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1 Introduction

Neutron Stars

The idea of a compact object composed of dense neutron matter emerged very soon
after the discovery of the neutron particle itself by Chadwick (1932). Baade &
Zwicky (1934) were the first to use the term "neutron stars" to describe these celes-
tial bodies, and to suggest they form in supernova explosions as one of the possible
outcomes of stellar evolution.

Despite the early theoretical predictions, the existence of neutron stars was not
observationally confirmed until 1967. In July of that year, Jocelyn Bell-Burnell dis-
covered the source PSR B1919+21 emitting radio pulsations at a constant period of
1.337 s (Hewish et al. 1968). Soon after this first discovery more sources like this
were observed and were named pulsars (Pulsating Radio Stars). Though it was al-
ready suggested by Pacini (1967) that a strongly magnetised neutron star might emit
in the radio band, the connection of pulsars to neutron stars was established by Gold
(1968), who proposed the model of a rotating magnetised neutron star to explain
the pulsed emission. The subsequent discovery of the Vela pulsar in the supernova
remnant Vela X (Large et al. 1968) and the Crab pulsar in the homonymous nebula
(Staelin & Reifenstein 1968) confirmed the identification of pulsars as neutron stars,
formed in supernovae.

Neutron stars are the densest and most strongly magnetised objects known in the
Universe. Their modelling is one of the most challenging physical problems, since
it needs to draw and combine knowledge from almost every field of physics. But
it is also one of the most rewarding problems to attack, since neutron stars are the
only available laboratory to explore how nature works in such extreme conditions.
The study of their rotational dynamics, which is a very powerful tool to probe their
properties, is the main subject of this thesis, with the focus on rotational "glitches".
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1.1 Formation and structure of isolated neutron stars

1.1 Formation and structure of isolated neutron stars

At the end of its life, a star, short on fuel, cannot produce enough energy in its inte-
rior to provide the pressure that supports it against its own gravity. The subsequent
collapse might stop early if the degenerate electron pressure balances gravity, and
leaves behind a white dwarf as will happen to our Sun. For heavier stars the col-
lapse continues until the central region gets so dense that nuclei dissolve, forming a
conglomerate of nucleons and electrons. The entire stellar core turns to one single
nucleus, with huge mass number and a much smaller atomic number. If the abundant
degenerate neutrons provide the necessary pressure to oppose gravity the remnant is
a neutron star. It is not known whether at even more extreme conditions some other
form of pressure is able to stabilise the star against collapse, but it is believed that
if the central neutron star pressure is not enough then nothing will stop the collapse,
and a black hole will form.

1.1.1 Birth of a neutron star in the aftermath of a supernova explosion

Isolated neutron stars form by the gravitational collapse of progenitor stars with initial
masses M? greater than ∼ 8 M�, where M� ' 2× 1033 g is the Solar mass1 (Woosley
et al. 2002). The initial stages of stellar evolution are common to all stars, however
their later evolution and possible end points are quite different. Because the fusion
rate increases strongly with stellar mass, heavier stars leave the Main Sequence rather
quickly, despite having a larger fuel reservoir than lighter stars. When the initial stel-
lar mass is more than ∼ 2.25 M�, helium ignites before the core is fully degenerate,
without the characteristic helium flash of lighter stars. The fusion of carbon begins
around ∼ 0.8 × 109 K, a temperature that cannot be achieved before the core is fully
degenerate if M? . 8 M�. Because carbon fusion is highly temperature dependent
and releases large amounts of energy, its ignition under degenerate conditions might
be unstable. For progenitors with mass greater than ∼ 10 M� however, carbon ignites
before the degeneration of the core is complete and the evolution continues with the
ignition, first in the core, followed by the outer shells, of the products of every pre-
vious reaction until iron is formed. Because iron is the stablest nucleus to fusion, the
cycle of reactions ends there.

The central iron core has a mass of ∼ 1.5 M� and is supported mostly by the
degenerate electron pressure. Fusion of silicon in the outer layers increases the iron
core mass up to the Chandrasekhar limit, at which point gravitational contraction and
heating of the core recommences. Under these conditions neutrinos are produced,
which escape freely for densities lower than ∼ 1011 g cm−3, contributing to the cool-

1Neutron stars can also descend from white dwarfs in multiple systems, which accrete matter from
a companion star and collapse when their mass increases above the Chandrasekhar limit.
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1 Introduction

ing of the star. Any nuclear reactions taking place in the central regions will further
reduce the energy because fusion of iron is an endothermic reaction. The loss of
thermal energy accelerates the contraction of the core.

When the central temperature reaches a few billion degrees Kelvin, photodisso-
ciation of iron nuclei to alpha particles and neutrons begins, according to the reaction
26Fe56 + γ → 13 2He4 + 4n, further reducing the temperature and accelerating the
collapse. In the end even alpha particles photodisintegrate to protons, neutrons and
electrons (2He4 + γ → 2p + 2n + 2e−) and the collapse occurs at nearly free-fall
speed. The abrupt increase in density of the electrons, which are by this stage fully
degenerate and relativistic, leads to the inverse β-decay, e− + p → n + ν. In a non-
degenerate environment neutrons are unstable, however at the degenerate stellar core
they stabilise. This stage, where protons and electrons are converted to neutrons, is
called neutronization. The reduction of electron density results in further decrease
of the core’s pressure. Once the density reaches ∼ 109 g cm−3 electrons become so
energetic (& 1.3 MeV) that they can interact with bounded protons in the atomic
nuclei, a process called electron capture. This results in very neutron-rich nuclei,
which are also stabilised due to the degeneracy. At even higher densities, beyond
4 × 1011 g cm−3, nuclei are so close to each other that neutrons are no longer bound
and start "dripping" out of the nuclei (neutron drip). Lastly, at densities close to that
of nuclear matter, ρ0 = 2.8 × 1014 g cm−3, the stellar core is a very hot fluid of de-
generate neutrons and a small percentage of electrons and protons. At this point, if
the degenerate neutron pressure can balance gravity the collapse will come to an halt.
The outgoing shock wave will be the trigger of a supernova explosion, which ejects
parts of the outer layers of the star. The remaining compact object, a proto-neutron
star, will have an average density of the order 1014 g cm−3 and typical values for mass
and radius of ∼ 1.5 M� and ∼ 106 cm respectively.

1.1.2 Structure and composition

The first attempt to calculate the equation of state of a neutron star was by Oppen-
heimer & Volkoff (1939), soon after the prediction of these objects was made. As-
suming as a first approximation a star composed purely from non-interacting neu-
trons, their model predicted a maximum mass of 0.7 M� (Oppenheimer & Volkoff

1939; Tolman 1939). Close to a century later, a firm equation of state that describes
the central regions of a neutron star is still lacking. However modern estimates and
recent constraints from observations put the maximum mass limit around 2 to 3 M�.
The density of nuclear matter at saturation, where the energy per nucleon is mini-
mum, is ρ0 = 2.8 × 1014 g cm−3. In the central regions of neutron stars the density is
expected to be much larger, possibly even an order of magnitude greater than ρ0. The
behaviour of matter under such extreme conditions pushes the limits of our current
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2 Scientific objectives 
In this section we present the science objectives of LOFT starting with dense matter, followed by strong field 
gravity and ending with the observatory science. 

2.1 Supranuclear Density Matter  
2.1.1 Introduction 
Neutron stars are the densest objects in the Universe, attaining physical conditions of matter that cannot be 
replicated on Earth. Inside neutron stars, the state of matter ranges from ions (nuclei) embedded in a sea of 
electrons at low densities in the outer crust, through increasingly neutron-rich ions in the inner crust and outer 
core, to the supranuclear densities reached in the centre, where particles are squeezed together more tightly 
than in atomic nuclei, and theory predicts a host of possible exotic states of matter (Figure 2-1). The nature of 
matter at such extreme densities is one of the great unsolved problems in modern science, and this makes 
neutron stars unparalleled laboratories for nuclear physics and QCD (quantum chromodynamics).  

Figure 2-1 Schematic 
structure of a neutron 
star. The outer layer is 
a solid ionic crust 
supported by electron 
degeneracy pressure. 
Neutrons begin to leak 
out of ions (nuclei) at 
densities ~4×1011 
g/cm3 (the neutron drip 
line), where neutron 
degeneracy also starts 
to play a role.  At 
densities ~2×1014 
g/cm3, the nuclei 
dissolve completely.  
This marks the crust-
core boundary. In the 
core, densities may 
reach up to ten times 
the nuclear saturation 
density of 2.8×1014 
g/cm3 (the density 
within normal atomic 
nuclei). 

The most fundamental macroscopic diagnostic of dense matter interactions is the pressure-density-temperature 
relation of bulk matter, the equation of state (EOS). The EOS can be used to infer key aspects of the 
microphysics, such as the nature of the three-nucleon interaction or the presence of free quarks at high densities 
(§2.1.2).  Measuring the EOS of supranuclear density matter is therefore of major importance to fundamental 
physics.  It is also critical to astrophysics.  The EOS is clearly central to understanding the powerful, violent, 
and enigmatic objects that are neutron stars. However, NS/NS and NS/BH mergers, prime sources of 
gravitational waves and the likely engines of short gamma-ray bursts (Nakar 2007), also depend sensitively on 
the EOS (Bauswein et al. 2012; Lackey et al. 2012). The EOS affects merger dynamics, black hole formation 
timescales, the precise gravitational wave and neutrino signals, any associated mass loss and r-process 
nucleosynthesis, and the attendant gamma-ray bursts and optical flashes (Rosswog 2010; Metzger et al. 2010; 
Hotokezaka et al. 2011).  The cold EOS probed with neutron stars (§2.1.2), and the way it joins up with the 
hot EOS that determines explosion conditions (Janka et al. 2007), are also vital to understanding the late stages 
of core collapse supernovae, including their gravitational wave signal.  

Figure 1.1: Schematic illustration of the structure and composition of a neutron star. As illustrated
here, in the inner crust and especially close to the crust-core boundary, the equilibrium surface shape of
the nuclei is no longer expected to be spherical (Chamel & Haensel 2008). Figure credit: LOFT Yellow
Book, http://sci.esa.int/loft/53447-loft-yellow-book/

knowledge2.
The structure of an isolated neutron star can be separated into 5 regions: the

atmosphere, the outer and inner crust and the outer and inner core (Figure 1.1). The
atmosphere is only a few metres thick and is mostly composed of H, He, C and
O, in abundances that depend (for isolated stars) on the neutron star’s age and the
conditions of the progenitor supernova explosion.

In less than a minute after the birth of a neutron star its surface temperature is
expected to drop below 1010 K, mostly via neutrino emission. At such temperatures
a crust solidifies, as the nuclei form a body centred cubic lattice (bcc)(Chamel &
Haensel 2008). The outer crust is composed of nuclei and electrons. The electrons
are degenerate and relativistic everywhere except in an outer layer, a few metres

2References and additional details on the structure and equation of state of neutron stars can be
found in the book of Haensel et al. (2007).
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1 Introduction

thick. Near the surface the nuclei are mostly iron but as the density gets above ∼ 7 ×
106 g cm−3 nuclei richer in neutrons appear. The inner crust begins at the neutron drip
point, at density ρ ∼ 4.3 × 1011 g cm−3. In this region the neutron-rich nuclei and the
electron gas coexist with free neutrons. These neutrons, as well as the nucleons inside
the nuclei, are expected to be in a condensed state at such densities because of their
low temperature relative to their Fermi temperature. The free neutrons comprise a
superfluid that penetrates the lattice3. The percentage of free neutrons increases with
increasing density and at the deeper layer of the crust the nuclei dissolve completely.
The exact transition density from the inner crust to the core is still unknown, but is
thought to be between ∼ (0.5 − 1)ρ0 therefore the inner crust has a thickness of one
to few kilometres (Chamel & Haensel 2008).

The innermost parts of a neutron star, where the density reaches far beyond ρ0,
are not well understood (Lattimer 2012). The maximum central density that can be
reached before the star becomes unstable to collapse is also unknown, but is expected
to be below 5 × 1015 g cm−3 (Lattimer & Prakash 2007). The composition up to
densities ∼ 2ρ0, the region called the outer core, is less uncertain. It has a thickness
of a few kilometres and for some neutron stars it might extend down to the centre.
The outer core consists mostly of neutrons, and a small percentage (probably . 10%)
of protons, electrons and muons, all of which will be degenerate. The system has to
be neutral and stable to β−decay reactions. Under the local conditions, the electrons
and muons can be regarded as an almost ideal fermionic gas, while the neutrons and
protons form a fluid of strongly interacting fermions, which are expected to be in a
superfluid state.

For stars whose central density exceeds 2ρ0 another region, the inner core, must
be considered separately since other kinds of fermions and/or boson condensates
might appear (see for example Alford et al. 2001, for a discussion of the possibil-
ity of crystalline color superconductivity in neutron star cores). Some models predict
the formation of hyperons4, Σ, Λ and Ξ, and ∆ resonances, in abundances that depend
on the total neutron star mass. The nucleon-hyperon and hyperon-hyperon interac-
tions are not yet well understood, therefore the equation of state describing the inner
core is uncertain (Schaffner-Bielich et al. 2002; Lattimer 2012). The huge pressure
in the innermost regions of a neutron star might lead to the decomposition of hadrons
to quarks. Such a phase transition must preserve the baryonic and electric charge.
Some up and down quarks will convert to strange quarks (which is the lightest quark,
with mass ∼ 150 MeV) (Alcock et al. 1986). Neutron stars with strange quarks in
their core are often called "hybrid" stars, it is however unknown whether they can
be stable (see for example Bonanno & Sedrakian 2012). Because the emergence of

3A few details on fermionic superfluidity can be found in section 1.4.1.
4Hyperons are baryons that consist of three quarks, of which at least one is a strange quark.
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new degrees of freedom is theoretically expected to soften the equation of state, in-
dependent measurements of the mass and radius for individual sources, as well as the
discoveries of very heavy neutron stars, have the potential of excluding some of the
above possibilities.

1.2 Rotationally Powered Pulsars and Magnetars

The first pulsars that were discovered in the radio band triggered a great scientific
interest for the detection and study of neutron stars, which can emit radiation across
a range of wavelengths. The famous Crab pulsar was the first to be detected in the
optical (Cocke et al. 1969; Willstrop 1969) and shows pulsations also in the X and
γ-rays (Fritz et al. 1969; Bradt et al. 1969; Albats et al. 1972). To date, more than
2300 pulsars have been identified, mostly in the radio band.

Neutron stars that appear as pulsars rotate extremely fast, with measured spin
periods P that range from ∼ 12 sec to ∼ 1.4 ms (The Australia Telescope National
Facility Pulsar Catalogue Manchester et al. 2005). The fastest pulsar known com-
pletes 716 full rotations in only one second; at such velocities any gravitationally
bound object less dense than a neutron star would have been torn apart (Hessels et al.
2006). The large angular velocity of a neutron star is naturally explained by con-
servation of angular momentum during the collapse of the progenitor. Millisecond
pulsars are most likely further accelerated by mass accretion from a companion donor
star (Bhattacharya & van den Heuvel 1991). This scenario is strongly supported by
the fact that, while only 1% of normal pulsars belong to a binary system, this per-
centage increases to 80% for millisecond pulsars. Pulsars lose rotational energy to
their environments thus their periods slowly increase with time, at a typical rate of
Ṗ ∼ 10−15.

The rotating magnetic dipole model provides an adequate first explanation for
neutron star pulsations and braking, although it clearly does not describe the full
picture. The model assumes a neutron star with magnetic field B, which at first
approximation can be regarded as a dipole with its axis misaligned with respect to
the rotational axis (Figure 1.2).

The exact radio emission mechanism is poorly understood and still one of the
major open questions. Strong electric fields, induced by the neutron star’s rotation
and magnetic field, accelerate particles off its surface which, via secondary processes
like pair creation, create a dense magnetosphere that follows the pulsar’s rotation
(Goldreich & Julian 1969). The energetic charged particles of this magnetosphere
emit a narrow beam of photons, which is likely collimated along the magnetic axis.
Since the latter is typically not aligned with the rotation axis, if it crosses our line
of sight the emission appears as pulses of radiation, with a frequency equal to the
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Figure 1.2: Schematic illustration of the misaligned rotating magnetic dipole model. The radio emis-
sion beam is thought to be almost aligned with the magnetic field axis and originating from a region
above the magnetic poles (Ruderman & Sutherland 1975). On the other hand, X-ray pulsations are
usually attributed to an unevenly distributed surface temperature (Haberl 2007).

neutron star’s spin frequency (Eastlund 1968; Ginzburg & Zaitsev 1969).
The radio luminosities of pulsars are only a tiny fraction of their rotational energy

loss rate. The kinetic energy of a neutron star rotating at angular velocity Ω = 2π/P
is Erot = IΩ2/2 and therefore, assuming a constant moment of inertia I, the rate of
change of the rotational energy can be estimated from measurements of P and Ṗ as

Ėrot = IΩΩ̇ . (1.1)

Denoting by B⊥ the component of the magnetic field perpendicular to the rotational
axis, the rate of energy loss due to dipole radiation of a rotator in vacuum is

Ėdr = −
B2
⊥R6

?Ω4

6c3 (1.2)
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1.2 Rotationally Powered Pulsars and Magnetars

where R? is the stellar radius and c the speed of light. This loss comes at the expense
of the rotational energy, thus equating (1.1) and (1.2) the rate of magnetic braking
can be found

Ω̇ = −
B2
⊥R6

?Ω3

6Ic3 (1.3)

which allows for an estimate of the magnetic field component B⊥.
This result is often generalised assuming that the spin-down rate can be written

as
Ω̇ ∼ −Ωn (1.4)

where the exponent n is called the braking index and can be calculated observation-
ally, since n = Ω̈Ω/Ω̇2. Under the assumption that the braking index remains constant
during a pulsar’s lifetime, and a natal spin frequency much greater than the currently
observed ν = Ω/2π, Eq. 1.4 can be integrated and leads to a rough estimate of the
pulsar’s age (spin-down age) as

τsd =
Ω

(1 − n)Ω̇
. (1.5)

There are few pulsars for which a reliable measurement of the long term n is pos-
sible, one of which, PSR J1119−6127 is the focus of Chapter 4, which includes a new
value of n for this pulsar and a detailed discussion on braking indices. All braking
indices that have been determined and reported to date are less than 3, indicating that
the simple model of a dipole rotator in vacuum (Eq. 1.3) is not enough to describe the
spin-down (Lyne et al. 1993; Lyne et al. 1996; Livingstone et al. 2007; Weltevrede
et al. 2011; Espinoza et al. 2011c; Roy et al. 2012). This deviation of n from 3 is
usually attributed to the loss of rotational energy in accelerating a wind of charged
particles, although other alternatives cannot be ruled out (see for example Blandford
& Romani 1988; Chen & Li 2006; Ho & Andersson 2012, and Chapter 4).

A newly formed neutron star is expected to be strongly magnetised because the
magnetic flux of its progenitor is carried inwards by the collapsing material. How-
ever, conservation of magnetic flux alone is probably not sufficient to explain the
population properties of pulsars. Typical inferred surface dipole magnetic fields B⊥
of pulsars are very high, of the order 1012 G, while for a class of neutron stars called
magnetars it can be as high as 1015 G. Such strong fields are most likely the result
of an amplification of the natal magnetic field via dynamo processes (Thompson &
Duncan 1993).

Magnetars appear as high energy sources and to date only 3 have been detected in
the radio band (Olausen & Kaspi 2014). They typically show thermal surface emis-
sion and X-ray pulsations that originate from a hot spot on their surface. Rotation
cannot power the energy output of these neutron stars. Their rather stable, quiescent
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X-ray luminosities exceed by orders of magnitude their rotational energy losses and
are attributed instead to the decay of their strong internal magnetic fields. They un-
dergo energetic X-ray outbursts and more spectacular giant gamma-ray flares, which
release over 1044 erg in just a few minutes (Rea & Esposito 2011; Mereghetti 2013).
Though there are many open questions concerning magnetar bursts, the consensus is
that this activity is also powered by their very strong magnetic fields (Thompson &
Duncan 1995; Thompson & Duncan 1996). A small number of rotationally powered
pulsars have inferred magnetic fields of magnetar strength and a somewhat mixed
phenomenology (Ng & Kaspi 2011). Such high magnetic field pulsars can be used to
study the links between the population of magnetars and typical pulsars (Chapter 4).

1.3 Following the rotation of a neutron star: pulsar timing

Pulsar timing is the process of measuring the arrival time of pulses emitted by a
rotating neutron star and therefore tracking its rotation5. Timing data amount to a vast
fraction of the total astronomical observations of pulsars and a wealth of information
comes from their analysis. Besides providing estimates for the neutron star’s basic
properties, such as the magnetic field strength (Eq. 1.3) and age (Eq. 1.5), the study
and understanding of pulsar rotation puts constraints on the equation of state and
gives us insights into the magnetosphere and interior of neutron stars.

To measure the pulsar’s frequency ν = Ω/2π, times of arrival (TOAs) assigned
to each pulse should correspond to a clear reference point in their profile, which
is assumed to represent an emitting area attached to the star’s surface. Individual
pulses usually have very different profiles and are too weak to allow unambiguous
determination of the TOA. However, folding the observations of many rotational cy-
cles, using a predicted pulsar period, generates a high signal-to-noise template profile
which becomes stable when enough pulses are summed. The shape of the standard
profile (and the number of pulses needed to reach its required stability) is characteris-
tic of each pulsar. An integrated profile is created from every new set of observations,
which is then correlated with the standard template to give an average TOA. This is
converted to a Solar System barycentric time, using previous measurements of the
pulsar’s proper motion and distance or by fitting for them using a timing model.

A pulsar timing model is used to predict the pulse phase φ. It is usually expressed
as a Taylor expansion around an epoch t0:

φ(t) = φ0 + ν0(t − t0) +
1
2
ν̇0(t − t0)2 +

1
6
ν̈0(t − t0)3 + . . . (1.6)

5A detailed presentation of pulsar timing can be found in the book of pulsar astronomy of Lorimer
& Kramer (2005).
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Figure 1.3: The rotational evolution of the young PSR J0631−1036. Upper panel: Frequency residuals
with respect to a simple spin-down model as in Equation 1.6, truncated at the ν̈0 term. Large glitches
appear as sharp spin-ups in frequency, superimposed on the long-term spin-down which is also evident.
Middle panel: The evolution of the spin-down rate. Glitch-induced enhancements of ν̇ and subsequent
recoveries are readily identified for the four larger glitches. The effects of timing noise are clearly
observed in the scattered ν̇ measurements, which present variations that greatly exceed their statistical
errors shown here. Lower panel: The glitch sizes ∆ν and their distribution in time, as well as the
observational coverage (bottom row) for this pulsar. Figure courtesy: Cristobal M. Espinoza

where ν0, ν̇0 and so on are the spin frequency and its time derivatives at t = t0.
The regularly monitored pulsars are typically observed every few days or weeks.
Improved rotational parameters are obtained from the new TOAs by minimising the
differences between the predicted phase and the observed phase (timing residuals).

Pulsars are famed for their rotational stability as the best clocks of the Universe,
however long-term monitoring projects and the increasing precision of timing mea-
surements have revealed significant deviations from the predicted secular spin-down.
The irregularities seen in the pulse phase residuals after subtracting a polynomial fit
as in Eq. 1.6 are of two sorts: glitches, which are abrupt increases in frequency, and
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1 Introduction

timing noise, an umbrella term used to describe all other rotational features (Figure
1.3). Both these rotational phenomena are intrinsic to the pulsar and thus of great
interest for the physical models of neutron stars and their magnetospheres.

1.3.1 Timing noise

For most pulsars a simple spin-down model is not sufficient to describe the data and
the residuals are dominated by timing noise. There is no widely accepted way to
characterise timing noise, mainly due to its complexity and the unknown nature of
the underlying processes. Several ideas for the origin and cause of timing noise have
been investigated. The proposed mechanisms include interaction with the interstel-
lar medium (Scherer et al. 1997), accretion (Qiao et al. 2003; Cordes & Shannon
2008), internal processes due to the superfluid component (Alpar et al. 1986; Jones
1990; Haskell 2011) and their combination with magnetospheric instabilities (Cheng
1987b,a). Despite all these attempts, timing noise has not yet been explained suc-
cessfully and remains unpredictable.

The level of timing noise varies greatly among pulsars; the rms of the residuals
after fitting for a simple spin-down model covers a range of more than 7 orders of
magnitude for comparable observational time spans in different sources (Shannon &
Cordes 2010). Millisecond pulsars are at the stable extreme, with undetectable noise
for most of them, while an excess of timing noise appears in magnetars. Investigation
of irregularities for 366 pulsars, the largest sample used so far, supports earlier results
that the strength of noise correlates with the magnitude of the spin-down rate, but
not with the spin frequency (Hobbs et al. 2010). In many pulsars the underlying
power spectrum is "red", indicating a low-frequency noise superimposed on a white
component and in a few cases quasi-periodic structures were found in the residuals
(Hobbs et al. 2010).

The analysis of Boynton et al. (1972), using the first two years of optical data for
the Crab pulsar, revealed a noise component consistent with a random walk in the spin
frequency ν. However, later studies that included more data and more pulsars found
timing noise to be inconsistent with an idealised random walk process either solely
in phase or in one of its first two derivatives - phase, frequency and spin-down noise
respectively (Cordes & Downs 1985; Hobbs et al. 2010). A mixture of resolvable
jumps in both ν and ν̇ (and possibly ν̈), that cannot be explained as accumulations of
a random walk process, was found to account for a large part of the timing activity
of the Vela pulsar (Cordes et al. 1988). Similar events, often termed "microglitches",
are observed in many pulsars and have relative amplitudes of |∆ν/ν| . 10−9 and
|∆ν̇/ν̇| . 10−3 with no preferential combination of signs (D’Alessandro et al. 1995;
Chukwude & Urama 2010). This component of timing noise, as observed in the Crab
pulsar, is presented and discussed further in Chapter 2.
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1.3 Following the rotation of a neutron star: pulsar timing

A possibly different class of events, so far identified in the rotation of about ten
pulsars, consists of gradual spin-ups that seem to arise from a more abrupt decrease in
|ν̇|. The departure from the standard behaviour usually lasts a few weeks and results
in a relative frequency increase of ∆ν/ν ∼ 10−9. The prototype of this behaviour
is PSR B1822−09 (Shabanova 1998) while more examples can be found in Yuan
et al. (2010b). These events are likely associated with magnetospheric changes, as
Lyne et al. (2010) reported a strong correlation between pulse profile changes and
different spin-down states for some pulsars, including PSR B1822−09. The signa-
ture in the timing residuals of these sources could be explained as sudden switches
between two or three discrete ν̇ values, characterised by a different emission signa-
ture. This transition between a few distinct pulse profiles is called mode changing
and has been observed in several pulsars (Backer 1970; Fowler et al. 1981; Rankin
1986). Sampling at sufficiently short time intervals, and looking for pulse profile
changes associated with the timing parameters, might make it possible to account for
this kind of rotational irregularities in the pulsar’s timing model.

1.3.2 Rotational Glitches

Large "glitches" were first observed in the rotation of the Vela pulsar as sudden spin-
ups (∆ν ∼ 10µHz) accompanied by an increase in the spin-down rate of about 1%
and followed by a partial recovery to the pre-glitch values on much longer timescales,
from days to months (Radhakrishnan & Manchester 1969; Reichley & Downs 1969).
The increase in frequency is very fast: for the rise time of the largest Vela glitch
observed to date, Dodson et al. (2002) obtained an upper limit of 40 sec. Thus the
spin-up is typically unresolved and appears as a very sharp change of slope in the
phase residuals and a positive step in the frequency residuals (Figure 1.3).

Although not as widespread as timing noise, glitches have by now been detected
in the rotation of more than 150 pulsars. The relative sizes of the change in spin
frequency cover a very wide range of 10−11 . ∆ν/ν . 10−5 (Figure 1.4). A jump
in the spin-down rate, usually of relative size ∆ν̇/ν̇ ∼ 10−4 − 10−3 and a trend for
recovery are also characteristics of a glitch. A few pulsars seem to exhibit Vela-
like giant glitches but most of them, like the Crab pulsar, present a variety of glitch
behaviour and broad ∆ν size distributions (Espinoza et al. 2011b).

The signature of a glitch in the timing residuals is rather clear for intermediate
and large relative jumps (∆ν/ν & 5 × 10−8). When a glitch occurs, the parameters
previously obtained can no longer predict the TOAs. The pre- and post-glitch sets
of TOAs are described by different timing solutions, introducing a jump in ν and
often ν̇ at the epoch of the glitch. The parameters ∆ν, ∆ν̇ used to describe the glitch,
measured by extrapolating the pre- and post-glitch timing models to the glitch epoch,
can consist of permanent and /or decaying components.
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Figure 1.4: The distribution of the fractional glitch frequency increases, including almost all detected
glitches to date (451 glitches in 158 pulsars, http://www.jb.man.ac.uk/pulsar/glitches.html). The glitch
size distribution for individual pulsars (and that of the total population) imposes invaluable constraints
on theoretical glitch models, although it is subject to observational biases which, for most pulsars,
considerably limit our ability to detect glitches (Chapter 2). Figure courtesy: Cristobal M. Espinoza

Glitch recoveries present a very diverse phenomenology and range of timescales
(Figure 1.5). The detection of any short-term relaxation, with characteristic time of
hours to days, requires good observational coverage around and after the glitch. The
lack of an observed long-term relaxation can be due either to a true absence of such
a recovery or because it happens on much longer timescales and is not detectable
(Chapters 3 and 5). Sometimes investigation of the recovery is prevented by a new
glitch that occurs and dominates the residuals.

Whilst for the Vela pulsar a post-glitch relaxation is observed in both the spin
frequency ν and the spin-down rate ν̇, in most glitches seen from the Crab pulsar part
of the increase in |ν̇| is persistent (Wong et al. 2001) and the net result of glitches
is a decrease in frequency. Such long-lasting (or permanent) enhancements of the
spin-down rate and overshooting in spin frequency are seen in other pulsars too, for
example in PSR B2334+61 and PSR B0402+61 respectively (Yuan et al. 2010a,b).
By contrast, in many pulsars and even for some giant Vela-like glitches, there is no
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1.3 Following the rotation of a neutron star: pulsar timing
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Figure 1.5: Schematic illustration of a few commonly observed glitch recoveries. Most of the apparent
differences in phenomenology are well accommodated by a unified two-component model (Chapter 3).
However, some pulsars and magnetars show glitches with exceptionally unusual recoveries (not shown
here), often related to magnetospheric activity, which require an additional mechanism (Chapter 4).

evident recovery.
Some magnetars also suffer glitches which are usually of medium or large size,

and sometimes present exceptionally strong enhancements of the spin-down rate.
Those properties can be explained naturally by the same model as for radio pulsar
glitches (Chapter 3). However, magnetar glitches can sometimes be associated with
radiative changes such as bursts and pulse profile changes (Dib et al. 2008), while
glitches in radio pulsars are almost always radiatively quiet. Moreover, rather un-
usual recoveries, often related to emission changes, have been observed after glitches
in magnetars (Kaspi et al. 2003; Kaspi & Gavriil 2003; Dib et al. 2009) and high-
magnetic field radio pulsars like PSR J1846-0258 (Livingstone et al. 2010), J1718-
3718 (Manchester & Hobbs 2011), J1119-6127 (Weltevrede et al. 2011, Chapter 4)
and J1819-1458 (Lyne et al. 2009a). The possible relation between glitches and mag-
netospheric phenomena, and the plausible contribution of the latter to post-glitch
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recoveries, is investigated in Chapter 4.
The aforementioned diversity in recoveries is one of the most puzzling aspects

of the glitch phenomenon. However, as shown in Chapter 3, a multifluid hydro-
dynamical model for the interior of a neutron star can explain a variety of glitch
phenomenology, even for the same pulsar, without invoking additional mechanisms.

1.4 Glitches as probes of neutron star superfluidity

Soon after the first observations of glitches, several mechanisms were put forward
to explain their origin. The lack of any radiative changes associated with most radio
pulsar glitches provides evidence for an internal, rather than magnetospheric, origin.
Furthermore, the very long post-glitch recovery timescales must arise from the re-
laxation of the slowly responding superfluid that a neutron star is expected to host
(Baym et al. 1969). The most promising glitch models to date invoke the super-
fluid to explain both the origin of the observed spin-up and its recovery (Anderson &
Itoh 1975). Advancing our understanding of the glitch phenomenon therefore has a
unique potential of constraining the unknown properties of the inaccessible neutron
star interior.

1.4.1 Fermionic pairing and hot condensates in neutron stars

Superconductivity, the property of some materials to show very low to zero resistivity,
was discovered in 1911. However it was not until 1957 that a microscopic explana-
tion was given, by Bardeen et al. (1957). Their theory is based on the fact that, under
certain conditions, it is energetically favourable for the fermions of a system (for ex-
ample the electrons of a metal or nucleons inside a nuclei) to create pairs of integral
spin which behave as bosons. They will then demonstrate macroscopic properties of
a bosonic system, such as superfluidity in low temperatures, a phenomenon well stud-
ied in terrestrial liquid helium experiments. Superfluids are neutral and can flow with
nearly zero viscosity, while superconducting currents are their charged equivalent.

Soon after the formulation of the BCS theory, Migdal (1959) proposed that the
charged particles in neutron star cores might undergo the same second order phase
transition as electrons in superconductors. The internal temperature of a neutron star,
large as it might be, falls quickly after the formation below the Fermi temperature of
the core’s protons - so the system will behave as a superconducting boson condensate
even when its temperature is as high as 108 K. For the same reasons, neutrons in
the inner crust and core of a neutron star are also expected to form pairs and be in
a superfluid state. The extent, type and exact location of the condensates depend
on the internal properties of neutron stars as well as the - still poorly understood -
nucleon-nucleon interaction (Lattimer & Prakash 2004).
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1.4 Glitches as probes of neutron star superfluidity

Magnetic fields are usually expelled from a superconductor due to the Meissner
effect. In neutron stars however the natal magnetic field is expected to get trapped
in the core when the protons condense (Muslimov & Tsygan 1985; Kocharovsky
et al. 1996). The outer core of a neutron star likely contains type-II superconducting
protons. In this state the magnetic field penetrates the superconductor in the form of
proton vortices of quantised magnetic flux, called fluxtubes.

Superfluid flows are inviscid and must also be irrotational. However beyond a
maximum rotation rate of the superfluid’s container, a limit which is easily exceeded
by the rapidly spinning pulsars, it is energetically favourable for the superfluid to fol-
low the rotation. This is achieved by the formation of vortices of quantised circulation
κ, where the quantum κ = h/(2mn) for neutron stars, h being the Planck constant and
2mn the mass of a neutron pair. In the absence of interactions with the other stel-
lar components, the vortices form an hexagonal Abrikosov lattice configuration and
the superfluid mimics solid-body rotation6. The superfluid angular velocity is deter-
mined from the density nv of vortices that thread it, therefore any changes to its spin
rate must involve vortex motion and changes of their density or/and total number.
The interaction of the superfluid vortices with the normal and superconducting com-
ponents of the neutron star can give rise to rich dynamical behaviour, as discussed in
the following section. Modelling the rotational dynamics provides insight into these
interactions, as well as constraints on the extent of the different neutron superfluid
regions, leading to valuable input to our understanding of the strong interaction.

1.4.2 The two-component model for neutron stars

The simple and intuitive idea of a crustquake was among the first mechanisms sug-
gested to explain pulsar glitches (Ruderman 1969; Baym & Pines 1971). Though
crustquakes were quickly abandoned as a stand-alone model for glitches, because
they cannot reproduce the large and frequent glitches seen in the Vela pulsar, they
still remain a valid hypothesis as triggers of glitches (Alpar et al. 1994, 1996; Franco
et al. 2000). The crustquake scenario relies on the existence of a solid crust which
cannot readjust plastically to the equilibrium shape corresponding to the decreasing
angular velocity. Thus as the star spins down stress builds up in the crust, which is
expected to be strained for most of a pulsar’s lifetime. When the stress exceeds its
critical breaking value a crustquake happens, which releases all or part of the stress,
and leaves the star with a less oblate, closer to equilibrium, shape.

The sudden decrease in moment of inertia by ∆I is responsible for the observed
spin-up ∆Ω. By conservation of angular momentum IΩ = (I − ∆I)(Ω + ∆Ω) ⇒

6Much of the theory on superfluid vortices in neutron stars draws from the knowledge obtained by
experimental studies of Helium II. The book by Donnelly (1991) presents a nice review of this subject.
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I∆Ω = ∆I(Ω + ∆Ω), which implies

∆I
I

=
∆Ω

Ω + ∆Ω
'

∆Ω

Ω
=

∆ν

ν
. (1.7)

The external, magnetospheric, torque NEXT, which defines the angular momentum
loss rate L̇ = IΩ̇, can be assumed constant for the characteristic timescales involved in
a glitch (the crustquake and glitch associated R? and Ω changes have only a negligible
effect on NEXT). Therefore IΩ̇ = (I − ∆I)(Ω̇ + ∆Ω̇) ⇒

∆I
I

=
∆Ω̇

Ω̇ + ∆Ω̇
'

∆Ω̇

Ω̇
=

∆ν̇
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. (1.8)

It follows that ∆ν/ν ' ∆ν̇/ν̇, however ∆ν̇/ν̇ >> ∆ν/ν is observed for many glitches7

- thus a crustquake does not suffice to explain the observations. If the observed spin-
up is mainly due to a moment of inertia decrease, then ∆ν/ν constrains the rela-
tive change ∆I/I while an additional mechanism is necessary to produce the large ν̇
change and glitch recoveries. These are attributed to the decoupling of the interior
superfluid because of the glitch perturbation, as described below.

The solid crust and the charged components of a neutron star (denoted hereafter
by a subscript c) are electromagnetically "locked" together and rotate as a rigid body,
spinning down due to NEXT. In order for the superfluid (subscript s) to follow this
spin-down, vortices need to move outwards reducing the macroscopic superfluid ve-
locity which is proportional to nv. In the inner crust however, the superfluid coexists
with a lattice of nuclei which interacts with the vortices prohibiting their relative mo-
tion with respect to the crust. A similar phenomenon might occur in the star’s core,
due to the interaction of vortices with the superconducting fluxtubes. This "pinning"
of vortices leads to the partial decoupling of the superfluid from the charged compo-
nent and allows for differential rotation of the superfluid and a difference vsc = vs−vc

to be built between the components’ velocities. The star can then be described as a
two-fluid system, with a total angular momentum

Ltot(t) = IcΩc(t) +

∫
Ωs(r, t)dIs (1.9)

which evolves according to

L̇tot = NEXT = IcΩ̇c(t) +

∫
Ω̇s(r, t)dIs (1.10)

where NEXT = −B2
⊥R6

?Ω3/6c3 for the standard dipole breaking mechanism.

7Typical parameters for a small glitch are ∆ν/ν ∼ 10−9 and ∆ν̇/ν̇ ∼ 10−3.
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1.4 Glitches as probes of neutron star superfluidity

The superfluid maintains a higher rotation rate as the star spins down, acting as a
reservoir which provides the necessary angular momentum for the observed spin-up
glitches of the charged component. Most glitch mechanisms involve a rapid transfer
of the excess angular momentum from the superfluid interior to the crust as the result
of the sudden unpinning of many vortices (Anderson & Itoh 1975; Alpar et al. 1981,
1984a; Haskell et al. 2012).

The presence of a rotational lag (vsc , 0) gives rise to a force density exerted on
the superfluid, fs = f/ρs and an opposite force fc = −ρs fs/ρc that acts on the charged
component, where ρ{s,c} their respective densities. As in terrestrial superfluids, this
coupling of the two components can be incorporated in their equations of motion as
a mutual friction force (Andersson et al. 2006), of the form

f = ρsBωs × vsc + ρsBω̂s × (ωs × vsc) (1.11)

where ws = nvκŵs is the superfluid vorticity, ŵs is a unit vector aligned with the
vortex axis, and the coefficients B′ and B depend on the local microphysics that
describe the strength of the drag force fD on vortices. The mutual friction force is a
result of the individual forces that act on the vortices (see below) which mediate the
interaction of the two components.

Pinned or partially pinned vortices have a relative velocity with respect to the
ambient superfluid, which exerts a Magnus (lift) force fM on them that tends to unpin
them. The Magnus force is proportional to the relative velocity between the two
components and increases with time as the crust decelerates and the lag between
the two components grows. Completely pinned vortices move with the velocity of
the charged component so are not subject to a drag force, and their effect on the
superfluid is given only by the Magnus force which is balanced by the static pinning
force fP.

The drag force is mediated only by the fraction of unpinned vortices ξ ≤ 1 which
have some relative velocity with respect to the lattice. Thus the mutual friction co-
efficients B and B′ in Eq. 1.11 will depend on the factor ξ (for a slightly more
detailed discussion see Chapters 3 and 4). This fraction ξ is equal to unity in the
absence of any pinning, when all vortices are free. In regions where pinning is pos-
sible (ωs < ωcr), vortices are not necessarily completely immobilised. Due to the
finite temperature, thermally activated unpinning (Alpar et al. 1984a; Link 2014)
contributes to the local Ω̇s. When the lag is small, most of the vortices will be pinned
and ξ(nv)→ 0. On the other hand, if vsc exceeds a critical value for unpinning (when
the Magnus force exceeds fP), ξ(nv) = 1 and vortices can move past several pin-
ning sites before they repin, causing the sudden spin-up of the crust. Thus ξ is a
local quantity that depends on the pinning energy, the temperature T and the relative
velocity of the two components, vsc = vs − vc.
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When the increasing lag reaches its critical value, a catastrophic unpinning event
occurs, leading to an avalanche of many vortices. Glitches triggered this way should
happen at more or less canonical time intervals (the time it takes for the critical lag
to be reached due to the spin-down) and should have similar sizes. Such behaviour
is observed however in only two pulsars: PSR J0835-4510 (the Vela pulsar) and PSR
J0537-6910 (McCulloch et al. 1987; Flanagan 1995; Marshall et al. 2004). Most of
the frequently glitching neutron stars present a broad range of waiting times between
subsequent glitches, and spin-up sizes that span many orders of magnitude (up to 4
for PSR J1740−3015), which indicate a more complex picture. To explain this phe-
nomenology additional unpinning triggers have been examined, such as crustquakes
or enhanced coupling of the two components due to heat release in the interior (Link
et al. 1992; Link & Epstein 1996; Glampedakis & Andersson 2009; Warszawski &
Melatos 2013). The distribution of glitch sizes and inter-glitch waiting times repre-
sent diagnostics to discriminate between these competing unpinning triggers (Chapter
2).

The superfluid spin-down rate Ω̇s depends on the lag between the two compo-
nents. Immediately after a glitch this lag, and thus Ω̇s and the contribution of the
second term in Eq. 1.10, is reduced for most if not all parts of the superfluid. This
leads to the post-glitch increase in the crustal spin-down rate. The observed recov-
ery reflects the relaxation of the perturbed superfluid and depends on the vortex drag
forces if pinning is negligible (Sidery et al. 2010), and the rate of the thermally ac-
tivated vortex motion in the regions where pinning dominates. Consequently, mod-
elling of the post-glitch rotational evolution can shed light on many key issues of
neutron superfluidity (Chapter 5).
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Epilogue − This thesis

The Golden Jubilee of neutron star observational astrophysics will be celebrated
in a few years. Although firm models for some fundamental aspects of neutron stars
remain elusive - from the equation of state of the deep interior to the emission mecha-
nism of the radio pulsations that led to their discovery - there has been also substantial
progress towards the theoretical understanding of these mysterious compact objects.

Current and future observational projects, adding to the existing plentitude of
timing data, will greatly aid the investigation of pulsars’ rotational dynamics. A big
part of the underlying motivation for carrying out research on neutron star glitches
is their potential as probes into the strong interaction. To fully exploit this however,
mutual input and strong connections between the theoretical and observational fronts
are required.

The experimental biases and inherent limitations that prohibit glitch detection,
especially in the presence of timing noise, are examined in Chapter 2. The results
can be used for optimisation of pulsar monitoring schemes, to maximally explore
the glitch parameter space. The glitch population of the Crab pulsar is inspected in
detail, revealing an unexpected deficit in small glitches that provides insight to the
glitch trigger mechanism. Timing analyses have uncovered a rich collection of glitch
signatures, with a broad range of amplitudes and timescales for the spin-ups and re-
coveries. In Chapter 3, a multifluid hydrodynamical approach is used to simulate
glitches as large scale vortex unpinning episodes. It is shown how the observed va-
riety of timing behaviour in a single source, as well as the peculiar relaxations of
glitches seen in magnetars, can be naturally explained within this framework. New
radio observations of PSR J1119−6127, a high magnetic field pulsar with remarkable
glitch properties, are presented in Chapter 4. A detailed study of its unusual radio
activity, glitch recoveries and their theoretical implications, gives clues as to their
connection with magnetospheric phenomena and crust quakes. In addition, a new
method is employed to improve the long-term braking index measurement of this
source and examine its possible evolution in connection to glitches. Lastly, Chapter 5
considers the description of glitch recoveries with models that include a supplemen-
tary signature in the residuals, theoretically predicted to arise from regions where
vortex pinning prevails, in addition to the sum of exponential decays traditionally
used. A timing analysis of data following a large glitch in the Vela pulsar is carried
out for this purpose. Such an exploration constrains the fundamental amplitudes and
timescales involved in glitches, which are closely tied to the vortex pinning properties
of the inner crust and core. Comparison of the parameters inferred from observations
to those expected from microphysical calculations and various glitch models, can
yield invaluable crosschecks, and provide powerful discrimination between compet-
ing physical mechanisms.
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