies lower than 10 Hz
(as it is the case for all power spectra except C10).
So starting on MJD 51676 and as the intensity decreases and the colors
increase, the power spectral components evolve to lower frequencies in a similar
but inverse pattern to that observed in the ﬁrst part of the outburst (i.e. from
the HIMS to the LS, although at lower intensities). Power spectra C11–C15
synopsize this evolution which can also be followed in Figure 8.11 (QPOs when
present, are Type C, Rodriguez et al. 2004). This evolution ﬁnishes on MJD
51707.5, after which no signiﬁcant features are present in the power spectra.
As can be seen in Figure 8.11, starting on MJD 51673 the hard color starts
to increase (the decay of the outburst started about 10 days earlier) and the
characteristic frequencies of the broad band noise components decrease with
time. At 51685, the highest-frequency broad band component in each power
spectrum jumps in both frequency and fractional rms amplitude. Between
MJD 51673 and 51685, the component has rms amplitudes lower than ∼ 10%
and characteristic frequencies higher than 50 Hz, while after the jump it has
rms amplitudes higher than ∼ 15% and characteristic frequencies less than
10 Hz (down to 0.8 Hz). There is one observation which shows two components simultaneously, suggesting that there are two diﬀerent components in
the power spectra which dominate at diﬀerent times of the evolution of the
source (we note that power spectra made up of sub-datasets of the same observation also show the two components). The time of the jump coincides with
the time at which the hard color stops its steep increase (which started on
MJD 51673) suggesting that it can be related with a spectral state change. In
Figure 8.6 we mark this point with the label “MJD 51685” and in Figure 8.11
with “Jump”. Klein-Wolt & van der Klis (2008) also reported on this (see
their ﬁgure 6). In their interpretation the components measured before the
jump are the blend of two broad components that are at similar frequency and
cannot be resolved with the statistics of the present data. After the jump the
two components’ frequency diﬀerence is large enough to resolve them. When
the lower frequency component dominates, the higher frequency component
is not signiﬁcant (except in one case, see above) but its 95% conﬁdence up-
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per limits are relatively high, between 3 and 10% (Klein-Wolt & van der Klis
2008).
During the period MJD 51673–51705, the characteristic frequency of the
low frequency components in the power spectra also decrease in time, but no
frequency or rms amplitude jump is seen such as that discussed for the high
frequency component.
In Figure 8.17 we show that during this outburst, the relation between
hardness and characteristic frequency of the QPOs can be divided in two: (i)
there is an anti-correlation between hardness and frequency at colors harder
than 1.5, which may ﬂatten around this value of the hard color and (ii) at
hard colors less than 1, the frequency of the diﬀerent features shows no clear
trend. Between hard color values of 1 and 1.5 there is insuﬃcient data to
tell. In the case of the broad components, the distribution of data points
is more complex. At colors harder than 2, there are 4 tracks: the top two
and bottom one being at approximately constant frequency while for the one
but lowest one, frequency anti-correlates with color. At hard colors between
1.5 and 2, there might be 4 tracks as well, but the sparseness and dispersion
of the data prevent us to connect them with the previous ones. At colors
between 0.6 and 1.5 three tracks are present, and at colors softer than 0.6
four tracks are again visible. The data plotted in this ﬁgure do not allow
for an obvious connection between tracks. (We note that separating the data
corresponding to the rise from those corresponding to the decay has no eﬀect
on the description mentioned above).
From Figure 8.17, it is also possible to see the dependence of the rms amplitude of the diﬀerent components with hardness. In the case of the QPOs,
the fractional rms amplitudes increase with color. The relation, however, is
not strict. Depending on the assumed connection between the tracks observed
in the upper panel of Figure 8.17, the same is true for the broad components.
Using the data points before the peak of the outburst separately from those
after the peak of the outburst smooths the correlation between hard color and
rms amplitude of the components although it is still not strict (not plotted).

8.7.5

Time variability during Outburst A

Outburst A started on MJD 51063 and lasted until MJD 51150 for a total of
87 days sampled with 78 PCA observations. One to eight Lorentzian components were needed to ﬁt each power spectrum. In Figure 8.8 we plot the
characteristics of all components as a function of time while in Figure 8.20
we show 15 representative power spectra for this outburst. They are labeled
from A1 to A15 and are time ordered. The times at which these power spectra
occurred are indicated by the white stars at the top of the frame in Figure 8.8
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and in Figure 8.3 we illustrate where in the HID these power spectra were
observed.
During the ﬁrst ∼ 12 days of the outburst corresponding to the period prior
to the 6.8 Crab X-ray ﬂare (see below), the intensity increased as the hard
and soft colors decreased (see Figure 8.8). The power spectra are well ﬁtted
with 2 to 5 broad Lorentzians and 1 to 3 sharp Lorentzians to ﬁt broad band
noise and QPOs, respectively. These power spectra are typical of the LS and
are similar to those observed during the LS of outburst C (e.g., C1-C3). A1,
A2 and A3 summarize the evolution during this period. The characteristic
frequencies of the two QPOs that can be seen in A1 (Type C, Remillard et al.
2002a), as well as those of the broad components at frequencies > 10 Hz
(group α1 , see below), increase with time. For the low frequency (< 10 Hz)
components, the ∼ 12-day period can be divided in two. In Figure 8.9 we
plot the characteristics of the broad components as a function of time for this
∼ 12-day period. (Note that groups α1 and α2 have frequencies that are always
higher that those of the two QPOs, while α3a is in between the 2 QPOs and
α3b below them; the ﬁrst data point of α3 has a frequency higher than that of
the 2 QPOs, while the other two data points have frequencies in between those
of the QPOs). In the ﬁrst ∼ 2.5 days, there are two groups of broad band
components whose characteristic frequencies increase with time (α2 from ∼ 4
to ∼ 9 Hz and α3 from ∼ 0.25 to ∼ 0.9 Hz, see Figure 8.9). During the the
remaining ∼ 8.5 days, α2 is not signiﬁcantly detected and α3 seems to split
into two diﬀerent groups, one with frequencies increasing from ∼ 2 to ∼ 8
(α3a ) and another one with approximately constant frequency between ∼ 0.6
to ∼ 1 Hz (α3b ). This component splitting is similar to that we observe during
the rise of outburst C (see Section 8.7.4). As the power spectra evolve from
A1 to A3, it is necessary to add to our model an extra broad component with
frequencies lower than that of the strong QPO, which in A1, and similarly
during 3 other observations following A1, is either not detectable or blended
with another component, possibly due to lack of statistics (see also KleinWolt & van der Klis 2008). As can be seen in Figure 8.9, the fractional rms
amplitude of the components in α3 is always > 23% while it is always  18%
for α3a and α3b . We note that it is also possible that α3a is the continuation of
α2 , if a frequency jump occurs. We consider this unlikely because there is one
observation, at MJD 51066, which shows both components simultaneously,
and because after the ﬂare we also ﬁnd power spectra with two components
at higher frequencies (similar to α1 and α2 ), one with frequencies in between
(similar to α3a ) and one with frequencies below (similar to α3b ) those of the 2
QPOs.
On MJD ∼ 51075.9 a ∼ 6.8 Crab ﬂare occurs and a 3 ksec observation during
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this time shows that the power spectral shape has changed completely (power
spectrum A4, ObsId 30191-01-02-00, also see Remillard et al. 1999a). This
observation shows 3 clear QPOs (at 186 ± 3, 13.26 ± 0.08 and 4.93 ± 0.05 Hz)
and broad band power much weaker than before (∼ 2% rms down from ∼ 15%
rms, in the 0.001–10 Hz range).
that is well ﬁtted with 2 broad Lorentzians at (426 ± 42 and 1.75 ± 0.04 Hz)
and a power law to account for the low frequency noise (with index α =
1.06 ± 0.05, we note that this is the only case in our sample that a power
law was needed, instead of a low frequency broad Lorentzian, for a stable
ﬁt). This is the ﬁrst time a QPO at frequencies higher than 100 Hz was
detected for this source (Remillard et al. 1998, 1999a). The zero-centered
Lorentzian at characteristic frequency of 426 Hz is more than 11σ signiﬁcant.
However, since the Poissonian noise is aﬀected by deadtime eﬀects associated
with the extremely high count rate during the ﬂare (13 kcounts/PCU) and
our model may not be able to well estimate the deadtime modiﬁed Poisson
spectrum accurately (see, e.g., discussions in Zhang et al. 1995; Klein-Wolt
2004; Jahoda et al. 2006), we cannot exclude the possibility that this power
excess is instrumental.
The ﬁrst two observations taken after the ﬂare (MJD=51076.8 and 51076.9,
see power spectrum A5 and A6) shows a HIMS power spectral shape similar
to those during the pre–ﬂare period but in these cases the QPO reaches its
maximum in frequency (∼ 10 Hz) and 3 broad components are signiﬁcantly
detected at frequencies lower than that of the QPO. These power spectra are
similar to that shown in C10 during outburst C (see Section 8.7.4). However,
it is interesting that while A5 and A6 occurred right after the ﬂare, suggesting
a relation between ﬂare and the QPO reaching its maximum frequency, C10
occurred at low intensity during the HIMS.
In the period MJD 51077–51102, for a total of 25 days, the source remains
within a relatively small region in the hardness–intensity diagram, while moving from higher intensity/softer energy spectra to lower intensity/harder spectra (see Figure 8.3, power spectra A5–A11). Depending on the position in the
HID, the 0.008–10 Hz rms amplitude varies (it is higher at harder colors) and
so does the rms amplitude of the components and the power spectral shape.
Generally, at harder colors the characteristic frequencies are found to be lower
than at softer colors. Power spectra A5-A11 in Figure 8.20 are representative
of this period. Figure 8.3 illustrates where in the HID these power spectra are
observed.
On MJD=51106.9 (and after almost 5 days without PCA or ASM information), we observe that the intensity has increased and the colors decreased
from those during the previous observation. In this observation as well as in
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the other two performed between MJD 51106.9 and 51110 (Obs-Ids: 30191-0132-00/33-00/34-01), the 0.008–10 Hz fractional rms amplitude (4.78 ± 0.2%)
is much lower than in A11 (13.33 ± 0.06% rms, last seen at MJD 51102 –
ObsId 30191-01-31-01) and the power spectra (in all 3 cases) resemble that
shown in panel A12. The A11 → A12 transition is another example of the
HIMS→SIMS Type C → Type B QPO transition (Remillard et al. 2002a); the
frequency of the strongest QPO decreases from 6.75 ± 0.01 to 5.49 ± 0.02 Hz.
The A12 power spectra are all found at hard colors between 0.3 and 0.34 (see
description of Figure 8.14 below).
Simultaneously with a a small dip in the hard and soft color at MJD 51110.2
the power spectrum changes from A12 to A13 and then to broad band noise
than can be ﬁtted with one or two broad Lorentzians (not plotted). Power
spectrum A13 (ObsId30191-01-34-00) resulted from 3.2 ksec of data at an
averaged source count rate of ∼ 3050 c/s/PCU where all 5 PCUs were turned
on. The 0.008–100 Hz fractional rms is 4.90 ± 0.03% and is ﬁtted with 5
Lorentzians: 2 zero centered at 0.25±0.06 and 4.48±0.3 Hz, and 3 QPOs at ∼
38.99±1.39, ∼ 85.9±2.2 and 223±20 Hz. All components have less than 1.5%
fractional rms amplitude and are > 3σ signiﬁcant, except the broad component
at 4.9 Hz, which was 2.7σ (this component was necessary for a stable ﬁt). A14
is the power spectrum of an observation performed on MJD 51115.28, before
the steep decrease in colors that can be seen in Figures 8.3 & 8.8 (hard color
∼ 0.265). This is the only observation in outburst A in which we observe very
low frequency noise in the form of a steep power law at frequencies lower than
0.1 Hz (see A14). The characteristics of power spectrum A14 are similar to
those in C6 and interestingly, both power spectra were found when the source
starts the steep decrease in intensity at soft spectrum (see Figure 8.3).
In the period MJD 51115.5–51137 we ﬁnd almost no power (see Figures 8.3
& 8.8) until the last observations of this outburst, in which the hard color has
increased and power is detectable again, with periods of insigniﬁcant power in
between, in the form of a QPO at 4.9 ± 0.1 Hz and two broad components at
9.2 ± 0.9 and 0.3 ± 0.1 Hz at MJD 51126.6, 2 broad components at 9.1 ± 0.3
and 2.7 ± 0.5 Hz and a high frequency QPO at 263 ± 16 Hz at MJD 51137.9
(power spectrum A15), 2 broad components at 9.9 ± 0.5 and 3.1 ± 0.3 Hz
and a QPO at 30 ± 1 Hz at MJD 51140.0 (and a similar power spectrum but
without the QPO at MJD 51140.9), 1 broad component at 7.07 ± 0.49 Hz at
MJD 51143 and 2 broad components at 23 ± 9 and 3.2 ± 0.4 Hz and QPO at
7.4 ± 0.2 Hz at MJD 51147.4 (this power spectrum is similar to that shown in
C8, see Figure 8.22).
As we show in Figure 8.8, the characteristic frequencies of both QPOs and
broad band noise at ν  20 Hz during most of the outburst seem to change
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together and in anti-correlation with the hard color. A similar anti-correlation
but only between QPO frequency and hard color is shown in Figure 8.17 for
outburst C data, and has been reported in previous works, see, e.g., Homan
et al. (2001).
To further investigate this, in Figure 8.14 we plot the frequency of all components versus the hard color. The symbols and the color scale in Figure 8.14
are the same as those in Figure 8.8. As can be seen in the bottom panel there
is a clear anti–correlation between the characteristic frequency of the QPOs
and hard color. The 3 high frequency QPOs (see yellow circles at hard colors
∼ 0.55, ∼ 0.65 and ∼ 0.72) also seem to anti-correlate with the hard color
(see also Homan et al. 2001, for a similar correlation detected during outburst
B). In the upper panel we plot the characteristic frequency of the broad band
components (Q < 2). Between hard color 0.4 and 0.8, three groups of components can be distinguished whose frequencies also anti-correlate with hard
color. The anti-correlation might continue beyond the 0.4–0.8 range, but the
dispersion of the points is high.
To separate data with the same hardness but from diﬀerent stages of the
outburst, in Figure 8.15 we show the same as in Figure 8.14, but we only plot
data points in the range MJD 51080–51120, i.e. after the 6.8 Crab ﬂare. In
the case of the broad band components, we separate between the three groups
distinguished above by lines, and we call them Aa, Ab and Ac in order of
decreasing frequency. The time selection does not signiﬁcantly improve either
the rms amplitude or the frequency anti-correlation with hardness, indicating
that the dispersion seen in Figure 8.15 is not caused by mixing outburst stages.
In the case of the QPOs, in Figure 8.15 there is a data gap between hard
colors 0.32 and 0.42 which is ﬁlled in, in Figure 8.14 with data points from
observations before the ﬂare (i.e. A1–A3). This gap represents the A11→A12
HIMS→SIMS transition from the Type C to Type B QPO described above
(at harder and softer colors, respectively; Remillard et al. 2002a). The rms
amplitude of the Type B QPO follows the rms amplitude/hard color anticorrelation.
In three observations between MJD=51076.9 and 51077.41 (ObsIds 3019101-04-00/05-00/06-00) we ﬁnd that the power spectral characteristics change
signiﬁcantly within each observation. These changes are coincident with a clear
change (∼ 15%) in count rate. In Figure 8.27 we plot the the dynamical power
spectra (lower panel) and the total count rate (upper panel) of observation
30191-01-06-00, to show the changes in power spectra as a function of time
(the other two observations show similar changes, although there the transition
occurs from lower to higher count rate). The observation is divided in three
data segments corresponding to three satellite orbits. The count rate in the
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Figure 8.27: Dynamical power spectrum (bottom panel) and light curve (top panel)
of observation 30191-01-06-00.
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Figure 8.28: Power spectra of the ﬁrst (bullets) and third (grey histogram) orbits
of observation 30191-01-06-00 (see Figure 8.27). Inset: (2–6 keV)/(2–20 keV) versus
(16–20 keV)/(2–20 keV) deadtime and background corrected count rates. Grey and
black circles mark 16s averages for the data of the ﬁrst and the third orbit, respectively.
Typical error bars are plotted for one point.
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ﬁrst two orbits is similar and so are the frequency and the rms amplitude of
the QPO at ∼ 9 Hz. The count rate in the third orbit is lower, and so is
the frequency of the QPO, but the rms amplitude is higher. In Figure 8.28
we show the power spectra of the ﬁrst and third orbit data segments (PDS1
and PDS3, respectively). As can be seen, the drop in intensity does not
only aﬀect the frequency of the QPOs and broad components, but also their
rms amplitudes. While in PDS1 there is clear structure at frequencies higher
than the QPO, in PDS3 the power decreases more smoothly above the QPO
frequency. Furthermore, while in PDS3 two components are clearly necessary
to ﬁt the double bump in power at frequencies between 0.8 and 4 Hz, the
double bump is not as clear in PDS1. In the inset of Figure 8.28 we plot
the (2–6 keV)/(2–20 keV) versus (16–20 keV)/(2–20 keV) count rate. The
black ﬁlled and black open circles represent the 16s average for the PDS3 and
PDS1 data, respectively. The data for PDS3 seems to be harder than those
of PDS2, although only marginally. For clarity, in Figures 8.8 & 8.14 we plot
one power spectrum per observation, corresponding to the one with higher
number of components.

8.7.6

Time variability during Outburst B

Outburst B started on MJD 51150 as a continuation of outburst A (see Section 8.7.1 and Figure 8.24) and lasted until MJD 51325 for a total of ∼ 175 days
sampled with 171 pointed PCA observations. One to seven Lorentzian components were needed to ﬁt the power spectra. In Figure 8.10 we plot the
characteristics of all components as a function of time while in Figure 8.21 we
show 15 representative power spectra for this outburst. They are labeled from
B1 to B15 and are time ordered. The times at which these power spectra occurred are indicated by the white stars at the top of the frame in Figure 8.10
and in Figure 8.4 we illustrate where in the HID these power spectra were
observed.
The ﬁrst observation in outburst B corresponds to ObsId 30435-01-06-00 and
was performed on MJD 51150.08. The power spectrum of this observation is
noisy and only a 1.6% rms amplitude Lorentzian is present (see B1). At this
point, the intensity starts to increase as the soft and the hard color decrease
and almost no signiﬁcant power is found until MJD 51160, when the power
is well ﬁtted with a broad Lorentzian (see Figures 8.4 & 8.10). At this point,
the source reaches the so called high state (HS, see Homan et al. 2001) when
the hard color reaches a minimum of about ∼ 0.02 Crab, more than an order
of magnitude lower than the minimum hardness reached during the HS of
outburst A and C and almost 3 orders of magnitude softer than the minima
registered during outbursts D,E and F (during the LS). Starting on MJD
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51160 and for a total of ∼ 80 days (i.e. until until MJD 51240), the source
is in a ﬂaring period in which the power spectra can be ﬁtted with 2 or 3
broad Lorentzians (power spectra B2, B3 and B4). On several occasions we
ﬁnd excess power in the form of a QPO at frequencies higher than 10 Hz.
This excess was signiﬁcantly ﬁtted only 3 times with frequencies between 15
and 20 Hz (e.g., power spectrum B3). As Homan et al. (2001) shows, the
ﬂares are stronger in the hard color and the QPOs appear at the peaks of the
ﬂares (Figure 8.10). During this period, the total rms amplitude remains low
and approximately constant and so does the fractional rms amplitude of the
components (1 − 2% rms, see Figure 8.10). On MJD 51215.8 (ObsId 4040101-31-00) the power spectrum is well ﬁtted with 3 broad Lorentzians and a
+1.0
– see power spectrum B4) which
3.7σ Lorentzian at 105 ± 17 Hz (Q= 1.3−0.4
also coincides with the peak of one of the hard ﬂares.
On MJD 51241.8, and as the hardness increases in the form of another ﬂare,
the power spectral shape completely changes into B5 (Type A, Remillard et al.
2002a). Although the hard and soft colors are higher in B5 than in the previous
observation (and the hardest since the ﬂaring period started), we note that
there is no abrupt change in colors during these observations (as it was the
case during the ﬂares in the period MJD 51170–51230), but the hard and
soft color have increased smoothly since MJD∼ 51237. We also note that the
fractional rms amplitude in the 0-1 Hz range is similar in B5 as in the previous
observations. The most signiﬁcant diﬀerence between B5 and previous power
spectra is the appearance of the QPOs at 6 and 11 Hz (with ∼ 3 and ∼ 2.6%
rms) and of signiﬁcant power at frequencies higher than 100 Hz. The power
spectrum of an observation taken on MJD 51242.5 still resembles that of B5.
As the colors increase and the intensity decreases, the power changes as
follows: on MJD 51244.49 we ﬁnd B6, on MJD 51245.36 the power spectrum
changes to B7, on MJD 51246.4 back to B6 and on MJD 51247.97 back to
B7. The shape of the power spectra in the 3 following observations resembles
that of B7, but the rms amplitude increases while hardness and intensity
decrease (see Figure 8.5 for the evolution in the HID during this time). Power
spectra B6 were classiﬁed as (probably) Type A QPO, and B7 as Type B QPO
(Remillard et al. 2002a). On MJD 51250.7, the 0.008–100 Hz rms amplitude
of the power spectra increases from 6.84 ± 0.01% (B7, ObsId 40401-01-56-01)
to 14.56 ± 0.04% (B8, ObsId 40401-01-57-00). The characteristic frequency
of the strongest QPO also increases, but slightly, from 6.27 ± 0.07 to 6.68 ±
0.01 Hz. The power spectral changes are simultaneous with a sudden increase
in colors and a decrease of intensity (Type B → Type C QPO, Remillard et al.
2002a). As the intensity slightly increases and the colors start to decrease, on
MJD 51253.2 the power spectra resemble B7 again. This complex behavior is
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summarized in Figures 8.4 & 8.5.
B8 (Type C QPO Remillard et al. 2002a) is observed at a local maximum
of the hard color as well as a local minimum of the intensity. This appears
to be associated with the change between B7 and B8 power spectra. From
our data it is not clear what is the reason for the change between B6 and
B7. There are B7 power spectra at softer and harder colors and at higher and
lower intensities than those when B6 is observed. Similar results are found
from the soft color vs. intensity and soft color vs. hard color diagrams (not
plotted).
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Figure 8.29: Bottom panel : 1–second PCU2 light curve of observation 40401-01-5801 (MJD 51254.09). Upper-left panel : Power spectrum from the ﬁrst 650 seconds of
data. Upper-right panel : power spectrum of the data in the 1400–2500 seconds range.
See Section 8.7.6 and Homan et al. (2001).

On MJD 51254.09 (ObsId:40401-01-58-01), we ﬁnd that within one observation, the power spectral shape changes from one which is similar to B10
to one that resembles B7 with an intermediate power spectrum similar to B9.
Homan et al. (2001) studied this observation; in their interpretation the source
is undergoing a transition from the Type A QPO to the Type B QPO. These
authors plotted the dynamical power spectra showing the QPOs appearing
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(see ﬁgure 19 in Homan et al. 2001). In Figure 8.29 we plot the 1 second
Standard 1 (PCU2) lightcurve and two representative power spectra. About
∼ 1000 seconds after the beginning of the observation, the count rate increases and the ﬂickering is stronger. This is probably the point of transition
where the power spectrum changes. Homan et al. (2001) show in their ﬁgure
17, that at this same time the hard color starts to decrease (the soft color
remains approximately constant). In Figures 8.4 & 8.5 we mark the point
in the hardness–intensity diagram at which this transition occurs (see label
“Transition”).
As the intensity decreases after MJD 51255.09, the rms amplitude of the
broad band noise at frequencies lower than 1 Hz also decreases and the power
spectra resemble those shown in B9 to B15 although interspersed with observations in which we do not detect signiﬁcant power: 2 QPOs at 10.1 ± 0.3
and 5.9 ± 0.1 Hz and a broad component at 17+11
−5 Hz at MJD 51255.09, a
high frequency QPO at 258 ± 13 Hz and 2 broad components at 9.3 ± 0.1 and
0.31 ± 0.08 Hz at MJD 51255.1 (see B10), one rather peaked Lorentzian at
11 ± 2 and 6.3 ± 0.5 Hz at MJDs 51257.3 and 51258.1, respectively (similar to
B13), 2 QPOs at 14+6
−4 and 10.4±0.2 Hz and a broad component at 5.7±0.1 Hz
at MJD 51258.5, a high frequency QPO at 267 ± 14 Hz and 2 broad components at 11.0 ± 0.6 and 0.03 ± 0.01 Hz at MJD 51258.9 (see B11), a similar
power spectrum to B11, but probably due to low statistics (short observation) only a high frequency QPO at 227 ± 17 Hz and one broad component at
11.5 ± 0.8 Hz at 51259.2, 2 broad components at 9 ± 1 and 0.12 ± 0.03 Hz at
MJD 51269.6, 2 QPOs at 245 ± 8 and 8.9 ± 0.1 Hz and 2 broad components
at 15.7 ± 1.7 and 2.7 ± 0.2 Hz at MJD 51270.7 (see B12), a similar power
spectrum to that at MJD 51270.7 but without the high frequency QPO at
MJD 51271.4, only one QPO at 5.2 ± 0.2 Hz at MJD 51287.2 (see B13), one
broad component at 7 ± 2 Hz at MJD 51289.1 (B14, similar power spectra at
MJDs 51291.1, 51291.3, 51293.4, 51307.3 and 51309.7 ) a QPO and a broad
Lorentzian at 10.3 ± 0.3 and 4.1 ± 0.3 Hz, respectively, at MJD 51290.9, 2
broad components at 21 ± 8 and 3.6 ± 0.5 Hz at 51291.2 and similarly but at
15 ± 3 and 4.6 ± 0.6 Hz at MJD 51291.3, a QPO and a broad component at
5.2 ± 0.3 and 1.4 ± 0.1 Hz, respectively, at MJD 51307.4 (see B15) and a broad
Lorentzian at 0.068 ± 0.009 Hz at MJD 51318.8.
These changes in time and colors are summarized in Figures 8.4 & 8.10.
As can be seen in these ﬁgures, the detection of signiﬁcant power usually
coincides with periods in which the energy spectrum hardens, but not always.
For example, the hard color starts to increase at MJD 51300, but it is not
until ∼ 8 days later that we ﬁnd signiﬁcant power.
So, during the ﬁrst ∼ 85 days of this outburst we detect broad band noise
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with approximately constant characteristics and rarely, QPOs at frequencies
higher than 10 Hz. During the following ∼ 20 days, and accompanied with
a hardening of the spectrum, we detect much more variability in the form of
both broad band components and QPOs. As can be seen in Figure 8.10, we
ﬁnd no relation between the characteristic frequency of the components and
their fractional rms amplitude.
In Figure 8.16 we plot the characteristics of the diﬀerent components versus
hard color. In the upper panel of this ﬁgure we show that the characteristic
frequency of the broad band noise at frequencies higher than 0.5 Hz may anti–
correlate with color, although only marginally. In the case of the components
at frequencies lower than 0.5 Hz, no clear trend is observed and the dispersion
of the data points is high. In the bottom panel of Figure 8.16 we show the QPO
data, and ﬁnd that their characteristic frequency is rather constant. Most of
these data at hard colors lower than Crab. This is similar to what was seen in
outburst C (Section 8.7.4), where the QPO frequency of data at hard colors
lower than Crab was also rather constant. However, it diﬀers from outburst
A data, in which the QPO frequency clearly anti–correlates with hard color
down to 0.4 Crab.

8.8

Discussion

We have analyzed the power spectra of 427 observations of the black hole
candidate XTE J1550–564. In Figures 8.8–8.13 we show that generally it is
possible to follow the time evolution of the diﬀerent components we ﬁnd in the
power spectra as they shift in frequency and vary in strength and coherence.
This information together with the hardness dependency of the component
characteristics (Figures 8.14–8.18) helps identifying the diﬀerent components.
In this section we assume that each power spectrum is composed of a small
number (< 10) of components which evolve smoothly in time (although they
do not need to be always present) and whose identity can be established based
on following this evolution and the correlated motions through the HID. The
correct identiﬁcation is a critical issue, as up to 8 simultaneous signiﬁcant components with variable frequency are found in the 0.01–500 Hz range. Incorrect
identiﬁcation will lead to spurious frequency-frequency relations and therefore
wrong physical interpretations. We ﬁrst identify QPOs and broad components
based on how the characteristics of the power spectral components evolve in
time and vary as a function of hard color. Then, we discuss our results in the
context of the PBK and WK frequency–frequency relations.
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8.8.1

Low frequency QPO identiﬁcation

From the component identiﬁcation point of view, the low frequency QPOs
(< 20 Hz) are the easiest to recognize. Figures 8.14 & 8.15 show that in
outburst A there are mainly 3 diﬀerent tracks of QPOs with frequencies anticorrelating with hard color. However, the 3 QPOs are not always detected
(e.g., at colors harder than 1) and sometimes a fourth QPO is also detected
at higher or lower frequencies (e.g., B8).
Following Klein-Wolt & van der Klis (2008) we call the QPO in the middle
track show in Figures 8.14 and 8.16 LLF , where LF stands for low frequency.
This QPO is easy to identify, as it is the strongest of the three. The QPOs at
−
higher and lower frequency of LLF are called L+
LF and LLF , respectively. Note
that the + and − only denote that the frequency of the component is higher or
lower than that of the strongest QPO, respectively. It has been suggested (e.g.
Wijnands et al. 1999; Homan et al. 2001; Remillard et al. 2002a) that these
−
QPOs are harmonically related, where L+
LF and LLF are the second harmonic
and the sub-harmonic of LLF , respectively. To the best of our knowledge, no
systematic study of this issue has been made as yet. It would require to reﬁt
all the power spectra with Lorentzians (in terms of centroid frequencies) and
is beyond the aim of this paper. In the case of outburst C, there are only two
clear tracks (Figure 8.17). The lower one corresponds to the strongest QPO
and therefore we call it LLF . The upper one, which has a similar separation
+
as that between LLF and L+
LF in outburst A, we call LLF . Note ﬁnally, that
we do not make a distinction between Type C and Type B QPOs. In both the
Type C and Type B QPO power spectra, we identify the middle QPO as LLF
−
and those on the sides as L+
LF and LLF (see also Klein-Wolt & van der Klis
2008). This is justiﬁed by the fact that the Type B QPOs seem to extend the
anti-correlation between the Type C QPO frequencies and hard color measured
in LS and HIMS power spectra, as well as the anti–correlation between the
QPO fractional rms amplitude and hard color (see, e.g., Figures 8.14 & 8.15
for outburst A).

8.8.2

Broad components identiﬁcation

The classiﬁcation of the broad components is more diﬃcult. The clearest
case of three separate simultaneous components, Aa, Ab and Ac, is shown in
Figure 8.15 for a subset of data during outburst A. Comparing these data with
the shape of the power spectra, we ﬁnd that the Ac components (i.e. the ones
with lowest frequency) are the Lorentzians which ﬁt the the break in power
detected at low frequencies, Ab are the Lorentzians which ﬁt the hump in
power found at characteristic frequencies near, but usually slightly higher than
194

8.8 Discussion
those for the low frequency QPO LLF , and Aa are the Lorentzians ﬁtting the
power excess with highest characteristic frequencies. Comparing our results
with those of Klein-Wolt & van der Klis (2008), we ﬁnd that these components
clearly correspond to Lb , Lh and L (or Lu , see below), respectively.
The Lorentzian at the break (Lb ) and at the hump (Lh )
As the source evolves from the LS to the HIMS (i.e. to softer states in outbursts A and C), νLF increases, sometimes we detect its harmonic and/or
subharmonic and most importantly, we generally detect only one broad component at frequencies lower than νLF . In these cases (see, e.g., group Ac in
Figure 8.15 and during most of outburst C decay) we identify this component
as Lb . We ﬁnd that in this subset of data the νLF − νb pairs correlate. In the
rest of this work we assume that correlation always holds, so when more than
one component is detected with frequency < νLF , we use it to identify Lb .
As noted by Belloni et al. (2002b, see also Klein-Wolt & van der Klis 2008),
LLF and Lh are often close in frequency, separated by no more than a few Hz,
and seem to form a closely coupled set of features. (This was also noted by van
Straaten et al. 2002, 2003 for two similar components in neutron star power
spectra). As shown in Section 8.7, QPOs are only detected during outbursts
A, B and C. These QPOs can appear on top of strong (e.g., A1/A3, A5/A11,
B8, C1/C4, C12/C13) or weak (e.g., A12, B7, C5) broad band noise and then
have typically been called Type C or B QPOs, respectively. In the ﬁrst cases,
Lh is signiﬁcantly detected, but when the noise is weak, there is no need for
that component (see, e.g., ﬁgure 4 by Klein-Wolt & van der Klis 2008).
As shown in Sections 8.7.4 and 8.7.5, at the beginning of the outbursts A
and C (i.e., in the LS) the power spectra do not show a signiﬁcant component
at frequencies lower than νLF . This might be because the data lack suﬃcient
statistics to detect it. As a result, it is probable that Lb blends with Lh into
a broad (Q=0) component with characteristic frequency in between νb and νh
(Klein-Wolt & van der Klis 2008), although always higher than νLF . So, the
components identiﬁed as Lh in our work might be the blend of two components,
when Lb is not signiﬁcantly detected, i.e. in the period MJD 51063–51067 (α3
during outburst A, see Figure 8.9) in outburst A, and only for observations
50137-02-01-00/02-00/03-01G/05-00 and 50134-02-01-00 in the period MJD
51644.5–51664.4 in outburst C.
During observations of the outburst B HS, QPOs appear at frequencies between 10 and 20 Hz when no broad band noise is detectable in their frequency
range (see, e.g., B3). It has been suggested that the QPO in these observations
is another manifestation of LLF , i.e. a Type C QPO that is detected in the
HS (Homan et al. 2005) at higher frequencies than those measured in the IMS.
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Power spectra like B6 can be similarly interpreted. Klein-Wolt & van der Klis
(2008) tentatively identiﬁed the components in this type of power spectrum
as follows: the QPO is LLF and the broad components with frequency < νLF
are Lh , Lb and VLFN (for very low frequency noise) in order of decreasing
frequency, respectively.
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Figure 8.30: LLF characteristic frequency versus that of Lh during outbursts A, B
and C, as indicated. The points marked by the ellipse clearly do not follow the main
correlation. See Section 8.8.2 for a discussion.

In Figures 8.30 & 8.31 we plot νLF vs. νh and νLF vs. νb , respectively,
using the classiﬁcations described above. We ﬁnd that our identiﬁcations
follow a narrow relation except for a groups of points which correspond to
power spectra like B3 and B6 (ﬁlled grey circles). In Figures 8.30 & 8.31 we
enclose these points with an ellipse. These data are not consistent with either
of the correlations. If instead we identify νh as νb , these power spectra ﬁt
better to the νLF vs. νb plot but still do not match well.
The data points from outburst A which do not follow the relation νLF vs.
νh (also enclosed within the ellipse in Figure 8.30) correspond to the power
spectra similar to A6, for which νh < νLF . However, our identiﬁcations do
follow the νLF vs. νb (3 open circles at νb ∼ 1.5 − 2, at the upper end of the
correlation shown in Figure 8.31). These power spectra correspond to those
observations that followed the 6.8 Crab ﬂare observed during outburst A. We
ﬁnd 3 signiﬁcant components at frequencies lower than νLF (see, e.g., A5 and
A6 – see also C10). In these power spectra we measure the highest values of
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Figure 8.31: LLF characteristic frequency versus that of Lb during outbursts A, B
and C, as indicated. The points marked by the ellipse clearly do not follow the main
correlation. See Section 8.8.2 for a discussion.

νLF (see Sections 8.7.5 & 8.7.4). We assume that in these observations νLF
has switched to slightly higher frequencies than νh and this is why the points
do not follow the νLF − νh correlation. Another possibility is that Lh is one
of the two broad components at higher frequency than νLF . Identifying νh
with the highest of the two does not move the data points onto the correlation. Identifying νh with the other high frequency component might extend
the correlation. However, we ﬁnd that correlation νLF − νh would ﬂatten (not
plotted). As we discuss in the following section, the two high frequency components are probably L and Lu . Therefore, in order of decreasing frequency
we identify LLF , Lh , Lb and the VLFN as the QPO and the three broad
components at ≤ νLF , respectively. As only 4 observations show this type of
power spectra, our identiﬁcations should be considered only tentative.
The high frequency components LhHz , L and Lu
As discussed by Klein-Wolt & van der Klis (2008), the possible blends between broad components imply several caveats regarding their identiﬁcation,
particularly in the case of high frequency components. In order to identify
the high frequency components we take νLF as a reference frequency and we
use the information on the evolution of the components that we present in
Figures 8.8, 8.9, 8.10 and 8.11. We ﬁnd that in our sample there are no more
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than 3 broad components with frequencies higher than νLF . Reasoning within
the framework of Klein-Wolt & van der Klis (2008), these 3 components can
be either Lh , LhHz , L or Lu . The following items explain how we identify the
components for the diﬀerent outbursts as well as the caveats in the identiﬁcations.
(I) In the case of power spectra like those shown in A12 (Type B QPOs, i.e.
typical SIMS power spectra), up to three components appear at higher
frequency than νLF . We identify these high frequency components as
LhHz , L and Lu , in order of increasing frequency (at ν  40 Hz, see
Klein-Wolt & van der Klis 2008). When in similar power spectra components are not signiﬁcantly detected, we use power spectrum A12 as a
template to identify the signiﬁcant ones. For example, in B7 we identify as LhHz and L the two high frequency components based on their
characteristic frequency. We note that LhHz only appears in this type
of power spectra and ﬁts the power in between the low frequency and
the high frequency QPOs. It is identiﬁed as a diﬀerent component than
Lh , as νhHz is much higher than νLF and does not follow the correlation presented in Figure 8.30. (However, we note that as discussed in
Section 8.8.2, the relation between νLF and νh might ﬂatten at high
values of νLF . If LhHz is actually Lh , then the relation would have a
break, after which νLF and νh anti-correlate. Although this is possible,
we cannot conﬁrm it, as A12 or B7 power spectra are a small subset
of our data. Therefore, to be consistent with the work of Klein-Wolt &
van der Klis 2008, we use the LhHz identiﬁcation). We also note that
the L and Lu in the SIMS can be highly coherent (Q> 4) compared
with those measured in the typical HIMS and LS power spectra, which
are usually broad Lorentzians. As it is not yet clear whether the high
frequency QPOs are a particular manifestation of the high frequency
broad components at a certain spectral state or if they represent unrelated phenomena, in the rest of this section we are consistent with the
work of Klein-Wolt & van der Klis (2008) and call the high frequency
QPOs at the SIMS L and Lu .
(II) As discussed in Section 8.7.5 and shown in Figure 8.9, during the pre–
ﬂare period in outburst A there are two high frequency components that
are sometimes simultaneously detected (α1 and α2 ). Based on the time
evolution presented in Figure 8.9, we interpret α1 as Lu and α2 as L .
(III) B8 is the only power spectrum of HIMS/LS type during outburst B. We
detect two high frequency components which we identify as L and Lu
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based its similarity to power spectra during outburst A (e.g., A10 and
A11).
(IV) During the ﬁrst ∼ 12 days of outburst C, there are two clear components
at frequencies higher than ∼ 5 Hz (Figure 8.11). We identify them as
L and Lu , with ν < νu .
(V) As we report in Section 8.7.4 for outburst C, in the period MJD 51672–
51705 we detect only one high frequency component; the time evolution
of this component is not smooth, but it suﬀers a frequency jump at MJD
51685. Given that (i) the low frequency components do not show a similar jump, so that any type of frequency–frequency correlation involving
this high frequency component interpreted as a single feature will also
show a similar jump and (ii) that in an observation at the time of the
jump, we ﬁnd two simultaneous high frequency components that can
be identiﬁed as L and Lu , we conclude that before the jump we are
measuring Lu and after the jump L . Note, that this is a diﬀerent interpretation from that chosen by Klein-Wolt & van der Klis (2008), who
also noticed this jump but followed Psaltis et al. (1999) when identifying
the components and therefore assigned most of these components to L .
(VI) Given [4] and [5] and Figure 8.11, we identify the high frequency components in the period MJD 51660–51672 (outburst C) as Lu (note that
only one is present, always at ν > 100 Hz, and apparently connecting
the νu tracks at times < 51660 and > 51672.
During the post–ﬂare period in outburst A, and except for the A12 type of
power spectra [see point (1) above], we detect only one broad component at
high frequency which can be either L or Lu (or even LhHz ). The time evolution nor the dependency on color allows an unambiguous identiﬁcation. We
use the frequency–frequency relations that we ﬁnd from the data in which we
could unambiguously identify the components, and ﬁnd that all these components were more consistent with being Lu than L . In Figure 8.32 we show the
relations between νu and νLF (upper panel) and between ν and νLF (lower
panel). As is obvious from this ﬁgure, the relations are relatively broad collections of points not well ﬁtted with a power law. Note that these ﬁgures
compare the same frequencies as the PBK relation (Section 8.8.3) which was
found to be broad in previous works as well (Belloni et al. 2002b).
Broad components in outbursts B, C, D, E and F when LLF is not present
As described in previous sections, during the decay of outburst C we ﬁnd that
the νLF decreases with time and so do νh and νb , the frequencies of the broad
199

8. The transient black hole candidate XTE J1550–564 as seen by RXTE

1000

νu (Hz)

100

10

A
B
C

1
0.1

1

10
νLF (Hz)

1000

νl

100

10

A
B
C

1
0.1

1

10
νLF (Hz)
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outbursts A, B and C, as indicated. Both panels have the same scale. See Section
8.8.2 for a discussion on the identiﬁcations.
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components at both sides of LLF . We also ﬁnd that Lu is detected during
the ﬁrst part of the decay, and L during the second, for a total of 3 broad
components (i.e. Lb , Lh and either L or Lu ). The last time the QPO is
detected in MJD 51690 (C14, the source is already in its low–luminosity LS),
after which we only detect two (broad) signiﬁcant components in power spectra
(C15) whose frequencies keep decreasing with time, although not smoothly,
until they are not detected anymore. Extrapolating in time the evolution of
ν , νh and νb (see Figure 8.11, we ﬁnd that the transition from 3 to 2 broad
components is probably explained as either (i) the blend of Lb with Lh (see also
Figure 7a in Klein-Wolt & van der Klis 2008) or (ii) that Lb is not signiﬁcantly
detected anymore. So, the two broad components can be identiﬁed as the pair
νb+h − ν or νh − ν .
As shown in Section 8.7.3, during outbursts D, E and F we ﬁnd that the
power spectra are similar to those in the low–luminosity LS of outburst C,
and can be ﬁtted with 2 to 3 broad components. Given this, and the fact that
they represent the variability of the source in the same spectral state (i.e., in
the low state), it is reasonable to assume that the power spectral components
are the same as in C, i.e. Lb , Lh and L , possibly blended. When only two
signiﬁcant components are present in the power spectra, they can be the couple
νb − νh , νb+h − ν , νb − νh+ , νh − ν or νb − ν (where the subindices b + h, and
similarly with the other combinations, indicate the blend of the components
Lb and Lh ). When 3 components are signiﬁcant, they should unambiguously
be νb − νh − ν .
In Figure 8.33 we plot νb vs. νh (lower correlation) and ν vs νh (upper
correlation) for the data during outbursts A, C, D, E and F. The components
corresponding to all data in outburst A and in the period MJD 51640–51690 of
outburst C (black points) are as deﬁned in Sections 8.8.2 & 8.8.2. For outburst
C data after 51690, we use the classiﬁcation as described above (νh − ν ).
With red, orange and grey we mark the data from outbursts D, E and F,
respectively, when only 2 components were signiﬁcantly detected. With blue
and green we mark the data from D and F, respectively, when 3 components
were signiﬁcantly detected. As can be seen in the ν − νh correlation, at high
frequencies there are a few points that are oﬀ the relation that the rest of
the data follow. These points are marked with an arrow in Figure 8.33 and
represent the power spectra similar to A6, i.e. those in which we interpret
that νh has switched to lower frequencies than νLF .
If it is assumed that when 3 broad components are found in the power
spectra, they are Lb , Lh and L with νb < νh < ν , we ﬁnd that the data
follow the correlations expected from outbursts A and C data, suggesting that
our identiﬁcations are correct (see blue and green in Figure 8.33). However,
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we also ﬁnd that diﬀerent pair combinations also follow the correlations to
similar accuracy. For instance, the pairs νh vs. νb for outburst D extend the
upper correlation in Figure 8.33 (not plotted) to lower frequencies, i.e. extend
the ν vs. νh correlation as marked by the data of outbursts A and C.
The situation is more complex when only two components are present (red,
orange and grey). If they are the pair νb − νh , we ﬁnd that they fall on the
lower correlation in Figure 8.33. However, if we consider them as the pair
νh − ν , they fall on the upper one.
In Section 8.7.6 we show that during the ﬂaring period in outburst B, and
when the source is in a spectral state about 4 orders of magnitude softer and
more than an order of magnitude brighter (in terms of count rate) than those
reported for D, E and F, we ﬁnd that the power spectrum is also ﬁtted with
2 to 3 broad Lorentzians (plus, sometimes, a sharp Lorentzian for a QPO)
with characteristic frequencies approximately constant at ∼ 2 and ∼ 0.1 Hz
(see Figures 8.10 & 8.16). When 3 components are signiﬁcantly detected,
Klein-Wolt & van der Klis (2008) identiﬁed them as VLFN, Lb and Lh (with
νV LF N < νb < νh ) based on the evolution of the diﬀerent power spectral
components as the black hole sources move in the LS→IMS→HS direction. We
ﬁnd the νb − νh pairs as suggested by these authors follow the corresponding
correlation in Figure 8.33. However, as the power spectral shape is similar
to that during the LS of outburst D, E and F, and there is no smooth time
evolution of the components from the HIMS to the HS in our data that can
be used to identify the components, in principle other identiﬁcations are also
possible. If the two broad components with highest frequency are interpreted
as the pair νh −ν (instead of the pair νb −νh ), we ﬁnd that the frequency points
fall on the upper correlation shown in Figure 8.33. Furthermore, for those
cases in which three broad components are signiﬁcant, the pair νV LF N − νb
can also be interpreted as νb − νh as they fall on top of the lower correlation
in Figure 8.33.
Given the above, we conclude that for the HS power spectra of outbursts B,
and the LS power spectra of D, E and F, it is not possible to unambiguously
identify the broad components based on the frequency–frequency correlations
we ﬁnd between power spectral components during outburst A and C. However, if the outburst D, E and F power spectra are the same as those during the
decay of outburst C, then the components probably are νh − ν (or νb+h − ν )
or νb − νh − ν , depending on whether the power spectra are well ﬁtted with
two or three signiﬁcant components, respectively.
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8.8.3

XTE J1550–564 and the PBK relation

From the point of view of component classiﬁcation, the PBK relation relates
the νLF or νh with that of ν .
In the 6 panels in Figure 8.34 we plot the PBK relation (grey circles) as
reported by Belloni et al. (2002b) (see also grey points in ﬁgure 11 in KleinWolt & van der Klis 2008). In Figure 8.34a we over-plot the pairs νLF − ν
and νh − ν measured in outburst C power spectra. As can be seen, our data
are on top of the PBK relation and follow its general power-law trend.
In Figure 8.34b, we over-plot the pairs νLF − ν (black triangles) measured
in outburst A power spectra, in which both Lu and L are simultaneously
signiﬁcant. (We note that since νh is generally higher than νLF , the pairs
νh − ν form a similar pattern as that shown in Figure 8.34b but at higher
frequencies in the abscissa. For clarity, these data are not plotted). As can be
seen, the data at νLF < 2 Hz seem to fall on top of the correlation, although
with a steeper slope. The data at νLF > 4 Hz do not fall on the correlation. In
principle, if the PBK relation holds for all sources, this could mean that one
of the components that we are plotting has been wrongly identiﬁed. As all the
components with frequencies lower than our ν are well deﬁned (particularly
LLF , see Sections 8.8.1 & 8.8.2) the only possibility is that what we identify as
Lu is L and that what we identify as L is another component, like LhHz or
one that has not yet been identiﬁed. To further investigate this, in Figure 8.34b
we also over plot the νLF − νu pairs (open circles). As can be seen, the data at
νLF < 2 Hz do not fall on the correlation, while those at νLF > 4 Hz are closer
to the correlation but appear to deﬁne a correlation that is less steep. The two
points at ν and νu higher than 100 Hz correspond to the power spectra A12
(the so-called Type B QPO) and do not seem to follow the correlation either.
This is probably because the high frequency QPOs in black holes have rather
constant frequency (see Section 8.2; see also van der Klis 2006, for a review)
while νLF varies. Figure 8.34c we over-plot outburst A data when only Lu is
signiﬁcantly detected (note that as discussed in Section 8.8.2, when only one
high frequency component is detected during outburst A, we identify it with
Lu ). The νLF − νu pairs seem to follow the track marked by the PBK relation,
although not on top, but parallel to it (in this case, the pairs νh − νu do fall
on the relation – not plotted).
In Figures 8.34d we compare the PBK relation with our νh − ν pairs found
during outbursts D and F when 3 broad components were simultaneously
detected (see Section 8.8.2) and similarly in Figure 8.34e, but for outbursts
D, E and F when only two broad components were simultaneously detected.
In the ﬁrst case, the data fall near to the relation and in the second case,
the data seem to extend the relation. We note however, that as a priori we
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Figure 8.34: PBK relation as reported by Belloni et al. 2002b (grey circles, see also
ﬁgure 11 by Klein-Wolt & van der Klis 2008). Panel a: νLF vs. ν (triangles) and
νh vs. ν (open circles) measured in outburst C power spectra. Panel b: νLF vs. ν
(triangles) and νLF vs. νu (open circles) measured in outburst A power spectra, in
which both Lu and L are simultaneously signiﬁcant. Panel c: νLF vs. νu measured
in outburst A power spectra when only Lu is signiﬁcantly detected (note that as
discussed in Section 8.8.2, when only one high frequency component is detected, we
identify it as Lu ). Panel d: νh vs. ν during outbursts D and F power spectra when 3
broad components were simultaneously detected. Panel e: νh vs. ν during outbursts
D, E and F power spectra when only two broad components were simultaneously
detected. Panel f: HS outburst B data. Three diﬀerent frequency pair combinations
seem to extend the PBK relation: when only two components are present, they fall
on the correlation, and when 3 components are present, both the νb vs. νh and the
νh vs. ν pairs do.
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do not know the identiﬁcation of the components, the relation is ambiguous,
as other choices of frequency pairs from these power spectra also extend the
PBK relation (not plotted, but see Section 8.8.2). The HS of outburst B is
a good example of the ambiguity we ﬁnd when the correlations are used to
identify components. As there is no smooth power spectral evolution that
leads to the HS power spectra (Section 8.7.6), the three broad components
can be identiﬁed in diﬀerent ways. In Figure 8.34f we show that diﬀerent
frequency pair combinations seem to extend the PBK relation: when only
two components are present the data falls on the correlation, and when 3
components, both the νb − νh and the νh − ν pairs do.

8.8.4

XTE J1550–564 and the WK relation

From the point of view of component classiﬁcation, the WK relation has the
advantage that is defended by by three (generally) well deﬁned frequencies:
νLF , νh and νb . In Figure 8.35 we plot the PBK relation (grey circles) as
reported by (Wijnands et al. 1999; see also grey points in ﬁgure 10 in KleinWolt & van der Klis 2008).
In Figures 8.35a & 8.35b we show νh vs νb and νLF vs νb , respectively, for
outbursts A and C. As can be seen, the pairs νh − νb fall on the correlation
while the pairs νLF − νb are at slightly lower frequency than that expected by
the correlation (as discussed in previous sections, this is because νh is usually
higher than νLF ).
In Figure 8.35c we plot the νh − νb pairs found during outbursts D and F
when 3 broad components were simultaneously detected (see Section 8.8.2).
As can be seen, the data lie slightly above the WK relation. In Figure 8.35d
we plot outbursts D, E and F when only 2 broad components were signiﬁcantly
detected. In this case the data seem to extend the WK relation. In Figure 8.35e
we plot the HS outburst B data. When only 2 components are present, the
data seem to lie slightly above the WK relation. The pairs ν − νh and νh − νb
both seem to lie on the correlation.

8.8.5

Power spectra that do not ﬁt the previous classiﬁcations

In this section we describe the power spectra that are not included in the
classiﬁcations proposed in this paper and therefore do not appear in any of
the frequency–frequency relations discussed above. This speciﬁcally concerns
power spectra similar to A4, A13, A14, B10, B11, B13, B14, C6, C7 and C8.
Power spectra A14 and C6 occur at approximately the same time the source
starts a decrease in intensity at rather constant hardness (see Sections 8.7.4 &
8.7.5, respectively). As can be seen in Figures 8.20 & 8.22, their power spectral
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Figure 8.35: WK relation as reported by Wijnands et al. (1999) (grey circles, see
also ﬁgure 10 by Klein-Wolt & van der Klis 2008). Panel a: νh vs. νb data for
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νh vs. νb during outbursts D and F power spectra when 3 broad components were
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3 (squares and circles) components are signiﬁcantly detected. Squares represent the
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shape is almost identical. As the power spectral shape does not resemble
any of the other ones sampled in our data set, and given the ambiguity that
the frequency–frequency correlations can give if no additional information is
available (see, e.g., Sections 8.8.3 & 8.8.4) it is not possible to unambiguously
identify the diﬀerent components. Nevertheless, it is important to note that
although the power spectra A14 and C6 look diﬀerent than the other ones
in our sample, they might not be intrinsically diﬀerent. For example, it has
been previously noted that sometimes transitions between two types of power
spectra can occur on timescales of seconds or less. If this is the case, we could
be dealing with two (or more) power spectral types which cannot be resolved,
as the transitions occur too fast and the statistics are not suﬃcient to do time
or color selections. Similar cases are power spectrum A4 and A13.
C8 is a power spectrum that can be ﬁtted with two broad components with
a QPO in between. During the same state (see Section 8.7.4) we also ﬁnd
power spectra like C7, in which it seems that the 3 components we detect
in C8 have blended into a broad component, probably because we do not
have enough statistics to resolve them. A similar case could be the sequence
B9–B15. For example, as the source changes from B9 to B10, the total rms
amplitude increases and it seems possible that we do not have the statistics to
distinguish between 2 narrow Lorentzians and a single broad one. B11→B12
and B14→B15 seem to be similar as well.

8.9

Summary and Conclusions

We have analyzed the power spectra of 427 observations of the black hole
candidate XTE J1550–564. We show that generally it is possible to follow the
time evolution of the diﬀerent components we ﬁnd in the power spectra as they
shift in frequency and vary in strength and coherence. We use this information
together with the hardness dependency of the component characteristics to
identify the diﬀerent components. We show that with our identiﬁcations, the
frequencies of most of the power spectral components measured in the HIMS
and LS correlate with each other.
By comparing the observed correlations with each other and with previous works it is possible to conﬁrm the identiﬁcations we made. However, in
the sense of these correlations some of our identiﬁcations are ambiguous, as
other component identiﬁcation combinations sometimes prove to follow the
same correlation. In particular this is the case for the high-state components
observed during outburst B and for the low-state components observed in
outbursts D, E and F.
Finally we have compared our identiﬁcations with the WK and PBK rela208
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tions. We ﬁnd that the frequencies of our identiﬁed components follow the
WK relation, but this is not always the case for the PBK relation, e.g., the
post-ﬂare data of outburst A. The main assumption in our identiﬁcation procedure was that when there are 2 simultaneous components with frequencies
higher than that of LLF , then they are L and Lu with ν < νu . The discrepancy with the PBK relation could be partially solved if in some cases L is Lu
and the remaining component is an additional one that has not been taken
into account by our classiﬁcation. It is also possible to use this result to all
into question the PBK relation itself; as noted in Section 8.3 this relation may
be biased by the data sampling. Further work on other sources is required to
decide this issue.
Regarding the identiﬁcation of the components measured in the HS and
LS power spectra, we ﬁnd that the WK and PBK relations cannot be used
to unambiguously identify them. This is similar to what we ﬁnd with the
frequency–frequency relations composed only with data of XTE J1550–564. A
proper identiﬁcation could be done if well–sampled observations could be obtained of the HIMS→LS low-luminosity transition. However, this transitions
can be fast so that such observations are diﬃcult.
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8.10

Appendix I: on the < 3σ ﬁtted components

In this appendix we describe the cases in which we included components that
were less than 3σ signiﬁcant.
During outburst A: From a total of 382 Lorentzians ﬁtted, 9 were less
than 3σ signiﬁcant. 4 out of these 9 cases ﬁtted a clear excess of power at
frequencies ∼ 96, ∼ 115, ∼ 167 and ∼ 263 Hz with signiﬁcances of 2.92,
2.86, 2.63 and 2.98σ, respectively (in observations 30188-06-06-00, 30188-0605-00, 30191-01-05-00 and 30514-03-41-00, respectively). The remaining 5
were components that were needed for a stable ﬁt. Their frequencies were
∼ 0.96, ∼ 5.91, ∼ 26.2, ∼ 30.72, ∼ 39.0 Hz and had signiﬁcances of 2.49, 2.11,
2.92, 2.72 and 2.86σ, respectively (in observations 30191-01-28-00, 30191-0128-01, 30191-01-12-00, 30435-01-01-01 and 30191-01-34-00, respectively).
During outburst B: From the 278 Lorentzians ﬁtted, 5 were less than 3σ
signiﬁcant. In 3 out of the 5 cases the components were needed for a stable
ﬁt. These Lorentzians had characteristic frequencies of 0.22, 0.04 and 25 Hz
and signiﬁcances of 2.97, 2.8 and 2.4σ, respectively (Obs-Ids: 30435-01-14-01,
40401-01-73-00 and 40401-01-57-00, respectively). In the 2 remaining cases,
the Lorentzians have frequencies of 15.9 and 16.3 Hz and signiﬁcances of 2 and
2.8σ, respectively (Obs-Ids: 40401-01-06-01 and 40401-01-18-01, respectively).
These components were kept since they proved to signiﬁcantly improve the
χ2 /dof . Furthermore, Homan et al. (2001) have shown that these components
are signiﬁcant when several observations are added together to improve the
signal to noise ratio.
During outburst C: From a total of 177 Lorentzians ﬁtted, 8 were less
than 3σ signiﬁcant. In 5 out of the 8 cases, the components were needed for a
stable ﬁt. They were at frequencies ∼ 2.4, ∼ 1.9, ∼ 0.7, ∼ 0.8 and ∼ 17.2 Hz
and had signiﬁcances of 2.7, 2.1, 2.9, 2.3 and 2.7σ, respectively (in observations
50135-01-03-00, 50135-01-04-00, 50137-02-03-00, 50137-02-07-00 and 5013402-02-01, respectively). The remaining 3 cases correspond to features ﬁtted
in 2 continuous observations. The power spectra of these observations are
similar to power spectrum B12 (see Figure 8.21). If averaged together we ﬁnd 3
signiﬁcant components at ∼ 3, ∼ 9 and ∼ 21 Hz. However if studied separately
we ﬁnd that in the case of observation 50134-02-04-01, the components at ∼ 9
and ∼ 21 Hz are 2.4 and 2.9σ signiﬁcant, respectively and for observation
50134-02-05-00 the component at ∼ 9 Hz is 2.7σ.
During outburst D: From a total of 68 Lorentzians ﬁtted, 2 were less than
3σ signiﬁcant but were needed for a stable ﬁt. The characteristic frequencies
of these Lorentzians were 0.29 and 2.62 Hz with signiﬁcances of 2.97 in both
cases (in observations 50137-02-25-00 and 50137-02-30-00, respectively).
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During outburst E and F we ﬁtted a total of 36 and 58 Lorentzians,
respectively. All of them were signiﬁcant at to the 3σ level.

8.11

Appendix II: observing modes

Outburst A started on MJD 51063 and lasted until MJD 51150 for a total of 87 days covered with 78 PCA observations. The ﬁrst observation was
performed on MJD 51063.71 (ObsId: 30188-06-02-00) with the Good Xenon
mode. Unfortunately, the source was too bright and data were lost due to
insuﬃcient telemetry rate. We therefore excluded this observation from our
timing analysis. The remaining 77 observations were observed using a combination of Single Bit and Event modes in order to prevent similar problems:
ObsId 30188-06 and most of ObsId 30191-01 were observed using the modes
SB 125us 0 17 1s, SB 125us 18 35 1s and E 16us 16B 36 1s. These combination lead to a maximum time resolution of 1/8192 sec and a Nyquist frequency of 4096 Hz. The remaining observations (30191-01-04-00/05-00/0600/09-00/09-01/09-02/10-00) were observed with a combination of the modes
SB 125us 0 13 1s, SB 125us 14 17 1s, SB 125us 18 23 1s, E 125us 64M 24 1s
and SB 250us 0 249 2s 2LLD. We ﬁrst calculated the power spectra without
the 2LLD mode for a Nyquist frequency of 4096 Hz and searched for features
at frequencies higher than 2000 Hz. None were found, then we recalculated the
power spectra adding together the 1LLD events and twice the 2LLD events in
order to improve our sensitivity. These are the modes used in this paper; the
power-spectra ﬁnal Nyquist frequency is 2048 Hz.
Outburst B started on MJD 51150 as a continuation of outburst A (see
Section 8.7.1 and Figure 8.24) and lasted until MJD 51325 for a total of ∼
175 days. During this period, RXTE observed XTE J1550–564 on 171 opportunities with the PCA. ObsId 30435-01 and most of ObsId 40401-01 were observed using a combination of the modes SB 125us 0 17 1s, SB 125us 18 35 1s
and E 16us 16B 36 1s. This combination led to a maximum time resolution of
1/8192 sec and a Nyquist frequency of 4096 Hz. The remaining observations
(40401-01-91/99 and 40501-01-01-00) were observed using the Good Xenon
mode. Observation 40501-01-01-00 was performed when the source was too
bright and data were lost due to the high intensity of the source. We therefore excluded this observation from our timing analysis (as it was the case of
observation 30188-06-02-00 in outburst A). The rest of the observations which
were recorded in using the Good Xenon mode were performed during the decay of the outburst and did not suﬀer from telemetry problems. The intensity
points in Figure 8.25 at MJD∼ 51403 correspond to the slew observations
40142-04-01-01R, 40142-04-01-02R, 40142-04-01-03R and were excluded from
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our timing analysis.
Outburst C started on MJD 51630 and lasted until MJD∼ 51730 for a
total of ∼ 100 days covered by 67 PCA observations and 3 diﬀerent types
of mode combinations. Observations 50134-01-01/05, 50134-02-04-00/08-01
and 50135-01/02 were observed using the single bit modes SB 125us 0 13 1s
and SB 125us 14 35 1s in combination with the event mode E 8us 32M 36 1s.
Given the low time resolution of the event mode, in the observations 5013401-01/05 we only used the single bit modes. Observations 50134-02-01/0203 were observed using the modes SB 125us 0 17 1s, SB 125us 18 35 1s and
E 16us 16B 36 1s. Observations 50135-01-03/30 were observed using the event
mode E 125us 64M 0 1s. In all cases, the combination of modes led to a
maximum time resolution of 1/8192 sec and a Nyquist frequency of 4096 Hz.
Outbursts D, E and F were sampled with 48, 27 and 25 observations,
all recorded using the event mode E 125us 64M 0 1s which led to a maximum time resolution of 1/8192 sec and a Nyquist frequency of 4096 Hz. We
searched each observation for data anomalies and found that 50137-02-34-00
on MJD 51999.5 (outburst D) showed a sudden increase of count rate which
was signiﬁcantly diﬀerent between the 3 PCUs which were on. We therefore
interpret this increase in the count rate as probably instrumental and therefore
excluded it from our analysis. The power spectrum of this observation is well
described with a power law with index 2.01 ± 0.06 Hz.
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For each outburst we have shown representative power spectra in the νPν
representation (see Figures 8.20–8.23) which is useful as it allows to easily
visualize the relative importance of Lorentzian components. Another representation of power spectra is the Pν representation, i.e. the power spectral
density estimate Pν is plotted versus the frequency ν. This representation is
useful as well, as it allows to visualize ﬂat tops (white noise ranges) of power
spectra at low frequencies and also how the power spectrum deviates from a
broken power law. As this representation has been widely used in the past.
In Figures 8.36–8.39 of this Appendix we re-plot Figures 8.20–8.23 in the Pν
representation so that it is possible to compare the plots with previous works.
In all ﬁgures, the ordinate is in units of rms normalized power density [in
(rms/Mean)2 Hz−1 ] and the range is always 3 × 10−7 − 1 for outbursts A, B
and C, and in the range 3 × 10−7 − 40 for outbursts D, E and F. This makes it
easier to compare the changes in total fractional rms amplitude between source
states and source outbursts. In the same ﬁgures, the abscissa is in units of
Hz and for outbursts A, B and C is in the 3 × 10−3 − 4096 Hz range, while
for outbursts D, E and F is in the 3 × 10−4 − 4096 Hz range. The diﬀerence
in abscissa range chosen allows to better describe the characteristics of the
power spectra in the diﬀerent outbursts. In all cases, we have re-binned the
data diﬀerently between panels to balance between the frequency resolution
and the signal-to-noise ratio.
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Figure 8.36: The same as Figure 8.20 but all panels are in the P ν representation –
See Appendix III
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Figure 8.37: The same as Figure 8.21 but all panels are in the P ν representation –
See Appendix III
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Figure 8.38: The same as Figure 8.22 but all panels are in the P ν representation –
See Appendix III
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Figure 8.39: The same as Figure 8.23 but all panels are in the P ν representation –
See Appendix III
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