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1 Introduction

This work has the general aim of studying accretion phenomena associated
with neutron stars in X-ray binaries. The specific target of this work is a
subclass of accreting binaries that show X-ray pulsations with periods in the
millisecond range. These pulses are thought to be formed on the neutron star
surface and to track its rotation. Several other phenomena are also connected
with the accretion flow that produces the X-ray pulsations and are useful to
study the disc-magnetosphere interactions, the accretion disc, the thermonu-
clear X-ray bursts and the accretion torques. In this chapter I provide an
introduction to the physics of neutron stars and to the X-ray binaries which
harbor these fascinating objects.

1.1 Theory of neutron stars

A neutron star is an extreme object formed in a core-collapse supernova ex-
plosion (or in accretion induced collapse of white dwarfs) with a radius of ∼ 10
km and a mass of ∼ 1–2M⊙. The matter that composes the innermost part
of the neutron star core can reach values significantly exceeding the density
of atomic nuclei. It is currently thought that the point of highest density can
reach values of up to 5-10 ρ0, where ρ0 is the density of nuclear matter at satu-
ration1(2.8× 1014g cm−3). At such enormous densities the properties of ultra-
dense nuclear matter are very uncertain and the understanding of its equation
of state remains a major challenge for both theorists and experimentalists.
The equation of state (EoS) is formally the relation between density, pressure
and temperature P (ρ, T ). However, the term is sometimes used also to indi-
cate the chemical composition and the microphysical model that describes the
neutron star cores. Relatively little is currently known about ultradense cold

1Nuclear matter is at saturation density when it is static and the pressure is zero. It is a
configuration of minimum energy.
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1. Introduction

matter, the information we have comes from astrophysical observations more
than direct lab experiments.

Neutron stars are also unique laboratories to test theories of gravity in
the strong field regime. Their surface gravitational (potential) energy is the
highest known among directly observable objects: only black holes have larger
gravitational fields close to their event horizons. However, in contrast to black
holes, neutron stars have a solid surface which is directly observable by the
distant observer. The typical gravitational energy of a particle of mass m
at the surface of a neutron star is ∼ 0.2mc2, where c is the speed of light.
The gravitational binding energy of a neutron star is, similarly, a significant
(∼ 20%) fraction of the total neutron star mass, making a neutron star a
General relativistic object.

Since their surface gravity is high, gas flowing close to the neutron star
surface approaches the speed of light, giving rise to Special relativistic effects.
Moreover, neutron stars can rotate at spin periods near a millisecond, with
surface velocities as high as several percent of the speed of light.

Finally, neutron stars have magnetic fields which are among the strongest
observed in the Universe: typical values range from B ∼ 108 Gauss for very old
systems, up to the impressive value of 1015 G for young systems, well above the
quantum electrodynamic limit of BQED = 4.4 × 1013 G. If a charged particle
flows close enough to a magnetic neutron star, its motion will be completely
controlled by the magnetic stresses. Electrons spiraling around such extreme
fields emit cyclotron radiation as a flow of X-rays and γ−rays, and when
B > BQED the electron cyclotron energy equals the electron rest mass energy
and quantum mechanical effects are dominant, like photon splitting and pair
production.

Neutron stars can be therefore considered an extraordinary lab for extreme
fundamental physics experiments: ultradense matter, strong gravity and high
magnetic fields coexist in a unique environment, not reproducible in Earth
based experiments.

1.1.1 Neutron star structure

Our modern view of neutron stars predicts the existence of three main regions:
an outer layer of plasma (atmosphere), a thick envelope of atomic nuclei, free
electrons, protons and neutrons (crust), and an inner region of ultradense
matter whose composition is currently partially unknown (core). Both the
crust and the core are also divided in an inner and outer region (see Fig. 1.1).

The atmosphere has a thickness from a few millimeters in systems with a
cold surface (T ∼ 105K) up to several ten centimeters for young hot sys-
tems (T ∼ 106K). The importance of this layer of plasma is crucial for the
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1.2 Observation of neutron stars

observations, since it is here that the neutron star spectrum forms and the
gravitational potential energy is mainly released in accreting systems. I will
discuss the properties of this layer in § 1.2.

The outer crust has a thickness of a few hundred meters, and is mainly
composed of ions and free electrons. The free electrons are non-degenerate
in the outer layers and become increasingly degenerate and ultra-relativistic
with increasing depth. At the bottom of this region, the density reaches the
neutron drip point: the electron Fermi energy becomes high enough to allow
beta captures in atomic nuclei, that become neutron-rich. The neutrons start
to drip out of nuclei at the bottom of the outer crust, forming a free neutron
gas.

The inner crust has a thickness of ∼ 1 − 2 km, and is composed of free
electrons, free neutrons and neutron-rich nuclei. At the bottom of the crust
(ρ ∼ 0.5ρ0) the atomic nuclei disappear. In some models, the neutrons in
atomic nuclei and the free neutrons can be in a superfluid state.

The outer core has a thickness of several kilometers and has a mixed compo-
sition of free electrons, neutrons, protons and muons (npeµ-matter). All these
components are highly degenerate, in beta equilibrium and charge neutral.
Electrons and muons are almost an ideal gas while protons and neutrons can
be in a superfluid state. At the bottom of the outer core the density overtakes
the nuclear density (ρ ∼ 2ρ0).

The inner core is the most uncertain and poorly known region of the neutron
star. Its central density can reach values up to ∼ 5 − 10ρ0 and the particle
composition strongly depends on the unknown ground state of matter at ultra-
high densities. Several hypotheses exist, involving Bose-Einstein condensates,
quark deconfinement and possibly the existence of strange matter as the true
ground state of ultradense matter.

1.2 Observation of neutron stars

The first neutron star observed was Sco X-1 which was also the first extra-
solar X-ray source discovered by Riccardo Giacconi and collaborators in 1962
(Giacconi et al. 1962). Sco X-1 was not immediately recognized as a neutron
star since its properties were not completely understood at that time and its
presence in a binary further complicated the interpretation of experimental
data. At that time, it was commonly believed that the supernova explosion
generating a neutron star would have disrupted any binary system given the
large amount of mass lost in the explosion. It was only in the 1967, with the
discovery of the first radio pulsar (PSR B1919+21, Hewish et al. 1968), that
the existence of neutron stars was finally proved. In the ’70s, with the launch
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1. Introduction

Figure 1.1: Artist’s impression of a neutron star. (Image from: Dany Page)

of the first X-ray satellite UHURU, it became clear that Sco X-1 belonged to
a more general and extended family of X-ray binary sources with a compact
accretor stripping gas from a canonical star.

Since then, the number of known neutron stars has increased enormously
and neutron stars have been observed in all the wavelength bands from radio
up to gamma. We currently know ∼ 2× 103 neutron stars, which show a wide
variety of behavior, illustrated by the categories of radio pulsars, accreting
X-ray pulsars, RRATs, magnetars, isolated neutron stars, compact central
objects and so on. From theoretical stellar evolutionary models and population
studies we expect the existence of ∼ 108 − 109 neutron stars in our Galaxy.
I now briefly review the two categories of neutron stars which are useful to
understand the motivation of the present work: radio pulsars and accreting
X-ray pulsars.
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1.2 Observation of neutron stars

1.2.1 Radio pulsars

Radio pulsars comprise the vast majority of known neutron stars: the present
population exceeds ∼ 1700 objects and realistic estimates predict a galactic
population of ∼ 105 active radio pulsars.

The basic observational property of radio pulsars is their emission of broad-
band radio noise in the form of a periodic sequence of pulses. The periodicity
of the pulse arrival times is thought to track the neutron star rotation. The
fastest known rotating pulsar spins at a frequency of 716 Hz (Hessels et al.
2006) while the slowest ones spin at frequencies between 1 and 0.1 Hz.

The radio pulses are produced by a rotating beamed cone that becomes
observable when pointing toward the Earth. The mechanism generating radio
pulses is still not fully understood although it involves the transformation of
the enormous pulsar rotational energy into radiation. However, the idea is now
accepted that radio pulses have a tight link with the strong dipolar magnetic
field of pulsars.

When observed over long periods of time, all radio pulsars show an increase
of their rotational period. When plotting the pulse period and the period
derivative in a diagram (the so called P-Ṗ diagram, see Fig. 1.2), two groups of
pulsars are evident: a large population of slow pulsars that spin down on a fast

timescale
(

P/Ṗ ∼ 106−7 yr
)

and a smaller group of fast pulsars (called “mil-

lisecond pulsars”) that spin down of very long timescales
(

P/Ṗ ∼ 108−9 yr
)

.

If we assume magnetic dipole radiation as the origin of the spin down, it is

possible to infer a lower limit to the pulsar magnetic field B ∝
(

PṖ
)1/2

. Slow

radio pulsars have B fields of ∼ 1012 G, while millisecond pulsars have fields
of ∼ 108 G.

Interestingly, the majority of millisecond pulsars ( >
∼ 80%) is found in bi-

naries, in sharp contrast with the ∼ 1% of slow pulsars in binaries. Finally,
in the P-Ṗ diagram, there is a large area of long periods and small period
derivatives that is not populated. It is thought that when radio pulsars cross
the so called “death line” on the P-Ṗ diagram, the radio emission mechanism
switches off and the pulsar enters the “pulsar graveyard”. The neutron star
keeps evolving as an isolated neutron star by emitting thermal radiation from
its cooling surface.

All new-born radio pulsars found in supernova remnants have short periods
and fast spin down timescales. No millisecond pulsar has been found until now
in a young supernova remnant. This and the other sharp differences between
millisecond and slow pulsar populations, led to the idea that young pulsars are
born with periods between 0.01-10 s, while the fast millisecond pulsars reach
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1. Introduction

Figure 1.2: P-Ṗ diagram of isolated (black circles) and binary (open circles) radio
pulsars.

their 1-10 ms period thanks to a different mechanism.
Many of these differences can be easily explained in a binary evolutionary

scenario that starts with two main sequence stars. The most massive star
evolves faster than the companion, and explodes as a type II Supernova, leav-
ing a neutron star remnant. If the binary is not disrupted, the neutron star
remains bound to the companion. At some point a phase of accretion can
start and the outer layers of the companion are stripped by the gravitational
force exerted by the neutron star. The gas and its angular momentum accrete
on the neutron star. If the angular momentum brought by the accreted gas
is sufficiently high, the neutron star can easily be spun up from ∼ 10 s down
to millisecond periods during this phase. The accretion also has the effect
of moving the neutron star from the graveyard into the bottom-left side of
the P-Ṗ diagram: if the companion star is disrupted or the accretion phase
terminates, the neutron star is expected to switch on as a millisecond radio
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1.2 Observation of neutron stars

pulsar. This is the so called Recycling Scenario, in which a dead radio pulsar is
recycled into a millisecond radio pulsar through accretion in a binary system.

However, it is not yet clear why the magnetic field decays by ∼ 4− 5 orders
of magnitude during the spin up phase. Whether the accretion is responsible
for the magnetic field decay is still an open issue. A spontaneous Ohmic decay
with time in an isolated neutron star is unfeasible as it requires a timescale
longer than the age of the Universe. A significant difference is observed be-
tween the B field distribution of isolated radio pulsars and X-ray pulsars in
binaries. The idea is now widely accepted that the magnetic field decays more
rapidly in binaries, although the exact way in which the field is reduced still
has to be identified.

1.2.2 Accreting neutron stars

At some point of the evolution, a star in a binary can transfer part of its matter
onto the companion. If one of the stars in the binary increases its radius or the
orbital separation decreases, the gravitational force exerted by the other star
can pull part of the gas into its Roche lobe. The gas then accretes onto the
other star releasing its gravitational potential energy as radiation (see Verbunt
1993 and Tauris & van den Heuvel 2006 for reviews). The release of potential
energy is very large if the accreting star is a neutron star or a black hole: if all
the energy is converted into radiation, then the expected accretion luminosity
is: Lacc = GMṀ/R, where G is the universal gravitational constant and M,
R, and Ṁ are the accretor mass, its radius and the rate of mass accretion. For
a neutron star with M = 1.4M⊙, R = 10 km the efficiency of the process is
close to ∼ 10% of mc2, where m is the amount of matter accreted.

If the neutron star magnetic field is sufficiently strong to channel a sub-
stantial fraction of gas onto the magnetic polar caps, and the rotation and
magnetic axes are misaligned, the X-ray radiation produced by the matter in-
fall is modulated at the neutron star spin frequency. The radiation is detected
by the distant observer as a sequence of X-ray pulses, whose frequency may
be modulated at the binary orbital period due to the Doppler effect.

Depending on how massive the companion star is, accreting neutron stars
are found in three different types of X-ray binaries: high, intermediate and
low mass X-ray binaries. The classification does not distinguish between X-ray
binaries with a neutron star and those with a black hole. Here we will refer
only to the properties of the binaries which are known to harbor a neutron
star.
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1. Introduction

High mass X-ray binaries (HMXBs)

The binary is young and the companion star is a massive star (O-B spectral
type) with M >

∼ 10M⊙. They are found concentrated in the galactic plane and
show regular X-ray pulsations, but no thermonuclear bursts. In the majority
of these systems, accretion takes places through capture of part of the intense
stellar wind emitted by the O-B main sequence or blue supergiant compan-
ion. In some rare cases accretion can take place also via Roche lobe overflow
(RLOF) and with formation of a small accretion disc (for example Cen X-3,
see Bildsten et al. 1997). The neutron star is formed after a supernova explo-
sion of a massive star that does not disrupt the system. Its magnetic field is
moderately high (B ∼ 1012G) which by interaction with the accreting mate-
rial leads to spins at frequencies below ∼ 15 Hz. Most HMXBs that contain
a neutron star show regular X-ray pulsations, as a result of the channeling of
the accreted matter towards their magnetic poles. HMXBs have rather quick
evolutionary timescales, since the donor is massive and completes its main
sequence phase in less than 10 Myr.

Low mass X-ray binaries (LMXBs)

Low mass X-ray binaries (LMXBs) typically are old systems (∼ 1 − 10 Gyr)
with a companion star whose mass is <

∼ 1M⊙. They are mainly found toward
the galactic bulge and in globular clusters, which are mainly composed of old
Population II stars. Given the relatively weak stellar wind, LMXBs exhibit
detectable X-rays because of RLOF. The gas is transferred through the inner
Lagrangian point and carries a relatively high angular momentum. An ac-
cretion disc forms, which is thought to be responsible for the quasi-periodic
oscillations (QPOs) observed in the X-ray flux (van der Klis 2000).

LMXB orbital periods can go from several days (wide binaries) down to
11 minutes (ultra-compact binaries, Nelson et al. 1986). One of the unsolved
issues about binary evolution is how to produce such short orbital periods.

LMXBs show X-ray pulsations only on rare occasions, and the vast majority
having never shown pulsations despite large observational surveys. The accret-
ing neutron star is old and has relatively weak magnetic fields of ∼ 108 − 1011

G. The weak magnetic field allows also the production of Type I X-ray bursts,
sudden releases of energy produced by unstable thermonuclear fusion of H and
He. Two LMXBs also show the puzzling Type II X-ray bursts (Hoffman et al.
1978), which are X-ray flashes similar to those of Type I, which, however, are
produced by accretion instabilities instead of thermonuclear runaways.
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Intermediate mass X-ray binaries (IMXBs)

The class of IMXBs comprises all the X-ray binaries whose donor mass lies in
the ∼ 1− 10M⊙ range. From a binary evolutionary point of view, IMXBs are
difficult to observe since they are expected to evolve on very fast timescales
because of unstable RLOF (Tauris et al. 2000) or because of common envelope
evolution (Iben & Livio 1993). This instability emerges when the mass ratio
between the neutron star and the donor is close to one, and gives an evolu-
tionary timescale of ∼ 103 yr. This means that the chances to observe such
a system during this evolutionary phase are very low, while the detection of
wind fed IMXBs is also biased against by the very low luminosities expected
by their weak winds.

1.3 Accretion disc

The accretion discs formed in LMXBs are usually studied with the geomet-
rically thin and optically thick disc approximation of Shakura & Syunyaev
(1973). In this approximation the scale height, H, is much smaller than the
radial extension of the disc: H/R << 1. The gas in the disc rotates at a

Keplerian velocity ΩK =
√

GM
R3 and the orbital kinetic energy is transformed

into radiation by viscosity, while the angular momentum is transported out-
ward. The viscosity ν is very uncertain and is parametrized by the so-called
“α-prescription”:

ν = α csH (1.1)

where cs is the speed of sound and α is a free parameter proportional to the
viscosity.

Many LMXBs have unstable accretion discs performing a “limit cycle” os-
cillation between stable thermal equilibria states: the outburst, with a high
viscosity and hot temperatures, and the quiescence with low viscosity and low
temperatures. The disc consists of ionized gas in outburst and neutral gas in
quiescence. The two states are activated by a thermal-viscous instability that
emerges when the gas temperature is larger than the ionization temperature.
For a hydrogen disc, the critical temperature is ∼ 6500K.

For a given radial distance R, the disc tracks an S-curve in the Σ − Teff

plane, where Σ is the disc surface density and Teff is the disc effective tem-
perature (Fig. 1.3). The lower cold branch corresponds to the quiescence,
with neutral hydrogen, low viscosities, low temperatures (and thus low disc
luminosities) and low surface densities. The upper hot branch is the outburst
with high luminosities and an high viscosity (α ∼ 0.1). In either case the disc
is in thermal equilibrium. The middle branch is an unstable thermal equilib-
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Outburst(hot)

Quiescence (cold)

Unstable

Figure 1.3: S-curve of an accretion disc (Image from: Lasota 2001)

rium condition that arises because of the sharp change in opacities when the
hydrogen becomes ionized or when it recombines.

The disc moves from outburst to quiescence on a thermal timescale:

tth ∼ R3c2s
GMν

(1.2)

While in outburst or quiescence, the disc is in thermal but not in viscous
equilibrium and it evolves on a viscous timescale:

tvisc ∼ α−1 R
2

Hcs
(1.3)

It is clear then why the outburst duration is much shorter than the quiescence:
the viscous parameter α is a factor ∼ 10 smaller in quiescence than in outburst,
thus giving a correspondingly longer viscous timescale.

When the disc moves from quiescence to outburst, a heating front propa-
gates through the disc from the inner regions outward or from the outer region
inward, depending where the temperature first reaches the hydrogen ioniza-
tion temperature. As the heating front moves in the disc, an increasingly
larger portion of the accretion disc contributes to the total X-ray luminosity.
The outburst peak is reached when the whole disc is ionized. A cooling front
then propagates from the outer colder regions inward, producing the typical
luminosity decay observed in LMXB outbursts. When the whole gas in the
disc is recombined, the quiescence starts, and the cycle repeats again.
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1.4 Accreting millisecond X-ray pulsars

1.4 Accreting millisecond X-ray pulsars

According to the recycling scenario, millisecond radio pulsars are produced
by spin up via the transfer of angular momentum through accretion. During
this phase (∼ 10 Gyrs), they would be expected to emit X-ray pulsations.
Therefore one would expect some accreting neutron stars to be observed as
accretion powered X-ray pulsars in the process of spinning up in the millisec-
ond range. After this accreting phase, the companion leaves a remnant (white
or brown dwarf) or is destroyed by the X-ray radiation or by the powerful
pulsar wind after it turns on as a radio pulsar. A binary or an isolated “ro-
tation powered” millisecond radio pulsar is left at this point of the evolution.
Accreting pulsars are therefore expected to be the evolutionary link between
the young radio pulsars and the old fast millisecond radio pulsars. This “recy-
cling” model for the origin of millisecond radio pulsars was proposed in 1982
(Alpar et al. 1982, Radhakrishnan & Srinivasan 1982), but it lasted until 1998
before the first accreting millisecond X-ray pulsar was finally discovered.

In 1998, millisecond pulsations from the low mass X-ray binary transient
SAX J1808.4-3658 were discovered (Wijnands & van der Klis 1998, see Fig. 1.4).
This was the proof of the existence of accreting millisecond X-ray pulsars
(AMXPs) and confirmed the recycling scenario. However, the number of
known AMXPs is only 10 out of ∼ 150 non-pulsating LMXBs systems. The
reason for this is still open: under certain simplifying assumptions standard
accretion theory predicts that all the accreting NSs should pulsate. Moreover,
the theory would predict also sub-millisecond periods. However, the fastest
observed accreting and radio pulsar spin at 1.7 and 1.4 ms, respectively. There
is therefore a large gap of unpopulated periods below 1.4 ms that remains un-
explained (Chakrabarty et al. 2003a).

1.4.1 Standard accretion theory

Accreting X-ray pulsars are the only objects through which we can directly
measure the transfer of angular momentum from the accretion disc onto the
neutron star surface in neutron star X-ray binaries.

The inner accretion disc is truncated by the neutron star magnetic field
lines at the magnetospheric radius rm = ξ rA, where rA is the Alfven radius
defined as:

rA =

(

µ4

2GMṀ2

)1/7

(1.4)

and ξ ∼ 1 is a dimensionless parameter (Ghosh & Lamb 1979). Here µ is the
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magnetic moment of the neutron star B field, and for a magnetic dipole it is:

µ =
B0R

3

2
(1.5)

where B0 is the magnetic field at the poles.
The magnetic stress balances the fluid stress when

BpBφr
2
m∆ r = ṀΩ r2m (1.6)

withBp andBφ the poloidal and toroidal field component, ∆ r is the magnetospheric-
disc boundary layer where the interaction takes place and Ω is the neutron
star angular velocity.

Accretion is inhibited by centrifugal forces if the Keplerian gas velocity at
the magnetospheric radius is smaller than the neutron star rotational velocity.
This concept is usually expressed by defining the co-rotation radius:

rco =

(

GM

Ω2

)1/3

(1.7)

which is the radius at which the Keplerian gas velocity equals the neutron
star’s rotation rate. If the magnetospheric radius lies inside the co-rotation
radius, then the accreting gas applies a positive torque on the neutron star
(spin up), while in the opposite case it removes angular momentum slowing
down the neutron star rotation (spin down).

1.4.2 Periodic variability

Pulsations are observed in AMXPs as modulations of the X-ray flux. Dif-
ferently from radio pulsars, AMXPs show a broad pulse profile with a large
duty cycle and low harmonic content. This is mainly due to the different
emission mechanism in X-ray pulsars: a blackbody possibly comptonized by a
shock of accreting material, with strong distortions due to gravitational lens-
ing, Doppler shift and aberration (Braje et al. 2000). The source of blackbody
emission is the hot spot, which is the region where the magnetic funnel flow
impacts the neutron star surface, transforming the kinetic energy into radia-
tion. Since the funnel flow is relativistic, a shock is expected to appear. The
thermal radiation emitted by the hot spot can then be Comptonized by the
shock and upscattered to higher energies (Poutanen & Gierliński 2003).

Though this picture needs confirmation, it is clear that pulsations are a
surface phenomenon and can be used to track the accretion flow directly onto
the neutron star surface.
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1.4 Accreting millisecond X-ray pulsars

1.4.3 Quasi-periodic variability

Beside the coherent millisecond variability, AMXPs show quasi-periodic vari-
ability on timescales of milliseconds up to hundred seconds (Linares et al.
2005, 2007, 2008). Despite considerable efforts in the field, the origin of this
fascinating phenomenon is not yet clear. Since accretion occurs through gas
revolving in Keplerian orbits in the accretion disc, the fastest quasi-variability
observed (∼ 0.1 − 1 ms) is usually associated with the inner regions of the
accretion disc (van der Klis 2000). In these regions, the accretion flow has a
characteristic timescale close to the dynamical timescale of the system:

τdyn =

√

R3

GM
(1.8)

Therefore the fastest quasi-periodic variability is thought to form in regions
a few km from the neutron star, and can be useful to probe the motion of
matter in the strong gravity field regime.

1.4.4 Thermonuclear X-ray bursts

Accretion is one of the most efficient processes to extract energy from a source.
The energy released per baryon accreted is ∼ 200 MeV, while the nuclear
energy liberated by hydrogen fusion is ∼ 5 MeV. Moreover both reactions
produce blackbody radiation with peak emission in the soft X-rays. Therefore
any steady nuclear burning reaction taking place on the neutron star surface is
completely swamped by the accretion powered radiation. However, if the nu-
clear energy is released on a much shorter timescale than the typical accretion
timescale, the nuclear powered radiation becomes dominant (see Strohmayer
& Bildsten 2006 for a review).

This radiation is indeed observed in many LMXBs and in five AMXPs as
thermonuclear runaways, called Type I X-ray bursts: sudden release of nuclear
energy observed as enhanced X-ray flux with a rise timescale of ∼ 1 s and a
flux decay of ∼ 10 − 1000 s that corresponds to the cooling time of the burnt
layer. These timescales are much shorter than any typical outburst length (i.e.,
viscous/thermal timescale of the accretion disk, lasting weeks to years). The
material burned in the Type I bursts can differ depending on the composition
of the material accumulated in the neutron star atmosphere from accretion.
We currently know three types of bursts: mixed hydrogen/helium burning,
pure helium, and carbon bursts. The latter are also known as Superbursts,
since the energy released and the length of the burst can be up to 2-3 orders of
magnitude larger than in the other cases. An interesting property of Type I X-
ray bursts is the possible presence of “burst oscillations”, which are observed
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Table 1.1: Accreting Millisecond X-ray Pulsars

Source νs Porb fx Mc,min Type I Bursts B-O
(Hz) (min) (M⊙) ( M⊙)

SAX J1808.4–3658 . 401 121 3.8 × 10−5 0.043 Yes Yes
XTE J1751–305 . . . . 435 42.4 1.3 × 10−6 0.014 No No
XTE J0929–314 . . . . 185 43.6 2.9 × 10−7 0.0083 No No
XTE J807–294 . . . . . 190 40.1 1.5 × 10−7 0.0066 No No
XTE J1814–338 . . . . 314 257 2.0 × 10−3 0.17 Yes Yes
IGR J00291+5934 . . 599 147 2.8 × 10−5 0.039 No No
HETE J1900.1–2455 377 83.3 2.0 × 10−6 0.016 Yes No
Swift J1756.9–2508 . 182 54.7 1.6 × 10−7 0.007 No No
Aql X–1. . . . . . . . . . . . 550 1194 Yes Yes
SAX J1748.9–2021 . 442 522 4.8 × 10−4 0.1 Yes No

νs is the spin frequency, Porb the orbital period, fx is the X-ray mass function, Mc,min is the
minimum companion mass assuming a neutron star mass of 1.4M⊙. The last two columns identify

bursting sources and those that show Burst-Oscillations (B-O)

with a frequency close (within ∼ 1Hz) to the neutron star spin. Only 16 among
the 90 bursters show nuclear-powered oscillations and only three of these show
also accretion powered pulsations. The reason for this is currently unknown.

The first AMXP to show Type I bursts was SAX J1808.4-3658. The source
exhibited burst oscillations, whose frequency drifted above the spin frequency
by a few Hz during the burst rise, settling down to an oscillation frequency
within 0.1 Hz of the measured accretion-powered pulsations (Chakrabarty
et al. 2003a). This behavior is quite anomalous among bursting LMXBs.
The typical behavior is a slow increase of the burst oscillation frequency that
asymptotically reaches a frequency inferred to be close or equal to the neutron
star spin frequency, during the burst decay. The second AMXP to show burst
oscillations also has an anomalous behavior, with the oscillation frequency
extremely stable and fixed at the neutron star spin frequency (Fig. 1.6).

1.5 Observations of accreting millisecond X-ray pulsars

Ten AMXPs have been observed until now. Eight of them have orbital periods
below 4.3 hrs and three are ultra-compact binaries with orbital period Porb ∼
40 min. They all have a low mass companion that in the most extreme case can
be as small as 7 Jupiter masses (XTE J1807-294, Kirsch et al. 2004) and they
all show a very low long term average mass transfer rate (Ṁ ∼ 10−11 M⊙ yr−1).
Their spin frequencies range from 182 to 599 Hz and three of them show burst
oscilltaions during thermonuclear bursts. In Table 1.1 I summarize their main
properties.
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1.5 Observations of accreting millisecond X-ray pulsars

Figure 1.4: Pulse frequency of SAX J1808.4-3658, as it appears in a power density
spectrum of the 1998 outburst. The small panel shows two cycles of the folded pulse
profile. (From van der Klis 2000)

Pulsations in SAX J1808.4-3658 were discovered with Fourier analysis (see
§ 1.6.2) at a frequency of 401 Hz. From simple considerations on the pulse
formation mechanism, Wijnands & van der Klis (1998) estimated a surface B
field of 2 − 6 × 108 G, confirming the expectations of a low magnetic fields
for old neutron stars in LMXBs. The pulsation showed a fractional amplitude
between 4% and 7% (rms) with little dependence to the photon energies but
strong phase lags (Cui et al. 1998).

The pulse frequency had a 2.01 hr modulation at the orbital period of the
binary (Fig. 1.5) and a very small mass function (Chakrabarty & Morgan
1998). Bildsten & Chakrabarty (2001) studied the mass function and the long
term average mass transfer rate of SAX J1808.4-3658, and concluded that the
companion star was a brown dwarf heated by the neutron star radiation. In
more than 10 years of observations, SAX J1808.4–3658 went in outburst six
times, and on five occasions high quality data were obtained and the pulsations
were studied. I discuss this long baseline timing study of SAX J1808.4-3658
in § 4 and § 5.

Type I X-ray bursts were also observed in this source, and the detection of
burst oscillations at ∼ 401 Hz led to the conclusion that burst oscillations do
indeed track the neutron star spin frequency. In June 5, 2003, another AMXP
with both Type I bursts and burst oscillations was discovered (XTE J1814-
338). The 314 Hz burst oscillation frequency was consistent with the spin
frequency measured with accretion powered pulsations and further confirmed
the idea that burst oscillations are a good tracer of the spin frequency. I
discuss the properties of these oscillations and their relation with the accretion-
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Figure 1.5: Radial velocity curve of SAX J1808.4-3658. The sinusoidal variations
are caused by the 2.01 hr orbital period modulation of the pulse frequency.(From
Chakrabarty & Morgan 1998).

powered pulsations in § 2.
SAX J1808.4–3658 also showed unexpected variations in its X-ray flux: af-

ter the main outburst, the source showed the so-called re-flares, a puzzling
phenomenon probably related with instabilities in the accretion disc before
the return into quiescence. The most surprising discovery was the observation
of a violent flaring superimposed on the re-flares, at a repetition frequency of
1 Hz (Wijnands 2004). This phenomenon is currently poorly understood, and
probably related with hydrodynamic instabilities at the disc-magnetospheric
interface that develop close to the onset of the propeller stage (Illarionov &
Sunyaev 1975). I discuss this phenomenon in detail in § 8.

The study of AMXPs was considered very promising also because of the
possibility of measuring spin frequency variations caused by external torques
as predicted by standard accretion theory (§ 1.4.1). However, this is one of
the most controversial aspects of AMXP research, and there is no general
consensus yet on how to measure these torques. The main problem when
measuring accretion torques is the presence of unexpected fluctuations of the
pulse phase which are not predicted by standard accretion theory. These phase
fluctuations are called “timing noise”, and their origin is still unknown. An
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1.5 Observations of accreting millisecond X-ray pulsars

Figure 1.6: Type I X-ray bursts and burst oscillations as observed in XTE J1814-338
(From Strohmayer et al. 2003)

initial discussion of the problem is found in § 4 and a detailed test of accretion
theory is discussed in § 6 for XTE J1807–294. Finally, a new interpretation of
the timing noise is given in § 7.

An interesting recent development has been the discovery of intermittent
pulsations in three AMXPs (HETE J1900.1-2455, Aql X-1 and SAX J1748.9-
2021). The pulsation appears and disappears sporadically during an outburst
(see for example Fig. 1.7 for SAX J1748.9–2021).

All three intermittent sources show also Type I bursts. In one case (Aql
X-1) the source showed pulsations for ∼ 120 s out of a total observing time
of 1.4 Ms, with a duty cycle of less than 0.01% (Casella et al. 2008). The
relation between pulse formation and the presence of Type I X-ray bursts in
SAX J1748.9-2021, along with a discussion of the pulse formation timescale
and the pulse profile properties is presented in § 3.

1.5.1 Rossi X-ray Timing Explorer

The Rossi X-ray Timing Explorer (RXTE) was launched by a Delta II rocket
on December 30, 1995, on a circular orbit with altitude of 580 km, and an
orbital period of 96 min. RXTE has remained operational since then, spanning
almost 15 years of observations. Three instruments are aboard RXTE: the All
Sky-Monitor (ASM), the Proportional Counter Array (PCA) and the High
Energy X-ray Timing Experiment (HEXTE). An illustration of the RXTE
satellite is shown in Fig. 1.8.

The ASM is composed by three wide-angle proportional counters with a
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Figure 1.7: X-ray lightcurves of three outbursts of the intermittent X-ray pulsar
SAX J1748.9–2021 (Altamirano et al. 2008). During the 1998 outburst no pulsations
were observed. In 2001 and 2005 the high time resolution observations are marked
with grey circles. The pulsations are marked with black squares at the bottom and
the occurrence of Type I bursts is marked on top with black squares at the top.

Figure 1.8: The RXTE satellite and its three main instruments: ASM, PCA and
HEXTE.

total collecting area of 90 cm2 and a total energy band of 1.3-12.1 keV. The
main property of the ASM is its ability of scanning ∼ 80% of the sky in less
than one RXTE orbit. In this way long term monitoring of bright sources is
possible. Source state transitions from quiescence to outburst can be readily
detected with this instrument.
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1.5 Observations of accreting millisecond X-ray pulsars

The PCA is an array of five Proportional Counter Units (PCUs) with a
total collecting area of ∼ 6500 cm2 and 256 energy channels sensitive to the
2-60 keV energy band. A collimator provides a field of view with a ∼ 1◦ full
width at half maximum (FWHM) that helps in reducing the source confusion
in crowded fields. The time of arrival of each photon is registered with a time
resolution of up to 2−20 s. This high temporal resolution, the large collecting
area and the broad energy range make the PCA the best available instrument
to study millisecond variability in X-ray binaries.

Several changes in the gain of PCUs and the long term use have substan-
tially reduced the capabilities of the instrument. Actually five so-called gain
epochs are defined, each of them corresponding to some loss in capabilities.
The gain is a measure of the ability of a circuit to increase the output power
of the input signal. It is defined as the number of electrons released in the
gas of a detector after an X-ray photon (or a high energy particle) is detected.
The PCA is the main instrument used in this work, and all these effects have
been carefully taken into account in the data reduction and analysis.

The HEXTE instrument consists of two clusters of scintillation detectors
with total collecting area of 1600 cm2. Each cluster can “rock” (beamswitch)
every 16 s or 128 s along orthogonal directions, to provide background mea-
surements 1.5 or 3.0 degrees away from the source. The HEXTE has a wide
energy range of 15-250 keV and a field of view of 1◦ FWHM.

The data collected are pre-processed by on-board system analyzers that
prepare the data in different data-modes. The PCA has six different data
modes, two Standard modes, and four guest-observer data modes that can be
changed and chosen by the observer.
In this thesis I use two specific data modes: the GoodXenon mode, with a
time resolution of 2−20s and 256 energy channels, and the Event mode with a
time resolution of 2−13 s and 64 energy channels.

1.5.2 European X-ray Multi-Mirror telescope Newton

The European X-ray Multi-Mirror (XMM) telescope, named in memory of
Issac Newton, has been launched with an Ariane 504 rocket on December 10,
1999, in a very eccentric orbit that brings the telescope from a distance of
7000 km at the perigee up to a distance of ∼ 100.000 km in a 42 hr orbit.
It consists of 58 mirrors and three telescopes that focus X-ray photons with
energies of 0.1-12 keV. The detectors on-board XMM-Newton consist of two
X-ray instruments and an optical monitor (OM) used to follow the optical
counterparts (down to magnitude 24th) of X-ray sources observed by the other
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X-ray instruments. XMM mirrors are most efficient in the energy range from
0.1 to 10 keV, with a maximum around 1.5 keV and a pronounced edge near 2
keV. The design goal was to achieve a collecting area of 1900 cm2 for energies
up to 150 eV, 1500 cm2 at 2 keV, 900 cm2 at 7 keV, and 350 cm2 at 10 keV,
for each of the three telescopes.

The Reflection Grating Spectrometer (RGS) is mounted behind two of the
XMM telescopes and produces high resolution spectra with high resolving
power (150 to 800) over a range from 5 to 35 Å [0.33 to 2.5 keV] in the first
spectral order. The instrument reaches the highest sensitivity at 15 Å [0.83
keV] (first order) where the effective area is largest. The instrument consists
of two Reflection Grating Arrays units (RGA), each mounted on one mirror,
two Focal Plane Camera units (RFC), each including a stand-off structure, a
radiator and the detector itself, and the electronics.

The European Photon Imaging Camera (EPIC) is the main instrument
aboard XMM-Newton and is placed in the main focal plane providing CCD
imaging, spectroscopy and timing. The three cameras have independent con-
figurations that can be chosen by the guest-observer for each observation, and
comprises an Imaging/Spectral mode and a Timing mode. For spectral stud-
ies, the EPIC-pn and the MOS provide broadband spectra with a pn energy
resolution at 6.5 keV of E/dE ∼ 50.

In timing mode, imaging is made only in one dimension, with the other
dimension collapsed along the column axis. The read out time is very high,
∼ 2.5 ms for the MOS 1 & 2 and down to ∼ 30µs in Timing mode for the
pn. A special mode of 7µs (Burst mode) can also be chosen for the pn when
observing very bright sources to avoid pile-up. The duty cycle of this mode is
low, however, around 3%. The nominal energy band of the EPIC-pn ranges
from 0.1 to 15 keV; EPIC-pn provides imaging in a 30 arcmin field of view
with a 6 arcsec FWHM.

1.5.3 Swift

The Swift Gamma Ray Burst Explorer was launched with a Delta 7320 rocket
on November 20, 2004. It is a multi-instrument mission whose main target is
the study of Gamma Ray Bursts. The main characteristic of Swift, as its name
suggests, is the execution of “swift” pointings of the focusing telescopes in
typically ∼ 50 s. The telescope consists of three instruments: the Burst Alert
Telescope (BAT), the X-Ray Telescope (XRT) and the UltraViolet-Optical
Telescope (UVOT).

BAT has a sensitivity in the 15-150 keV range and a collecting area of
5200 cm2, and is mainly used in gamma ray burst studies.

The XRT is an X-ray mirror telescope with a CCD Focal Plane Camera As-
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sembly (FPCA) used to provide X-ray spectra and refined positions of gamma
ray bursts, but is also widely used by the X-ray binary community for pointed
short-exposure observations of X-ray sources. Since the primary target of
Swift is the study of gamma ray bursts, the pointings may be interrupted, or
the observations rescheduled, if a gamma ray burst occurs during the X-ray
observations. Swift is therefore mainly used for monitoring or to refine the
position of newly discovered X-ray sources.

The FPCA has a useful bandpass of 0.2 to 10 keV and can collect the data
in three modes: a PhotoDiode (PD) mode with 0.14 ms time resolution and
no spatial information, a Windowed Timing (WT) mode, with one spatial
dimension and a full time resolution of 1.8 ms and a Photon Counting (PC)
mode with a full spatial resolution and a 2.5 s timing resolution.

The UVOT telescope is a 30 cm modified Ritchey-Chretien UV/optical tele-
scope co-aligned with the X-ray Telescope and provides ultraviolet and optical
coverage (170-650 nm) in a 17’ x 17’ field.

1.6 Observational techniques

As described in § 1.4, the accretion processes taking place in AMXPs are
extremely fast and energetic. The dynamical timescale in a region close to
the neutron star surface is τdyn =

√

R3/GM ∼ 100µ s, where R is a typical
neutron star radius of 10 km. The X-ray flux emitted in these regions exhibits
a rapid variability that can be studied by collecting data sequentially over
time. In this thesis we study time series in both time and frequency domains.
The time domain is used to analyze the X-ray pulsations measured in an
inertial reference frame. The frequency domain is used to study the aperiodic
variability coming from the accretion disc and from the disc-magnetospheric
boundary layer.

The power emitted by the inner region of the accretion disc and the neutron
star surface is as high as ∼ 1038 erg s−1, partially emitted as thermal radiation.
Since the volumes are rather small (∝ R3) the blackbody temperature is as
high as ∼ 107 K, which corresponds to peak energies of ∼ 1keV. This is why
the X-ray band is the most suitable for the study of accretion phenomena in
LMXBs.

1.6.1 Periodic timing analysis

Periodic timing analysis has the main target of studying with the highest
precision the X-ray pulsar rotation and the orbital evolution of the X-ray
binary. The neutron star rotation is known to be extremely stable, due to the
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large moment of inertia of the body. Therefore any spin variation has to be
studied with extreme care to reveal the small changes of the spin, expected
with the transfer of angular momentum during the accretion process. The
main requirement of periodic timing analysis is the accounting for variable
propagation delays affecting the photon time of arrivals in order to measure
the pulsations of the pulsar, and hopefully therefore, its spin.

Pulse arrival times need to be measured in an inertial reference frame to
remove the effect of the Earth’s motion around the Solar system barycenter.
The most convenient approximation for an inertial reference frame is the Solar
system barycenter, where all the times of arrival are referred to. Several
corrections need to be applied to each photon arrival time detected and an
ephemeris of the Earth’s motion is used, as provided by the Jet Propulsion
Laboratory, that specifies the past and future positions of the Sun, Moon, and
nine planets in three-dimensional space. The corrections applied take into
account the light-travel time of a photon from the X-ray satellite to the Solar
system barycenter and all the special and general relativistic corrections due
to the changing potential well in which the Earth and the photon move.

Once all the photons are in the correct barycentric time format, the X-ray
lightcurve is folded to overlap and sum several hundred thousand pulsations.
This step is necessary to increase the signal to noise of a single pulsation.
These accreting pulsars rotate at millisecond periods, and the count rate even
for the brightest of them never exceeds ∼ 103 ct/s. This means that in one
millisecond one expects approximately one photon, which is clearly insufficient
to detect the pulse modulation even for the brightest source. Moreover the
amplitude of the signal is comparable with the amplitude of the Poissonian
noise expected from counting statistics. The main problem therefore is the
photon-counting statistics. This problem is usually overcome by averaging
stretches of lightcurve much longer than the neutron star spin period, and
by rebinning photons into a relatively small number of time bins. This of
course reduces the length of the shortest timescales that can be measured, but
increases the amplitude of the average pulsation well above the Poissonian
noise amplitude.

Once a series of pulse profiles is built, there are two types of X-ray pulse
timing studies. In the first type the pulse phase variations due to Doppler
shifts are measured to reconstruct the binary orbit. In the second type, the
Doppler variations are removed from the pulsations to follow any intrinsic
variations in pulse frequency. The pulse phase at time t is described by the
Taylor expansion:

φ (t) = φ0 + ν0 (t− t0) +
1

2
ν̇0 (t− t0)

2 +
1

6
ν̈0 (t− t0)

3 + ... (1.9)
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where φ0 is the pulse phase at the reference time t0. The difference φ − n
between the pulse phase φ and the closest integer to φ is known as residual,
in units of cycles. These studies give information about the X-ray binary
evolution and the external torques (due for example to the accretion) applied
to the neutron star.

Pulse profiles in AMXPs have a sinusoidal shape, sometimes with a strong
first overtone detected. When the overtone is detected, the average pulse
profile is not stable and its shape changes with time. This is very different
from radio pulsars, where the pulse duty cycle is small and the average pulse
profile is very stable. Therefore in AMXPs special techniques are used to
reduce the effect of pulse shape variability (see for example § 4). Sometimes
the pulse profile is split into the fundamental and overtone, and the two phases
are measured separately by using standard χ2 fits (see for example § 6).

1.6.2 Aperiodic timing analysis

The study of aperiodic variability usually is made in the frequency domain
because of the photon-counting statistics problem already discussed in the
previous section. Differently from the periodic analysis, where the signal is
highly coherent and stable, and can be studied in the time domain by folding
the lightcurve, in aperiodic analysis the variability is mainly incoherent and
is usually dominated by Poissonian noise. The study of aperiodic variability
requires Fourier techniques to average long stretches of data to overcome the
counting statistics and measure the amplitude of the variability as a function
of frequency.

These techniques (which are also useful to discover periodicities somehow
hidden in the data) are used to study modes of variability covering several, usu-
ally many, frequency resolution elements. The absolute values of the Fourier
amplitudes squared, the so-called power spectrum, diagnose the amplitude of
the aperiodic variability.

The maximum Fourier frequency measurable in a power spectrum is set
by the sampling time resolution tsamp, and is called Nyquist frequency νN =
1/(2tsamp). The minimum frequency is given by the length T of the time series
in consideration and is νmin = 1/T . For long discrete time series, the com-
putation of a Fourier transform of N points might be intensive, and requires
O(N2) operations. Quick efficient numerical methods to make the compu-
tations feasible have been developed. One of the most popular ones is the
Fast Fourier Transform (FFT) algorithm which computes Fourier transforms
in only O(NlogN) operations. We refer to van der Klis (1989) for a detailed
review of discrete Fourier analysis and FFT techniques.
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1.6.3 Spectral Analysis

The study of X-ray spectra in this work is based on multi-band photometry
and spectral fitting. The photometric approach is useful to determine the
approximate broad band spectral shape and uses “hardness ratios” between
the photon count rates in two different energy bands. One then plots two colors
in a diagram (color-color diagram) or one color and the count rate in one broad
energy band, usually called X-ray intensity (hardness-intensity diagram). A
specific source moves in these diagrams following specific patterns that give
information on the spectral state (hard, soft, intermediate) of the source. For
an example of a color-color diagram we refer to § 3.

The broad band spectral fitting uses a different approach since it requires
physical models to interpret the X-ray spectral shape. The broad band spec-
trum can be described by models including several thermal and non-thermal
continuum components and a few discrete emission lines (like the fluorescent
iron line) produced by X-ray irradiation of heavy elements in the accretion
disc.

The high resolution spectra in our work were in particular useful to measure
absorption lines and edges due to the presence of interstellar gas along the
line of sight between the observer and the X-ray source. We present a detailed
broad band and high resolution spectral analysis of SAX J1808.4-3658 in § 5.
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