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1 Introduction 

In this thesis I present the results of a study of the extreme physical conditions on and around 
neutron stars; objects with a mass similar to that of our Sun, but with a radius a hundred 
thousand times smaller. Spacetime around such a compact star will be strongly curved, and 
magnetic and general relativistic effects are expected to influence the movement of matter 
close by. Matter that reaches the surface will burn steadily or be compressed until it explodes 
in a nuclear fusion reaction. In this Chapter I introduce the systems that I have studied. 

Stars fuse hydrogen to helium in their cores. When the hydrogen is finally exhausted the 
core collapses as there is no longer any source of energy to balance against gravity. This 
collapse is halted when the core reaches a high enough density to start fusing helium into 
carbon. For massive (M > 10 Solar masses; M . ) stars this nuclear burning cycle continues 
until it is halted at iron, from which no energy can be gained by fusing it to a heavier element. 
The core of the star collapses and the outher layers of the star explode in a so-called type II 
supernova. A neutron star or a black hole remains depending on the original mass and the 
mass loss history of the star. A neutron star consists mostly of neutrons. It is extremely dense; 
it has about the same mass as our Sun but a radius in the order of 10 km. A black hole is an 
object whose density is even higher. 

Most of the stars in our universe occur in binary systems: systems of two stars in orbit 
around a common center of mass. If a binary system originally consisting of a low mass and 
a massive star is not disrupted by the supernova explosion of the latter a binary system is 
formed containing a "normal" gaseous star and a compact object, where the compact object 
is either a black hole or a neutron star. Note that these systems can also be formed when a star 
and a compact object pass each other sufficiently close to be gravitationally captured by each 
other. This is thought to be an important formation mechanism in globular clusters where 
the star density is high. In sufficiently close binary systems mass transfer from the low mass 
gaseous star to the compact object occurs through Roche lobe overflow. When the distance to 
the compact object is small, the star's Roche lobe. i.e. the volume surrounding the star within 
which material is gravitationally bound to the star, can occur near its surface. Gas will flow 
from the gaseous star into the potential well of the compact object. Due to the conservation 
of angular momentum the gas forms a rotating accretion disk around the compact object. The 
material in this accretion disk slowly spirals inwards towards the compact object where it gets 
heated to sufficiently high temperatures to emit X-rays. This process is called accretion. Such 
a system is called a low mass X-ray binary. In Figure 1.1 I show an artist's impression of a 
low mass X-ray binary system. Besides the low mass X-ray binaries there are also high mass 
X-ray binaries. These systems contain a compact object and a high mass star, and accretion 
onto the compact object generally takes place through a stellar wind. 
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CHAPTER 1 

Low-mass companion star 

Compact object 

Figure 1.1 Artists impression of a low mass X-ray binary. The image was produced with 
BinSim vO.8 developed by Rob Hynes. 

In this thesis I study the X-rays from low mass X-ray binaries using data obtained with the 
Rossi X-ray Timing Explorer (RXTE) satellite. The X-rays come from regions of the accretion 
disk that are close to the compact object and can therefore be used to study the extreme 
physical conditions that occur around neutron stars and black holes. My work focuses on 
timing; measuring the short time scale (milliseconds to minutes) variability of these sources. 
The RXTE satellite I used (see also §2.1) has the best sensitivity to time variations of any 
X-ray satellite that has flown up to date. I have studied X-rays coming from low mass X-ray 
binaries where the compact object is known to be a low magnetic field neutron star, although 
I also compare with systems that might contain a black hole. 

1.1 BLACK HOLE LOW MASS X-RAY BINARIES 

As mentioned above, the compact object in some low mass X-ray binaries might be a black 
hole. There is, however, no direct observational evidence for the existence of black holes 
in these systems. Therefore compact objects that are thought to be a black hole are called 
black hole candidates. The strongest evidence comes from spectroscopic observations where 
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periodic shifts in the optical spectral lines of the gaseous companion star are used to determine 
the mass function of the compact object. If the mass of the compact star is approximately 
3 Mv or greater, no force can stop the gravitational collapse and the compact star is almost 
certainly a black hole (Nauenberg & Chapline, 1973: Rhoades & Ruffini. 1974). Currently, 
for 17 X-ray binaries the compact object has been found to have a mass above 3 M: (see 
Orosz, 2003, for an overview). X-ray binaries for which no direct mass estimate can be 
made are classified as black hole candidates if their spectral and timing characteristics show 
similarities with the systems for which a mass estimate exists. Naturally when phenomena 
that require a solid surface, like type I X-ray bursts or X-ray pulsations, are observed the 
compact object is certainly a neutron star and not a black hole candidate. 

Power law 

V H S , 

IMS/ 
VHS 

state : 
0.01 0.1 1 10 

Frequency (Hz) 

100 1000 

Figure 1.2 Representative power spectra plotted in the power versus frequency representation 
for the black hole candidates. Shown are power spectra for the low state (LS, from Cyg X—1), 
intermediate/very high state (IMS/VHS, from GX 339^), very high state (VHS, from XTE 
J1859+226), and high state (HS, from XTE J1550-564). For clarity, the power spectra of the 
IMS/VHS, VHS and HS have been multiplied by factors of 103. 106, and 109 respectively, 
and some large negative error bars are not fully plotted but indicated by arrows. 
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The timing properties of black hole candidates can be classified into four basic source 
states (see e.g. van der Klis, 1995). The low state has a hard, and the high state a soft energy 
spectrum. The intermediate and very high state have an energy spectrum in between that 
of the low and the high state. To determine the timing properties usually power spectra are 
calculated, where the data are transformed from the time to the frequency domain (for more 
on constructing power spectra see §2.3.3). In Figure 1.2 we plot representative power spectra 
in the power versus frequency representation (see §2.3.3) for the low state, intermediate state, 
very high state, and high state. In the low. and intermediate/very high state the power spectra 
are dominated by a broad band-limited noise component and several broad peaks. The inter
mediate/very high state also shows several quasi-periodic oscillations (QPOs), where a QPO 
is a narrow (but not infinitely narrow) peak in the power spectrum. In the low. intermediate, 
and very high state the power spectra are very similar to those of the neutron star low mass 
X-ray binaries in their hard states (see §1.2). Besides the power spectra described above, the 
very high state also shows power spectra without the broad band-limited noise component. 
These power spectra are dominated by a power law, on top of which several coherent QPOs 
are present. In the high state the power spectra only show a power law. The black hole power 
spectra are dominated by low frequency features (< 100 Hz). In an addition to this, weak, 
narrow high frequency peaks (70^450 Hz) are sometimes found in the intermediate and very 
high states. 

1.2 NEUTRON STAR LOW MASS X-RAY BINARIES 

If a low mass X-ray binary shows type I X-ray bursts (for a review, see Lewin et al., 1993) 
we know that the compact object is a neutron star. Type I X-ray bursts are thought to be 
thermonuclear flashes on the neutron star surface. They are not expected to occur when the 
neutron star has a strong magnetic field, as this would stabilize the nuclear burning. So. the 
magnetic field strength of these neutron stars has to be low (108 - 9 Gauss). 

Many of the neutron star low mass X-ray binaries can be classified into two classes. Z and 
atoll sources, based on the correlated behavior of their timing properties at low frequencies 
(v < 200 Hz) and their X-ray spectral properties (Hasinger & van der Klis, 1989). The atoll 
sources occur over a wide range of luminosities (1036_38e/-g s~]). The Z sources are all 
very luminous ( ~ 3 x 1038c-7-£ 5"'). The energy spectrum of the neutron star low-mass X-ray 
binaries is often parametrized by color-color diagrams, where a color is the ratio of counts in 
two different energy bands. As the energy spectrum of a source changes, it moves through 
these diagrams (for more on color-color diagrams see §2.3.2). The names of the two classes of 
neutron star low mass X-ray binaries are based on the shape that the sources draw up in these 
color-color diagrams. In the top part of Figure 1.3 I plot typical examples of a color-color 
diagram for an atoll and a Z source. The names that Hasinger & van der Klis (1989) gave to 
the different states of the Z and atoll sources are also indicated. In 2001 Muno et al. (2002) 
and independently Gierlihski & Done (2002) used the large Rossi X-ray Timing Explorer data 
sets now available for several of the atoll sources, to show that some of the atoll sources look 
much more like Z sources when plotted in color-color diagrams than was previously thought 
(see bottom part of Fig. 1.3). Although the appearances in the color-color diagram of some 
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Figure 1.3 Typical color-color diagrams for an atoll and a Z source (top panel). In the bottom 
panel two atoll color-color diagrams are plotted that show a Z shape. 
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atoll sources now is more similar to that of Z sources, the path followed by an atoll source 
when it draws up its shape in the color-color diagram is different to that of the Z sources. 
Also the correlated timing-color behavior is different (see Chapter 6). 

The timing properties generally change in a correlated fashion with the position in the 
color-color diagrams. In Figure 1.4 we plot representative power spectra in the power versus 
frequency representation (see §2.3.3) for the Z and the atoll sources With the increased timing 
sensitivity of RXTE it was found that both the Z and the atoll sources show quasi-periodic 
oscillation with frequencies ranging from a few hundred Hz to more than 1000 Hz. These 
oscillations are called kilohertz QPOs and are thought to reflect timescales in the innermost 
regions of the accretion disk. The kilohertz QPOs can occur as a single peak or as a pair. For 
the atoll sources there is a single kilohertz QPO present in the extreme island and island states. 
In the lower left banana there is generally a pair of kilohertz QPOs present, and in the lower 
and upper banana no kilohertz QPOs are found. For the Z sources a pair of kilohertz QPOs is 
present on the horizontal branch. The kilohertz QPOs disappear on the normal branch and no 
kilohertz QPOs are found on the flaring branch. The low-frequency part of the power spectra 
of both classes is. in the harder states (the horizontal branch in the Z sources and the island 
states of the atoll sources), dominated by a similar broad band-limited noise component. 
This band-limited noise component becomes weaker when a source becomes softer, and in 
the Z sources it disappears completely when the source moves onto the normal branch. In the 
banana states of the atoll sources where the band-limited noise has become weak, a power-law 
red noise component appears in the lowest range of the spectrum (v < 1 Hz). This component 
is called very low frequency noise (VLFN). This very low frequency noise is also present in 
the Z sources were it is weak on the horizontal branch and becomes stronger when the source 
moves to the normal and flaring branches. In addition to the band-limited and the very low 
frequency noise the Z sources show several quasi-periodic oscillations below 200 Hz. These 
are named after the branch of the Z track in the color-color diagram where they mostly occur: 
horizontal (HBOs), normal (NBOs) and flaring branch oscillations (FBOs). The HBO shows 
a sub- and a second harmonic at ~ 0.5 and ~ 2 times the frequency of the main peak, and 
sometimes a peak at ~ 1.5 times the frequency of the HBO. Below 200 Hz the atoll sources 
show several Lorentzian components. Note that these components are called Lorentzian and 
not QPO; this is because these features are sometimes too broad to be classified as a QPO (see 
fj2.3.3). In the atoll sources all components become broader as their characteristic frequency 
decreases, therefore the same features sometimes appear as a QPO and sometimes are too 
broad to be classified as a QPO. 

Next to the atoll and the Z sources there are two groups of sources that are thought to 
be atoll sources that only occur in one state. Just like the atoll and Z sources the sources in 
these groups show type I X-ray bursts so we know these systems contain a low magnetic held 
neutron star. They are the low-luminosity bursters, IE 1724-3045, GS 1826-24, and SLX 
1735-269, which are thought to be always in the hard (extreme) island state. A second group 
are the so-called persistently bright or GX atoll sources; GX 3+1, GX 9+1 and GX 9+9, GX 
13+1. These are sources with a luminosity in between that of the atoll and the Z sources that 
are thought to be atoll sources that only occupy the lower and upper banana branches (see 
Reerink et al., 2004, for an overview). 
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Figure 1.4 Representative power spectra plotted in the power versus frequency representation 
for the Z and the atoll sources. In the right panel I plot power spectra for the three Z source 
states (power spectra courtesy of Jeroen Homan); horizontal branch (HB), normal branch 
(NB, multiplied with a factor 0.5 for clarity), and flaring branch (FB, x 105). In the left panel 
I plot power spectra for the source states of the atoll sources; extreme island state (EIS), 
island state (IS, x 1000), lower left banana (LLB, x 106), and lower banana (LB, x 109). For 
clarity some large negative error bars are not fully plotted but indicated by arrows and the 
power spectra of the lower banana, normal branch, and flaring branch are only plotted up to 
about 200 Hz. 

1.3 MILLISECOND PULSARS IN LOW MASS X-RAY 
BINARIES 

Besides the kilohertz QPOs the atoll sources show another timing phenomenon at millisecond 
time scales. These are nearly coherent oscillations that only occur during type I X-ray bursts; 
they are called burst oscillations. The burst oscillations have frequencies between 270 and 
620 Hz (see Muno et al., 2001, for an overview). In a type I X-ray burst, a thermonuclear 
explosion in the accreted material on the neutron star surface, the X-ray luminosity shows a 
sudden rapid (1 to 10 seconds) increase, reaching 5 to 20 times quiescent values. This rise is 
followed by an approximately exponential decay lasting from 10 seconds to several minutes. 
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In Figure 1.5 we show a dynamical power spectrum taken during a type 1 X-ray burst of 4U 
1728-34. We can see that in a few seconds the frequency of the burst oscillation increases to 
an asymptotic value of about 363 Hz. For a given source this asymptotic value tends to be 
quite stable. In the sources for which both burst oscillations and a pair of kilohertz QPOs were 
detected, the frequency difference between the pair of kilohertz QPOs is about equal to either 
the burst oscillation frequency or half of it. This led to the idea that the frequency difference 
between the kilohertz QPOs is linked to the spin frequency of the neutron star through beat-
frequency mechanisms and that the asymptotic burst oscillation frequency reflects once or 
twice the spin frequency. In this model a burst oscillation is caused by anisotropics in the 
hot thermonuclear burning layer on the neutron star surface. At the end of the burst this 
burning layer couples with the neutron star and is therefore rotating with the neutron star spin 
frequency. Depending on the geometry of the anisotropics this leads to an observed frequency 
of once or twice the spin frequency. 

Time (s) 

Figure 1.5 A burst oscillation of the atoll source 4U 1728-34. Shown are a time overlapping 
dynamical power spectrum and the associated PCA lightcurve (black line). A dynamical 
power spectrum is composed of individual power spectra each starting 0.125 s later than the 
previous one (see for more information Chapter 4). The gray scale on the right hand side 
indicates the amount of power. 



INTRODUCTION 

The burst oscillations and kilohertz QPOs provided the first direct indications that low 
mass X-ray binaries harbor neutron stars with millisecond spin periods. The existence of 
such systems had been predicted as they where thought to be the progenitors of the old, low 
magnetic field, millisecond radio pulsars that were discovered in 1982 (Backer et al., 1982). 
The existence of these old millisecond radio pulsars cannot be explained by the evolution 
theory of single neutron stars, and the fact that these old millisecond radio pulsars often occur 
in binary systems led to the idea that the millisecond radio pulsars are born as normal pulsars 
with a spin frequency in the order of seconds but with a companion star (see for a review 
Bhattacharya, 1995). In such a binary system accretion can occur and the accreting matter 
can spin up the neutron star. When the accretion process stops the neutron star has been spun 
up to a millisecond spin period and an old millisecond radio pulsar appears. The magnetic 
field strength of the old millisecond radio pulsars and that of the neutron star low mass X-ray 
binaries is low (108~9 Gauss) where it is high (1012 "13 Gauss) when a radio pulsar is born. 
The process causing this decrease in magnetic field strength during the accretion phase is as 
yet unknown. 

In 1998, for the first time, millisecond pulsations were detected in the persistent emission 
of a low mass X-ray binary. During an outburst of SAX J 1808.4-3658 401 Hz pulses were 
discovered; the first accreting millisecond pulsar had been found (Wijnands & van der Klis, 
1998a). During this outburst no thermonuclear X-ray bursts were observed and the source 
did not show narrow kilohertz QPOs (Wijnands & van der Klis, 1998b). The low frequency 
power spectrum was very similar to that of other atoll sources (Wijnands & van der Klis, 
1998b). During a previous outburst in 1996 thermonuclear X-ray bursts were observed with 
the BeppoSAX satellite, and in one burst a burst oscillation was marginally detected at 401 
Hz (in't Zand et al., 2001). During a new outburst of SAX J 1808.4-3658 in October 2002, 
both kilohertz QPOs and strong burst oscillations were observed in an accreting millisec
ond pulsar for the first time (Wijnands et al., 2003; Chakrabarty et al., 2003). The burst 
oscillations occurred at the spin frequency, and the frequency difference between the pair of 
kilohertz QPOs was equal to half the spin frequency. This indicated that the burst oscillations 
in the other low mass X-ray binaries also occur at the spin frequency (and not at twice the 
spin frequency), and that the beat-frequency mechanisms proposed to explain the frequency 
difference between the pair of kilohertz QPOs could be rejected. Recent models trying to ex
plain why the frequency difference is about the spin frequency in some sources and half the 
spin frequency in others are based on frequency resonances between the spin frequency and 
general relativistic orbital/epicyclic frequencies (see Wijnands et al., 2003; Kluzniak et al., 
2003; Lamb & Miller, 2003). Recently, four additional accreting millisecond pulsars were 
discovered; XTE J1751-305, XTE J0929-314, XTE J1807-294, and XTE J1814-338 (see 
Wijnands, 2004, for an observational review). 

1.4 THIS THESIS 

In this thesis I study the correlations between timing and X-ray spectral properties of several 
low mass X-ray binaries harboring a low-magnetic field neutron star. In Chapter 3 I study the 
atoll source 4U 0614+09. In 4U 0614+09 the highest frequency QPO yet from any low mass 
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X-ray binary is found at a frequency of 1329 ± 4 Hz. which has implications for neutron star 
structure. Similarities exist between the behavior of the band-limited noise component of 4U 
0614+09 and that of the black hole candidates. Strong correlations between the frequencies of 
most power spectral components and the position of the source in the hard color vs. intensity 
diagram are found. The exception is a Lorentzian with a frequency of about 150 Hz which 
does not correlate with these parameters. 

In Chapter 4 I study correlations between the burst properties and the position in the 
color-color diagram of the atoll source 4U 1728-34. Using spectral fits I analyze the spectral 
evolution during the bursts and determine the burst peak flux, temperature, rise time and flu-
ence. Using dynamical power spectra I study the properties of the ~ 363 Hz burst oscillations. 
Correlations are found between fluence, peak flux, the occurrence of radius expansion and the 
presence of burst oscillations, and the position of the source in the color-color diagram. We 
compare our results with those of another atoll source KS 1731-26 and find that burst oscil
lations occur in both KS 1731-260 and 4U 1728-34 in more or less the same position in the 
color-color diagram, but that the dependence of most of the burst spectral parameters on the 
position in the color-color diagram is clearly different. 

In Chapter 5 I re-analyze the timing properties of the persistent emission of 4U 0614+09 
(Chapter 3) and 4U 1728-34 (Di Salvo et al.. 2001) now using a multi-Lorentzian fit to the 
power spectra. The use of multi-Lorentzian fit was triggered by results of a similar fit to 
the black-hole candidates (BHCs) GX 339-4 and Cyg X-l . The use of exactly the same 
fit function reveals that the timing behaviour of 4U 0614+09 and 4U 1728-34 is almost 
identical at luminosities which are about a factor 5 different. The frequencies of the variability 
components of these two atoll sources follow the same relations when plotted versus the 
frequency of the upper kilohertz QPO. suggesting a very similar accretion flow configuration. 

In Chapter 6 I use the same multi-Lorentzian fit to the power spectra of the atoll source 
4U 1608-52. The frequencies of the variability components of 4U 1608-52 follow the same 
scheme of relations as 4U 0614+09 and 4U 1728-34 when plotted versus the frequency of the 
upper kilohertz QPO, suggesting that this scheme is universal for all atoll sources. For the Z 
sources only the lower kilohertz QPO and HBO follow identical relations. Using the mutual 
relations between the frequencies of the variability components several models are tested; the 
transition layer model, the sonic point beat frequency model, and the relativistic precession 
model. None of these models describe the data satisfactorily. 4U 1608-52 is one of the atoll 
sources that shows a Z in its color-color diagram (see §1.2). I study the relation between 
the power spectral properties and the position of 4U 1608-52 in the color-color diagram and 
conclude that the timing behavior is not consistent with the idea that 4U 1608-52 traces out 
a three-branched Z shape in the color-color diagram along which the timing properties vary 
gradually, as Z sources do. 

In Chapter 7 I study the timing and color behavior of the accreting millisecond pulsars 
SAX J 1808.4-3658, XTE J1751-305, XTE J0929-314, and XTE Jl814-338. I compare 
their properties with those of the atoll sources and low-luminosity bursters and find that their 
timing properties are, at first sight, very similar. However, the correlations of the frequencies 
of the variability components in the case of SAX J 1808.4-3658 (and probably also XTE 
J0929-314) are shifted compared to those of the atoll sources: upper and lower kilohertz 
QPO frequency are "too low" by a factor 1.5. The other two pulsars follow the normal 
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scheme of correlations. This surprising result suggests that there is something special to the 
accretion flow of some of the millisecond pulsars, but at this stage it is unclear what. The two 
pulsars that do show the shift do not have any obvious characteristics that differ from the two 
that don't show the shift. 
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