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Summary

This thesis is mainly focused on the study of neutron stars, or, more precisely,
on some of the phenomena that take place around them: the effects that their
gravity has on the emitted light, and their Type I bursts. What follows is
meant to be a quick introduction for non-scientists. To start, let us clarify
exactly what a neutron star is.

Neutron stars are one of the possible outcomes of the evolution of very
massive stars, black holes being the other possibility. They have roughly the
same mass as our sun but their radius is only approximately 10 km. This
makes them members of the category of stars known as compact objects and
it has two main consequences: first, their gravity is very strong, so much
so that we need a general relativistic description and, second, their internal
density reaches values which are much higher than those of “normal” stars or
of ordinary matter as it is found on Earth.

This means that in studying neutron stars we can test our knowledge, or
better still our theories, about basic physics and the behaviour of matter in
the most unexplored regimes. In particular, we aim to understand the internal
composition of neutron stars and hence what happens to matter in regimes
of high density (greater than several times the density of atomic nuclei) and
“low” temperature (hundreds of millions of Celsius degrees, low in physics
terms). In this regime the forces that are responsible for the structure of the
atomic nuclei, and that are usually concealed therein, begin playing a greater
role and can have macroscopic effects. Neutron stars get their name from
the fact that, at least in the outermost layers of their cores, they are mostly
made up of neutrons, produced when the electrons are “compressed” and are
captured by protons within nuclei. However what happens deeper inside is
still a mystery that remains to be unravelled.

Unfortunately, neutron stars are more elusive than normal stars: they are
not powered by the nuclear reactions that make stars visible in the night
sky and they are very small, therefore they emit only weakly in the optical
band. Neutron stars do sustain other kinds of reactions, but many of these

139



Summary

Figure 1: Left: accretion from a companion star and disc, right: the magnetic
field controls the flow of matter from the inner edge of the disc. Credit: NASA.

produce neutrinos, which are particles that are much more difficult to detect
than photons. Measuring stellar parameters such as mass, radius or their
ratio is one of the most important goals in neutron star research, since these
can be linked to the different theories about the internal structure of the star
and, eventually, may help us to pinpoint the correct one. For this purpose a
huge quantity of techniques and cunning “tricks” have been developed to gain
direct, or more often indirect, access to this information.

In this thesis we focus on the neutron stars in binary systems, i.e. on the
systems where a normal star is orbiting around the neutron star, and in par-
ticular those binary systems where the secondary star is less massive than the
primary one. In these systems the gravitational force of the neutron star strips
matter from the outer layer of the companion: a process known as accretion.
The matter then forms a disc around the neutron star, Figure 1, and eventually
reaches its surface. The accretion process alone, in the disc, produces light in
different bands, from the optical to the X-ray, but there is more. The accreted
matter impacts on the surface and heats up, converting its velocity into heat,
thus making the star itself visible in the X-ray band. Ongoing accretion com-
presses and further heats the accreted matter, which may then begin to burn
via nuclear reactions. Accretion has many consequences as far as the stellar
structure, its rotation velocity and its magnetic field (another very important
element of neutron stars) are concerned. It is important to note that all of
the observations we are going to discuss are taken from satellites, since the
Earth’s atmosphere absorbs X-rays from space.

If the magnetic field of the star is strong enough, it can capture matter
from the inner part of the accretion disc and channel it to the surface at the
magnetic poles (analogous to the poles of a magnet, Figure 1). The magnetic
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field can control the flow of matter because it reaches temperatures of order
tens of millions of Celsius degrees: consequently the electrons escape from
the atoms, producing a gas of charged particles, both negative (the electrons)
and positive (the nuclei), which feel the influence of the magnetic field. Since
matter is channelled onto the magnetic poles, these become hotter than the rest
of the star and therefore more bright. The main consequence is that, because of
its rotation, the star behaves as a lighthouse which periodically (with periods
as short as milliseconds), becomes visible when the hotter magnetic poles are
pointing towards the Earth. In this case we say that the neutron star is an
accretion powered, X-ray pulsar1.

The most surprising thing is that the gravitational field of the star is so
strong that it can modify both the trajectories of the photons from the surface
and their energy (or color)! A similar effect has been measured near our sun,
but the compactness of neutron stars makes them much more effective. These
effects change the duration and the intensity of the signal. By studying the
shape of the pulsations we can derive much of the information we mentioned
before, such as the ratio of mass and radius of the star, and also the position
of the magnetic pole or the inclination of the rotational axis with respect to
the observer. An example of such an application is the subject of Chapter 2.

As we have mentioned, the accreted matter can burn via nuclear reactions.
If the burning is stable, then it proceeds slowly and the emission is only one
percent of the thermal emission. As such it does not contribute significantly
to the emission of X-rays from the surface. If, on the contrary, the burning is
unstable, then the matter literally explodes at one location and the explosion
propagates over the surface at the speed of about ten kilometers per second,
like a flame on a thin layer of oil. The burning liberates all of the available
energy in ten to one hundred seconds, producing an intense flash of X-rays
which is comparable to the energy produced by the sun in 3 - 30 days: this is
a Type I burst.

The explosion is caused by the sensitivity of the nuclear reaction rate to
temperature. When matter cannot cool fast enough, the temperature keeps
on increasing, enhancing further the reaction rate which in turn increases
the temperature, and so on until all of the fuel is consumed. Looking at the
emission from the star as a function of time (the lightcurve, to use the technical
term), Type I bursts look like the peaks clearly visible in Figure 2. One of the
goals of this thesis was to model such bursts: in particular the propagation

1Not to be confused with a radio pulsar, which emits in the radio band and whose
emission is derived from a different mechanism: in radio pulsars, the magnetic field extracts
energy from the rotation of the star, but that is another story . . .
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Figure 2: Example of an X-ray lightcurve with three Type I bursts. The
vertical scale is the intensity of the X-rays. From Boirin et al. 2007, A&A,
465, 559.

of the flame on the surface. Our results are described in Chapter 5, where
for the first time we report simulations of a steadily propagating, deflagration
flame. We were able to show a strong dependence of the flame velocity on the
spin frequency of the star, as suggested previously by other researchers, and
on the thermal conductivity of the matter. Conduction is what heats the fluid
next to the burning regions, but hydrodynamics speeds the propagation up
whilst keeping it steady. This is caused by the Coriolis force, which depends
on the rotation of the star and is the force responsible for the hurricanes and
the twirl of water flowing down plugholes on Earth.

One question springs to mind: why should we study Type I bursts? The
first answer is that they are a fascinating phenomenon in their own right which,
despite having been broadly understood for more than forty years, have been
able to elude many attempts at more detailed modelling. Moreover, by study-
ing the lightcurve we can, again, derive a wide range of data which span from
the composition of the burning matter to the aforementioned stellar parame-
ters, which are so important to our understanding of neutron star structure.

However, that is not all. Detailed analysis of the lightcurves has shown
the presence of small oscillations in the intensity of the emission from the
burning material. These oscillations, that in technical jargon are called burst
oscillations, have a frequency that can be constant or can change slightly;
in the latter case, they eventually tend to a fixed value. In both cases the
frequencies are unique to each star, and, it has been shown, they correspond
very closely (but not always exactly) to the rotation frequency of the star:
another very important parameter for understanding neutron stars.

There are various explanations concerning the origin of these oscillations in
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the intensity of the emitted light, but all of them rely on the presence of some
kind of asymmetry in the surface emission. This asymmetry may be due to
the fact that the emission is confined to a bounded region of the surface, thus
leading to a lighthouse-effect similar to that of the X-ray pulsars we mentioned
previously. Another possibility is that the whole surface is burning, but that
gigantic waves propagating in the fuel induce fluctuations in the temperature
of the matter which turn into brighter or dimmer emission regions. The stellar
rotation moves the different regions through our line of sight, and this is
reflected in the lightcurve. Understanding how the flame propagates may
allow us to identify the mechanism responsible for burst oscillations and this,
in turn, may finally lead to a precise modelling of their relation to the spin
frequency. Chapter 3 deals with one peculiar case where we were able to
exclude all the proposed explanations except for the possibility of confined
emission, even though it has to be stressed that this is a very particular case
where a strong magnetic field appears to play a major role. In other systems
different possibilities have to be taken into account.

To conclude, a final remark concerning the methodology that we used is
needed. Even though it is possible to study some problems with the tradi-
tional method of “pen and paper”, as soon as few more physical details are
incorporated, the equations become quickly intractable and we have to resort
to numerical solutions with computer simulations. Chapter 4 describes the
code which was developed during this PhD, and which made it possible to run
the simulations of the propagating flame described in Chapter 5.
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