


1 Introduction

Insigni“cante, pero lo
disimulo con elegancia

Juan Feu

In this thesis I discuss phenomena that occur in systems that are referred
to as low…mass X-ray binaries. These systems emit radiation over a large
range of wavelengths but here I focus only on the X-ray emission. In this
chapter, I brie”y explain what these systems are, I introduce some of the
main phenomena that arise in them and I discuss the methods by which these
systems are studied.

1.1 Low…Mass X-ray binaries

Most of the stars in our universe occur in binary systems, i.e., systems of
two stars in orbit around a common center of mass. If one of the members
of these systems is a compact object (neutron star or black hole), and the
system components are su�ciently close to exchange matter causing them to
become very bright in X-rays, then they are called X-ray binaries. Compact
objects are formed by supernova explosions; I note, however, that it has also
been suggested that neutron stars can be formed from the accretion…induced
collapse of a white dwarf (Whelan & Iben 1973), and that black holes might
be the result of the merger of two neutron stars (King 2006), events whose
signature in terms of supernova phenomenology is uncertain.

X-ray binaries can be divided into high-mass X-ray binaries (HMXBs) and
low-mass X-ray binaries (LMXBs) depending on the mass of the companion
star. The companion to the X-ray source in HMXBs is a luminous star of
spectral type O or B with mass typically larger than 10 M� , necessarily be-
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longing to a young stellar population as these types of stars do not live longer
than about � 107 years. In LMXBs the companion is a faint star of mass
lower than 1 M� and tends to belong to a much older stellar population, with
ages that can be hundreds of millions of years.

In this thesis, I concentrate on the study of the LMXBs (see Figure 1.1
for an artist•s impression) in which mass transfer from the companion star
to the compact object is due to Roche-lobe over”ow, i.e., material from the
companion star that passes beyond the so called Roche-lobe radius ”ows onto
the compact object. Since the Roche-lobe radius is a function only of the
orbital separation and the masses of the two stars, the onset of Roche-lobe
over”ow requires that either the envelope of the companion star expands (due
to stellar evolution), or that the binary separation shrinks (as a result of
orbital angular momentum losses). In any case, due to conservation of angular
momentum the gas cannot fall directly onto the compact object and so it
spirals in, forming a rotating disk around the compact object. This process is
called accretion and the disk is known as anaccretion disk.

The most powerful phenomena we observe from LMXBs are directly related
to these accretion disks, as a large amount of gravitational energy is released
when the matter approaches the compact object. This causes the inner accre-
tion disk to reach temperatures as high as 107 Kelvin and therefore to emit
in (thermal) X-rays. So, the analysis of the X-ray emission from these sources
is a fundamental tool we have to study the properties of compact objects and
accretion disks. These sources become therefore, very good natural labora-
tories in which to test theories of gravity in extreme conditions (e.g. general
relativity), and where to study physics of ultra-dense matter, in particular the
equation of state (i.e., the mathematical description of the relations between
temperature, pressure and density of matter) of neutron stars, where densities
are thought to be higher than those in atomic nuclei.

1.2 Instrumentation and techniques

In this thesis I study low-mass X-ray binary systems by means of energy
spectra and time variability analysis. The combination of these two methods
has proven to be very useful in describing the X-ray behavior of LMXBs.
Below, I brie”y describe the instruments and techniques used.

1.2.1 The Rossi X-ray Timing Explorer

All the results presented in this thesis are based on data obtained with the
Rossi X-ray Timing Explorer (RXTE , Bradt et al. 1993). It was launched
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Figure 1.1: Artist•s impression of a low-mass X-ray binary. The image was produced
with the program BinSim (v0.8.1) developed by Rob Hynes.

on December 30th , 1995 and, at the time this thesis goes to press, is still
operating. Figure 1.2 shows a schematic view of the satellite.

There are three scienti“c instruments on board the satellite, namely the
All Sky Monitor (ASM, Levine et al. 1996), the High Energy X-ray Timing
Experiment (HEXTE, Gruber et al. 1996; Rothschild et al. 1998) and the
Proportional Counter Array (PCA; Zhang et al. 1993; Jahoda et al. 2006).

The ASM observes� 80% of the sky each orbit with a spatial resolution of
3� × 15�, it operates in the 1.5…12 keV range and has a time resolution of 1/8
seconds. The ASM plays an important role in identifying state transitions and
outbursts from transient sources, allowing us to trigger follow-up observations
with other instruments within a few hours. The instrument also permits us to
monitor the long-term intensity and behavior of the brightest X-ray sources
(see, e.g., Chapters 4 & 8 and Figure 1.6 in this Chapter).

The HEXTE has a “eld of view of � 1� and operates in the 15…200 keV
range. It consists of two photon counter detectors, each having an area of
� 800 cm2, an energy resolution of 18% at 60 keV, and a time resolution of 10
µs. Due to the large “eld of view and the lack of spatial resolution, background
estimation can be an issue. This problem is solved by making both clusters
oscillate (•rockŽ) between on and o� source positions (1.5� or 3� from the
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Figure 1.2: Diagram of the XTE spacecraft, with instruments labeled.

source), every 16 or 32 seconds. The data from this instrument have been
used in this thesis mainly to better estimate the X-ray luminosity of sources.

The PCA is the main instrument on board RXTE . It is a pointed instrument,
co-aligned with the HEXTE and having the same collimated “eld of view
of � 1� . It consists of “ve Proportional Counter Units (PCUs) with a total
collecting area of � 6250 cm2, operates in the 2…60 keV range, has a nominal
energy resolution of 18% at 6 keV and, most importantly for this thesis, a
maximum time resolution of � 1µs. With the exception of regions near the
center of the Galaxy, the source density on the sky is low enough to provide
su�cient positional resolution and avoid source confusion.
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Figure 1.3: Typical power spectrum of a pulsar light curve. The high power repre-
sents the pulsar spin frequency (� s � 442 Hz, in SAX J1748…2021, Chapters 4).

1.2.2 Timing analysis

The main tool I use for studying the timing properties of an X-ray source
is the Fourier power spectrum of the count rate time series, in which data
are transformed from the time to the frequency domain. This technique is
particularly needed when the counting noise dominates the time series and it
is only possible to study the averaged properties of the timing phenomena. It
is not the aim of this introduction to give an extensive overview of how Fourier
techniques are used in X-ray variability studies. For that, I refer to the •bibleŽ
by van der Klis (1989). Below, I brie”y describe the main procedures.

For the Fourier timing analysis I use data from the PCA (recorded in Event,
Good Xenon and/or Single Bit modes, Jahoda et al. 2006). Data are split
up into blocks of equal time length and for each block the Fourier power
spectrum is calculated. These power spectra are then averaged (generally per
observation … I refer to Appendix I in Chapter 6 for a discussion on this). The
frequency resolution is equal to the inverse of the time duration of each block.
The maximum frequency in the resulting power spectrum is called the Nyquist
frequency and is half the inverse of the time resolution of the data (generally,
the time resolution I have used is 125µs, which allows the study of variability
up to 4096 Hz).

Highly coherent signals, like pulsations, appear as a single frequency-bin
spikes while aperiodic structures are spread over more frequency elements.
Broad structures are usually called •noise•, while narrow…peaked features are
called •quasi-periodic oscillations• (QPOs). In Figure 1.3 I show an example
of a power spectrum in which a clear spike appears at the spin period of
the accreting millisecond pulsar SAX J1748…2021 (the spin frequency of this
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pulsar is � s � 442 Hz, see Section 1.5.3 for a brief introduction to millisecond
pulsars). In Figure 1.4 I show a typical power spectrum where noise (labeled
with VLFN, L b2, L b, L hHz ) and QPOs (L � and L u) are present.

L
uL

VLFN

Lb2

Lb hHzL

Figure 1.4: Typical averaged power spectrum where noise (VLFN,L b2, L b, L hHz )
and QPOs (L � and L u ) are present (this is a representative power spectrum from the
Atoll source 4U 1636…53, see Chapter 6).

As can be seen in Figure 1.4, the power spectrum consists of a superpo-
sition of di�erent components. Unfortunately, there is no physical model
that describes all these components consistently, as the real processes be-
hind the X-ray variability are still poorly understood. In order to have a
uni“ed phenomenological description of these timing features within a source
and among di�erent sources and source types, I “t noise and QPOs with
a function consisting of one or multiple Lorentzians, each denoted asL i ,
where i determines the type of component. The characteristic frequency
(� max ) of L i is denoted � i . � max is the frequency where the component con-
tributes most of its variance per logarithmic frequency interval and is de“ned as
� max =

�
� 2

0 + ( FW HM/ 2)2 = � 0
�

1 + 1/ 4Q2 (Belloni et al. 2002b). For the
quality factor Q, I use the standard de“nition Q = � 0/FW HM . FWHM is the
full width at half maximum and � 0 the centroid frequency of the Lorentzian.

I note that a Lorentzian is the Fourier power spectrum of an exponentially
damped sinusoid, and although the multi-Lorentzian model usually gives good
“ts (but see Chapter 8 for exceptions), the original signal can still be di�er-
ent from a damped oscillation. Our choice of this over other models (such
as a combination of power law and Gaussian functions) is motivated by the
fact that the multi-Lorentzian model gives the possibility to identify and fol-
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low the characteristics of power spectral components as they evolve in time
and as a function of spectral state using only one type of function (i.e., a
Lorentzian). This also allows us to compare the characteristics of di�erent
components. I particularly refer the reader to Chapter 8 for an example. The
combination of the multi-Lorentzian model with excellent sampling of the 2
brightest outbursts of the black hole XTE J1550…564, allowed us to follow the
characteristics of QPOs and noise components in novel ways.

Other techniques used

In a few cases in my thesis I use other techniques, in addition to Fourier ones,
in particular Lomb-Scargle periodograms (Lomb 1976; Scargle 1982; Press et
al. 1992) as well as the phase dispersion minimization technique (PDM - see
Stellingwerf 1978). The Lomb-Scargle technique is ideally suited to look for si-
nusoidal signals in unevenly sampled data. The phase dispersion minimization
technique is well suited to the case of non-sinusoidal time variation covered by
irregularly spaced observations.

1.2.3 Spectral analysis: Colors

In the best case scenario the X-ray energy spectrum of a given source can
be described by the combination of one or more physically motivated math-
ematical functions, or models. However, the physical reality of these models
is still uncertain and in many cases the data can be satisfactorily described
by di�erent models, making the results of such spectral analysis inconclusive.
In this thesis I use another method, the so calledcolor analysis, which makes
use of color-color diagrams and hardness…intensity diagrams. This method is
more sensitive to subtle changes in the X-ray spectra as it does not need to
assume a certain model.

To calculate the colors, the X-ray spectrum is divided into energy bands.
A color is de“ned as the ratio of count rates in two di�erent energy bands.
Di�erent bands are typically chosen for neutron stars and black holes, which
have di�erent spectral variability characteristics.

To calculate X-ray colors, in this thesis I always use the 16-s time-resolution
Standard 2 mode data of RXTE (see Section 1.2.1). For neutron stars I de“ne
soft and hard color as the 3.5…6.0 keV / 2.0…3.5 keV and 9.7…16.0 keV / 6.0…9.7
keV count rate ratio, respectively, and the intensity as the 2.0…16.0 keV count
rate. For black hole systems, soft and hard color are the 6.0…16.0 / 2.0…6.0 keV
and 16.0…20.0/ 2.0…6.0 keV count rate ratio, respectively and the intensity is
the count rate in the 2.0…20 keV band. To correct for the gain changes (i.e.,
changes in the high voltage setting of the PCUs, Jahoda et al. 2006) as well as

7




























