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A B S T R A C T

The discovery of pulsars has been revolutionary for astronomy and
opened the possibility of performing extremely high precision time-
keeping in our Galaxy. The pulsars, with their broadband lighthouse-
like emission and stability of their rotation, have the perfect charac-
teristics to probe the potential well and the gaseous environments
around them.

The dense globular clusters that surround the Galaxy are some
of the most efficient factories of fast pulsars (known as millisecond
pulsars) and are extremely fascinating objects to study. In their very
centres they are thought to contain intermediate mass black holes
(IMBHs), the missing links between the stellar black holes and the
supermassive ones that inhabit the centres of galaxies, and the key to
understanding the black hole population and evolution. Furthermore,
the gas content and magnetic field of the globular clusters is able to
probe the large scale magnetic field of the Galaxy, especially in the
largely unknown Galactic halo.

The presence of pulsars allows us to study the clusters with unprece-
dented precision. We can estimate the acceleration felt by the pulsar
by measuring the derivative of the rotation period. This allows us to
study the mass density profile of the cluster and look for deviations
that might be caused by the presence of an IMBH. The effects of a
central black hole are visible also in the derivatives of the acceleration
that can be measured by timing the pulsar for long periods. The broad-
band nature of the pulsar emission enables the study of the ionized
gas content and the magnetic field through the effects of dispersion
and Faraday rotation.

I apply these techniques to globular cluster 47 Tucanae that contains
25 known pulsars and measure the structural parameters of the cluster.
I confirm the presence of ionized gas, test different distribution models,
and discover, for the first time, a magnetic field in the cluster. No
magnetic field has ever been proposed in a globular cluster, but the
observations suggest that it is present and is about one order of
magnitude stronger than what energy equipartition with the gas
would imply. In this thesis I claim that the magnetic field is caused
by an interaction of the cluster with a magnetized outflow from the
Galactic disk that extends in the halo. Such an outflow has been
previously proposed and here finds confirmation.

No IMBH is found in 47 Tucanae with mass higher than 4000 M�.
However, the study of another cluster returned more exciting results.
The globular cluster M62 has three known pulsars close to the centre
which have accelerations that are not compatible with the published
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density profile. An excess of ∼ 3900 M� with a 68% confidence
interval of (1200,6000) M� is found in the central region. This excess
has a very high mass to light ratio and could be due to an IMBH or a
system of stellar mass black holes. Only with more observations and
simulations tailored to this cluster, the IMBH can be confirmed.

In my thesis I further explore the possibility of using the knowl-
edge gained from the globular cluster pulsars to probe the formation
history of the stellar cluster that surrounds the Galactic centre. One
possible formation scenario points towards the tidal disruption of
stellar clusters. Although no millisecond pulsars have been found in
the region, using simulations, I show what the distribution of pulsars
should be and where we should look to find them.

The scientific discoveries possible with globular cluster pulsars are
diverse and can extend out of the clusters into the entire Galaxy. The
future of this field will be dominated by the next generation radio-
telescopes like the new MeerKAT radio telescope in South Africa
which promises to revolutionize our knowledge of pulsars. In the final
chapter I describe this facility and what it will be able to achieve in
the field of globular cluster pulsars.
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1
I N T R O D U C T I O N

Over 50 years have passed from the discovery of pulsars [175] and
while much about these strange objects is still unknown, they have
become essential tools for many different branches of physics thanks
to their unique properties [126, 228]: the densities and pressures found
in the centre of these stars are so extreme that they can’t be replicated
in any laboratory on Earth and are thus essential to nuclear physicists
looking for exotic matter [221]; the highly magnetized and relativistic
plasma found in the magnetosphere of pulsars is studied by plasma
physicists interested in the emission mechanism [87]; The extreme
rotational stability of pulsars and the discovery of binary systems with
other compact objects has allowed General Relativity (GR) experts to
put some of the strongest constraints on the validity of GR [213] and
test alternative theories of gravity [29, 141]; The long term rotational
stability of pulsars and the significant number of binary neutron stars
in compact orbits has also attracted gravitational waves astronomers
interested in the mergers of those objects [7] and in their applicability
as clocks to look for very low frequency gravitational waves [104,
214, 251]; finally, the impulsive and broadband nature of the pulsar
emission are very important for Galactic astronomers interested in the
ionized gas content of the Galaxy and its magnetic field [278].

1.1 neutron stars

The concept of a star entirely made of neutrons was brought forward
soon after the discovery of the neutron itself [33, 34, 219]1. These stars
were thought to be entirely composed of neutrons whose interactions
could halt the gravitational collapse giving rise one of the densest
stable configuration of matter possible in nature, much denser than
white dwarfs and just shy of becoming a black hole. The mass of these
stars would be similar to that of the Sun but would be contained in a
diameter of a few tens of kilometers and the densities would be close
to the ones found in atomic nuclei [282]. The first observational proof
of the existence of these stars came in 1967 thanks to Jocelyn Bell, a
doctoral student at Cambridge [175]. It was an accidental discovery.
The original rationale behind the observations was to observe quasars
in the radio band through interplanetary scintillation. A pulsed source
was seen repeating every ∼ 1.337 s. The source followed sidereal time
and not the 24h cycle, so artificial interference was ruled out. After

1 A reconstruction of the history of the period shows that Landau’s prediction of
neutron stars actually predates the discovery of the neutron by Chadwick [359]
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2 introduction

a few months and the discovery of more similar objects it became
clear that the pulsed radiation came from a rotating neutron star. The
picture became complete more than one year later when a pulsar was
discovered inside the Crab nebula [331]. This nebula was associated
with the explosion of a supernova which was known to be a possible
formation scenario for neutron stars. Because of this discovery, the
Nobel prize in Physics was awarded to Jocelyn Bell’s supervisor,
Anthony Hewish, and Martin Ryle in 1974. It was the first time such a
prestigious award was granted to astronomers.

1.1.1 Observational properties

Neutron stars are usually observed either as pulsars or as accretion
powered sources in binary systems. Thanks to these observations it is
possible to test different models was possible measure some properties
of these peculiar objects like the mass and the radius.

The mass of such objects can be precisely measured using pulsar
timing techniques in binary pulsars (see section 2.2). The distribution
of the measured masses is peaked at around 1.4 M� [284], extends at
lower values to 1.2 M� [258] and has a long high mass tail to masses
above 2.0 M� [17, 99].

The radius of neutron stars can be directly probed using the thermal
emission from the surface. Measuring the temperature and estimating
the distance of the neutron star it is possible to recover the emitting
surface area from the luminosity. The thermal emission is usually
observed in X-rays and can be used to put stringent limits on the
dimensions of the star. These observations led to measurements of
radii between 7 and 14 km [59].

1.2 pulsars

What characterises a neutron star as a pulsar is the characteristic
pulsed emission. The emission originates from a small region in the
magnetosphere of the neutron star in the form of a beam that sweeps
the sky as it rotates around the rotation axis. The beam intercepts the
Earth’s line of sight only over small rotational phases and this causes
the pulsation that we see. This emission can be observed at different
frequencies bands in the electromagnetic spectrum from radio to
optical, X-rays and gamma rays. A few hundreds have been observed
in X-rays and in gamma rays [9, 246] and only a few have been
observed in optical [321]. The large majority of pulsars are observed
in the radio band with over 2700 known radio pulsars [250]2. In what
follows I will concentrate on the radio emission of pulsars but there
are significant overlaps with other frequency bands.

2 see the following website for an updated list of all known pulsars and their properties:
http://www.atnf.csiro.au/people/pulsar/psrcat/
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In the radio band the emission is non thermal in nature with a
very high brightness temperature. The period varies between 1.4 ms
[174] and over 23 s [338]. The period is not constant but is observed
to increase in time as the neutron star loses rotational energy. The
amount of energy lost can be estimated by measuring the period, P,
and the rate of increase of the period, Ṗ, as follows:

Ė =
dErot

dt
=

dIΩ2/2
dt

= −IΩΩ̇ = 4π2 IṖP−3, (1.1)

where I is the moment of inertia of the neutron star, Ω = 2π/P is
rotational angular frequency. The moment of inertia of a neutron has
not yet been measured directly (although this might be possible in the
future [101]) but can be estimated from the typical mass (1.4 M�)and
radius (10 km) to be I = kMR2 = 1045g cm2 assuming the geometry
to be that of a sphere of uniform density (k = 0.4). The quantity Ė is
called spin-down luminosity.

This loss of energy that causes the neutron star to slow down does
not come from the observed radiation but from the intense magnetic
fields. Neutron stars contain some of the strongest magnetic fields in
the universe going from 108− 1015 G with a dipolar geometry. A strong
magnetic dipole in fast rotation, according to classical electrodynamics
[190], radiates energy and slows down the rotation. The energy lost
by this process can be written as:

Ėdipole =
2

3c3 |m|
2Ω4 sin2 α, (1.2)

where m is the magnetic moment and α is the angle between the
magnetic axis and the spin axis. In the case of a dipole, the magnetic
moment becomes |m| = BpR3/2, where BP is the strength of the
magnetic field at the equator, and R is the radius of the neutron star.
Equating the energy lost by this process to the spin-down luminosity
we obtain:

4π2 IṖP−3 = −Ėdipole = −
B2

pR6Ω4 sin2 α

6c3 , (1.3)

from which we derive the spin down rate as:

Ṗ = −
2π2B2

pR6 sin2 α

3Ic3
1
P

. (1.4)

Since we can measure both the period P and the spin down rate Ṗ
and assuming α = 90◦, we can use this relation to derive the strength
of the magnetic field at the surface of the neutron star:

Bp =

√
3c3 I

2π2R6sin2α
ṖP ' 1012 G

(
Ṗ

10−15

)1/2 (P
s

)1/2

. (1.5)

This value of the magnetic field strength must be considered only
an order of magnitude estimate given the numerous assumptions in
the model.
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From eq. 1.4 it is also possible to measure the age of the neutron star
by solving the differential equation as a function of time. Assuming
that at birth the rotational period was much shorter than it is now, we
find a characteristic age of:

τc =
P

2Ṗ
' 15.8 Myr

(
P
s

)(
Ṗ

10−15

)−1

. (1.6)

Estimating this value for the Crab pulsar gives a characteristic age
of 1260 yr which is comparable to the real age of 966 yr. This result
helped consolidate the theory of magnetic dipole breaking but it is not
always consistent with observations. In some cases the discrepancy
between the age estimated with the formula above and the real age
can be very large, like in the case of pulsar J0538+2817 which has a
characteristic age of 620 kyr and an age estimated from proper motion
of only 30 kyr [212].

A problem that the model described faces is that it works only in
vacuum. This assumption manifests itself in the dependence on the
angle α between the magnetic axis and the rotation axis. If the two axes
are aligned, the theory prescribes that there should be no losses since
the magnetic field geometry is not changing. This assumption breaks
down when we try to apply basic equations of electromagnetism to
the surface of the neutron star. On the surface there is thin layer where
the pressure is low enough that free protons and electron can survive.
The very strong magnetic field (around 1012 G) on the surface induces
an electric field in the vacuum that exerts a force on the particles that
can exceed gravity by 10 orders of magnitude. Thus, the particles are
extracted from the surface and create a magnetosphere around the
pulsar. This magnetosphere will be static with respect to the magnetic
field lines and will co-rotate with the surface until the rotation speed
exceeds the speed of light. This radius where this speed is achieved is
called light-cylinder radius. This co-rotating magnetosphere causes an
effect similar to the magnetic dipole breaking and is not dependent on
the orientation of the magnetic axis. Simulations show that in these
conditions the energy loss is comparable to the one of the magnetic
dipole in vacuum but does not have a strong dependence on the
alignment.

A way to test the described model is to measure the second time
derivative of the period. This is a difficult task possible only for a few
pulsars (see section 2.2), but it gives us access to the breaking index, n.
It is defined as the power law index describing the evolution of the
spin frequency ν = 1/P in the equation:

ν̇ = −Kνn, (1.7)
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where K is a constant. From eq. 1.4 we find that in the case of a
magnetic dipole n = 3. By taking the time derivative of his equation
we find:

n =
ν̈ν

ν̇2 . (1.8)

Measurements of the second period derivative show that the break-
ing index varies from 0.9 to 2.8 [239] with a record value of 3.15 [30],
the only one above the canonical value of 3. Therefore, the assumption
that n = 3 for all pulsars is not consistent with observations. However,
the magnetic breaking model is still essential to define a number of
useful quantities and is used regularly by pulsar astronomers.

1.2.1 Pulsar population

According to the standard model described above, the properties
of pulsars can be estimated by the rotational period P and the time
derivative Ṗ. Starting from these two observables we can plot the entire
pulsar population on the so called P− Ṗ diagram shown in Figure 1.1.
Different types of pulsars can be separated using this diagram. The
canonical pulsars are shown in the green circle. They represent the
bulk of the populations, have spin periods between a few tenths of a
second and a few seconds with a period derivative between 10−17 and
10−12 s s−1. The magnetic field is between 1011 and 1013 G and the
characteristic age can vary from being very young, 1 kyr to very old
1 Gyr. These pulsars are usually isolated and, when they are young,
can be associated with a Supernova Remnant (SNR). The formation
scenario of these pulsars is explained in Section 1.3.

The red circle shows the Millisecond Pulsars (MSPs), they have spin
periods between 1 ms and a few tens of ms with very low period
derivative, around 10−20 s s−1. The magnetic field is low, around
108 − 109 G and the characteristic age is higher then 1 Gyr and in
some cases can be longer than the age of the Universe. They are in
large majority in binaries and there are no known SNR association. The
formation process can explain all of these properties (see Section 1.4).

Lastly the blue circle shows the so-called magnetars. They are very
young pulsars, τc ∼ 1 kyr, with very high magnetic fields, Bp ∼
1014 − 1015 G, and almost all of them are associated with a SNR. They
are some of the slowest known pulsars and while they appear very
bright in other frequency bands, only four are seen as transient radio
pulsars.

1.2.2 Pulsar emission

The radio emission of the pulsars originates in the polar region of
the neutron star magnetosphere. It can have very different shapes
for different pulsars (see examples in Figure 1.2): in some cases the
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Figure 1.1: P− Ṗ diagram for for 2259 pulsars present in the psrcat cata-
logue[250]. Lines of constant spin-down luminosity, Lsd, magnetic
field, Bp and characteristic age τc. Pulsars in binary systems have
been highlighted with circles and pulsars associated with a super-
nova remnant with a blue star. The red circle shows the position
of the millisecond pulsars, the green circle the position of the
canonical pulsars and the blue circle shows the magnetars.
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Figure 1.2: Profiles of a selection of pulsars at 1.4 Ghz. The pul-
sars are: J0147+5922 [317], J0543+2329 [317], J0742-2822 [317],
J1239+2452 [317], J1327-622 [193], J1705-1906 [317], J1730-2304

[211], J1939+2134 [211].

profile is simple with a single sharp peak, other times it has multiple
components or broader peaks.

In some cases, like the last two profiles in Figure 1.2, it can also have
an emission feature in the phase opposite to the main pulse, called
an interpulse. This is commonly interpreted as coming from the polar
region opposite to the main pulse. In these cases the rotation axis
is almost orthogonal to the magnetic axis and we see both emission
cones point towards Earth during the rotation.

Individual pulses from a pulsar are very weak and can only be
observed for the brightest pulsars. The rest of the pulsars require
coherent addition of hundreds or thousands of pulses for them to
rise above the noise forming an ‘integrated profile’. While individual
pulses can be quite different one from the other, the integrated profile
remains very stable over the years. The emission has a spectrum that
can typically be described by a power law with a power law index of
∼ −1.8 [257]. A small number of pulsars do not follow this simple
relation but have a spectrum peaked at around 1 Ghz [202].

The emission of a pulsar can display some of the highest degrees
of polarization; while some can appear unpolarized, others can be
almost entirely linearly polarized. Typically more energetic pulsars
have higher degrees of linear polarization (around 20 percent for
those with Lsd < 5× 1033 and more than 50 percent in those where
Lsd > 2× 1035 erg s−1) [158, 356, 373]. Pulsars also display a significant
amount of circular polarization (∼ 10 percent).

The high degree of linear polarization allows us to measure the
polarization Position Angle (PA). The PA is the angle with respect
to the celestial North along which the electric filed of the incoming
electromagnetic radiation is oscillating. Determining the PAs and how
they vary along the pulse profile can help study the geometry and the
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Figure 1.3: Sketch of the RVM. The top panel shows the emission beam and the
path crossed by the line of sight (blue line) during a rotation. The
magnetic field lines are pointing radially outwards (or inwards
depending if we are looking at the North or South pole). The line
of sight will cross regions with different magnetic field orientation
and the emission from the regions crossed by the line of sight will
have polarization parallel to the magnetic field lines. The bottom
panel shows the swing in PA along the pulse profile.

emission process of the pulsar. In several pulsars the PA swings along
an S-shaped curve over the pulse profile, this is usually explained
with the so called Rotating-Vector Model(RVM, [303]). In this model,
described in Fig. 1.3, the emission originates in a filled cone over the
polar regions. In a dipole, the magnetic field lines are oriented radially
outwards from the pole. As the line of sight crosses different parts
of the emission cone, the inclination angle between the line of sight
and the magnetic field lines changes along an S-shaped curve. If the
polarization of the emission is thought to be aligned with the magnetic
field, we see the same curve in the PAs . From the maximum difference
in PA and the maximum rate of change it is possible to estimate the
misalignment between the rotation and the magnetic axis and the
impact parameter between the line of sight and the magnetic axis.
However, it is rare that the formalism of the RVM can be fully applied
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and uniquely derive the geometry. The observed PA profiles can be
flat or more complex and sometimes show jumps of about 90◦. The
jumps are usually explained as the superposition of two orthogonal
polarization modes [35, 97]. This mixing of modes is associated with a
drop in polarization [199].

1.3 birth of neutron stars

The standard picture of the birth of neutron stars [294] is linked to
supernova explosion of stars heavier than 8-12 M�, the exact value
changes depending on the metallicity. A star in this mass range evolves
through all of the nuclear burning stages up to iron after which
production of heavier elements consumes more energy than what
it produces. Once a core of iron of about 1.4 M� (a limit known as
the Chandrasekhar mass, [89]) is formed the electrons become ultra-
relativistic and are no longer able to balance the gravity of the star
and the core starts to collapse.

Two main processes happen that reduce the available energy budget
and push the collapse even faster: photodisintegration of atomic nuclei
and the inverse beta decay. The first happens when the temperature in
the core rises to the level that thermal photons have enough energy to
break up heavy nuclei. The iron nuclei are broken first in helium nuclei
releasing in the core 4 neutrons. Then, as the temperature rises even
further, the helium atoms are broken into protons and neutrons. This
process absorbs a significant quantity of energy and accelerates the
collapse. Simultaneously, the second process, the inverse beta decay,
takes place. When electrons are particularly energetic, they can interact
with protons, either unbound or in heavier nuclei, to form a neutron
and an electronic neutrino. The neutrinos are very weakly interacting
and are free to escape outside the core powering the supernova that is
happening outside. At the end of these processes all that is left in the
collapsing core are just free neutrons. The collapse continues until the
neutrons become degenerate and become able to exert the pressure
necessary to halt the collapse. What is left at the centre is a neutron
star.

This origin can also help explain the fast rotation and high magnetic
field of the neutron stars. In the zero order assumption that the su-
pernova explosion does not remove angular momentum or magnetic
momentum from the star, we can try to estimate what the rotation and
magnetic field of a normal star would be if we reduce it to the size of
a neutron star. For reference we shall take the most well known star,
the Sun. The angular momentum of the Sun is L = R�M�v�, where
R� is the Solar radius, M� is the Solar mass and v� is the rotational
velocity of the Sun. We write the velocity as a function of the rotational
period T� using the formula v� = 2π

T�R�. If we reduce the Sun to
the dimension of an average neutron star and impose conservation of
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angular momentum, we obtain, using R� ∼ 7× 108 m, RNS ∼ 104 m
and T� ∼ 30d:

TNS = T�

(
RNS

R�

)2

∼ 0.5 ms, (1.9)

which is a reasonable birth period for a pulsar.
If we try to collapse the Sun to the typical size of a neutron star,

and we impose conservation of the magnetic moment BR3 = const,
we find, using B� ∼ 1 G,

BNS = B�

(
R�
RNS

)3

∼ 2× 1014 G. (1.10)

This magnetic field is high but still compatible with what is observed
for some pulsars.

After a neutron star is born, it starts spinning down due to magnetic
dipole breaking as described in Section 1.2. It evolves in the P− Ṗ
diagram (Fig. 1.1) following a line of constant magnetic field until it
reaches the so called death line which corresponds to LSD = 1030 erg
s−1. Once a pulsar crosses this line, the process that powers the radio
emission is supposed to shut down and the pulsar is no longer visible.
However, as shown if Fig. 1.1, there a few exception to this rule.

1.4 birth of millisecond pulsars

The process described above is able to describe the formation of canon-
ical pulsars and magnetars (which are known to have supernovae
associations), but does not work for MSPs. For them, the explanation
must be searched in a peculiarity shared by most MSPs, the binarity.
When a neutron star is in a binary, matter from the companion can
accrete on the surface of the neutron star and, in particular condi-
tions, accelerate or slow down the rotation of the neutron star. If the
accreting material has lower angular momentum than the material
at the surface of the neutron star, like normal stellar winds, the neu-
tron star will slow its rotation. If, on the other hand, the accreting
material has higher angular momentum it will accelerate the pulsar
and bring the spin period down to a few milliseconds. This standard
formation mechanism [14, 370] is usually linked to strong emission
of X-rays from the surface of the neutron star in a Low Mass X-ray
Binary (LMXB). In a few systems, the X-ray bright state is seen to alter-
nate with standard MSP emission (eg. [28, 286, 332]). These are the so
called transitional MSPs and are the direct evidence that accretion on a
neutron star is linked to the birth of MSPs.

This model is also capable of accounting for the low magnetic field
found in MSPs. While during the isolated evolution of a neutron star
the magnetic field does not substantially vary [371], accretion can
weaken the magnetic field [337]. Various models have been devised to
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explain the decay of the magnetic field. One model by Bhattacharya
and Srinivasan [50] assumes that the magnetic field is anchored in
flux tubes in the superconducting core of the neutron star. During
the spin-down, the flux tubes are brought closer to the surface by
outgoing vortices and are dissipated since the surface is conductive.
This can happen only when the rotation of the neutron star is slowed
to hundreds of seconds. Such slow rotations are difficult to occur in
isolated neutron stars but can be reached in the presence of a weak
wind from a solar type companion. In the later stages of evolution,
when the dimensions of the companion grow and the state of a LMXB

is reached the rotation period will decrease but the magnetic field
cannot come back.

Thanks to the low magnetic fields, MSPs typically live for several
billions of years and the time it would take them to reach the death
line usually exceeds the Hubble time. The binary companion that
recycled the pulsar into an MSP is usually seen as a WD in circular
orbits (reached through tidal dissipation of the original eccentricity).
In some cases the companion also becomes a neutron star and in
other cases we see non degenerate stars as companions. Most of these
systems are divided in two categories: black widow pulsars with a
companion mass . 0.1 M� where the strong wind of the pulsar is
stripping the outer layers of the star; redback pulsars with companions
in the mass range ∼ 0.1− 0.5 M�. These systems are usually in tight
orbits and, because of the large dimensions of the non degenerate
star, they sometimes show regular eclipses of the radio signal. These
systems are rare in the Galactic disk but are more common in globular
clusters as shown in section 1.9.

According to this model, all MSPs must have accreted matter in order
to reach the observed spins and must, therefore, be more massive than
canonical pulsars. While mass measurements show that MSPs can
be significantly more massive than canonical pulsars [139], it is not
always the case [284]3. According to the spatial distribution of MSPs in
globular clusters (more details in Chapter 2) it appears that the general
population is less massive than expected. To explain these supposedly
very light MSPs, different formation scenarios have been invoked like
electron-capture supernovae [187, 189]. This is a collapse that can
happen in a ONeMg White Dwarf (WD) if its core reaches a mass of
1.38 M�. It is triggered by electron capture on 24Mg and 20Ne before
further burning can start. This scenario involves much less energy
than a classical core collapse supernova and forms a lighter neutron
star with much smaller kick velocity. This type of collapse can happen
in an isolated WD in particular conditions or in a binary if the WD

accretes enough matter, this scenario is called accretion induced collapse,
or in a merger between WDs, called merger induced collapse. Through

3 A more up to date list of measured masses of neutron stars can be found at the
website https://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
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these scenarios, it has been speculated that MSPs can be formed directly
without the need for accretion and recycling [137].

1.5 effects of interstellar medium

The radiation of the pulsars, before reaching our telescopes, must cross
large sections of the Galaxy filled with a low density plasma called
Insterstellar Medium (ISM). As the radiation crosses the ISM a large
number of effects can disturb the signal and, at times, conceal the
pulsar entirely. These effects are due to frequency dispersion, Faraday
rotation, scintillation and scattering [228]. However, if these effects are
properly accounted for, they can be used as an invaluable probe of the
properties of the ISM in different parts of the Galaxy. The following
derivation follows Lorimer and Kramer [228].

1.5.1 Dispersion Measure

An important property of ionised plasma is that it will respond differ-
ently when interacting with radiation of different frequencies. It will
show a frequency dependant index of refraction which will cause a
delay in the time of arrival of the pulses at different frequencies. The
refractive index in a non-magnetised plasma can be expressed as

µ =

√
1−

(
fp

f

)2

, (1.11)

where f is the frequency of the radiation and fp is the plasma fre-
quency defined as

fp =

√
e2ne

πme
' 8.5 kHz

( ne

cm−3

)1/2
. (1.12)

In the previous equation, e is the electron charge, me is the electron
mass and ne is the electron number density. Because of the higher
mass of the positive ions, their interaction with radiation is dampened
and they do not contribute significantly to the previous equation.

The delay between a radio signal of frequency f and a signal of
infinite frequency along a path length d is

t =
(∫ d

0

dl
vg

)
− d

c
, (1.13)

where vg = µc is the group velocity. In the approximation that the
observing frequency is much larger than fp, we find

t =
1
c

∫ d

0

(
1 +

f 2
p

2 f 2

)
dl − d

c
=

e2

2πmec

∫ d
0 nedl

f 2 . (1.14)
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Figure 1.4: Dispersive effects of the ISM on a pulsar in L-band (1200-1600

MHz). The pulsar period is chosen to be 0.1 s and the DM is 100

cm−3 pc. Each frequency sees a different refractive index and
arrives with a different delay. The quadratic dependence on the
frequency is clearly visible.

The integral along the line of sight of the electron number density
corresponds to the column density and is called Disperion Measure
(DM) and is usually expressed in cm−3 pc. The constant in front of eq.
1.14 is called dispersion constant, D, can be approximated as 4.15× 103

MHz2 pc−1 cm3 s.
A useful expression of the delay between two different frequencies

(both expressed in MHz) is

∆t ' 4.15× 106( f−2
1 − f−2

2 )DM ms. (1.15)

If the frequency band is large, the delay between the top and bottom
frequency can easily become larger than the spin period of the pulsar
as shown in Fig. 1.4. If this effect is not accounted for using de-
dispersion techniques (see Section 2.1), the pulsed signal can appear
as a continuous source making the pulsar undetectable.

By measuring the DM for a pulsar we are able to calculate the total
column density of electrons in front of the pulsar. Using the DM of
different pulsars at different distances in the Galaxy it is possible
to estimate distribution of ionised gas in our Galaxy. Alternatively,
if the distance along the line of sight of the pulsar is not known,
it can be estimated using models of Galactic electron density. The
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simplest model assumed a symmetric distribution of electrons [235],
while a very successful model was ‘NE2001’ [96] which incorporated
information from pulsars with known distances as calibration. The
most recent Galactic electron model is the ‘YMW2016’ [361]. However,
distance estimates obtained using this method can be incorrect if the
pulsar is found near high density clouds or in the Galactic halo.

1.5.2 Rotation Measure

If the ionised medium is also permeated by magnetic fields, the situa-
tion changes slightly. The refractive index becomes

µ =

√
1−

(
fp

f

)2

∓
f 2
p fB

f 3 , (1.16)

where the ∓ refers to waves of different circular polarisations: left
circular polarisation goes with the minus sign while right circular
polarisation goes with the plus sign. fB is the cyclotron frequency and
has the form

fB =
eB‖

2πmec
' 3 MHz

(B‖
G

)
(1.17)

and depends only on the component of the magnetic field parallel
to the line of sight. For typical Galactic magnetic fields (B ∼ 1 µG)
fB ∼ 3 Hz. The time difference caused by this difference of refractive
indexes between the different polarisations is very small, ∼ 1 ns, hence
negligible in most cases. It becomes significant only for low frequency
observations of pulsars in dense and higly magnetised regions (see
Fig. 1 of [336]).

The different propagation speeds for the different polarizations
cause a differential phase rotation, known as Faraday rotation, of

∆ΨFaraday =
∫ d

0
(kR − kL)dl, (1.18)

where kR and kL are the wavenumber for the right and left circular
polarizations. The wavenumber as a function of frequency, f , can be
written as:

k( f ) =
2π

c
µ f . (1.19)

Substituting the value of the refractive index µ found in 1.16 and
1.17, the phase rotation becomes

∆ΨFaraday =
e3

πm2
e c2 f 2

∫ d

0
neB‖dl. (1.20)

Usually, the property of the incoming wave that is measured in not
the phase itself but the polarisation PA which is the direction in the
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plane of the sky where the electric field of the wave is oscillating. This
angle is periodic on π rather than 2π, its difference due to the Faraday
rotation is

∆ΨPA = ∆ΨFaraday/2 = λ2RM, (1.21)

where λ is the wavelength and RM is the rotation measure usually
measured in rad m−2 defined as:

RM =
e3

2πm2
e c4

∫ d

0
neB‖dl. (1.22)

A simultaneous measurement of both DM and RM provides the
average of the parallel component of the magnetic field in the ISM

weighted by the electron density along the line of sight

〈B‖〉 =
∫ d

0 neB‖dl∫ d
0 nedl

= 1.23µG
(

RM
rad m−2

)(
DM

pc cm−3

)−1

. (1.23)

The value measured in the previous equation must not be consid-
ered a faithful representation of the real magnetic field which can
have reversals along the line of sight. However, by measuring RM

and DM for many pulsars it is possible to construct and test mod-
els of the galactic magnetic field [165, 236, 247, 252, 278, 340]. These
studies of the Galactic magnetic field are complementary to the ones
performed studying the synchrotron radiation that is sensible to the
perpendicular component [74].

1.5.3 Scintillation

Like stars in the night sky, point-source radio objects, like pulsars,
scintillate. The scintillation is caused by inhomogeneities in the refrac-
tive medium that distort the plane of propagation of the radiation and
cause interference patterns. If the interference is constructive at the
location of the telescope the signal is boosted. On the other hand, if
the interference is destructive, the signal is dampened. The presence
of scintillation can hide bright pulsars from view and, in favourable
condition, reveal very dim pulsars.

Scintillation is stronger for pulsars with small quantities of interven-
ing matter (low DM ) and weaker for pulsars with large quantities of
intervening matter (high DM ). If the radiation has to cross a larger or
denser part of the ISM , different parts of it can create constructive and
destructive interference patterns and the probability of them being all
aligned is very small. Therefore pulsars with high DM are more likely
to be flux stable as all interference patterns average out. For pulsars
with low DM , on the other hand, the patterns do not average out and
the fluctuations are stronger.
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Figure 1.5: Globular cluster 47 Tucanae. Credits: ESO/M.-R. Cioni/VISTA
Magellanic Cloud survey.

1.6 globular clusters

Globular Cluster (GC) are usually defined as gravitationally-bound
spherical stellar systems which are very old (∼ 10 Gyr), massive
(> 105 M�) and with low metallicity. They typically have radii of tens
of parsecs and central densities of ∼ 103 − 106 M�. There are more
than 150 GCs in and around our Galaxy and they are located either in
the central bulge or in the halo that surrounds the Galactic disk4. A
key difference between GCs and dwarf galaxies is the absence of star
formation and the lack of measurable concentrations of dark matter
in the former. A picture of globular cluster 47 Tucanae (also known as
NGC 104 hereafter 47 Tuc) is shown in Fig. 1.5.

There are a few exceptions to this definition; a more general and
solid definition of GCs has been given by Kruijssen [217]: “A gravitationally-
bound, stellar cluster that in terms of its position and velocity vectors
does not coincide with the presently star-forming component of its
host galaxy.”

The term “stellar cluster” excludes dwarf galaxies as they are dark
matter-dominated. A GC can pass through a star-forming region of

4 A list of known GCs with their properties can be found at the website:
https://people.smp.uq.edu.au/HolgerBaumgardt/globular/



1.6 globular clusters 17

the host galaxy but has a different velocity or it can corotate with the
galaxy but outside of star-forming regions.

The stars in a GC are thought to be all coeval, born in a single
star-formation episode. Recently precise measurements of the color
magnitude diagrams of different GCs have shown that there are multi-
ple populations of stars separated by a few 100 Myr [95, 270]. The stars
in the main sequence have a very clear cut-off in mass called turn-off
point. Measuring the mass of the stars at this point and correlating
it to the lifetime of main sequence stars it is possible to find with
accuracy the age of the globular cluster. In almost all GCs, there is also
a small number of stars in the main sequence with mass higher than
the turn-off. They are called blue stragglers and have likely formed later
in the life of the cluster after mass transfer from a companion or from
mergers induced by collisions [124].

The metallicity of the GCs shows a bimodal distribution correlated
with the spatial position [364]. GCs that live in the Galactic halo have
metallicities Z < 0.1 Z�, while GCs that live in the bulge have Z >

0.1 Z�.

1.6.1 Radial profile of globular clusters

The GCs appear spherically symmetric with only a small number show-
ing evidence of rotation or elliptic shape [52]. A good approximation
of the surface density distribution is the King profile [204, 205]. This
profile is also called a lowered isothermal profile because it has the same
distribution as an isothermal profile but truncated at the tidal radius,
rt, which corresponds to the radius where the gravitational force of the
cluster is equivalent to the one exerted by the Galaxy. The distribution
function of a King model5 is

fK(E) =

ρ1(2πσ2)−3/2 (eE/σ2 − 1) E > 0

0 E ≤ 0
, (1.24)

where E is the relative energy defined as E = Ψ− 1
2 v2 and Ψ is the

gravitational potential energy, ρ1 is a reference density and σ is the
central one-dimensional velocity dispersion. The condition E > 0
corresponds to considering only the stars that have velocities smaller
than the escape velocity of the GC (only the stars gravitationally bound
to the GC). Without this condition the GC would expand to infinity
and would contain an infinite mass.

5 distribution functions of this form were first introduced by Michie [268]
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From this distribution function it is possible to measure the density
profile, by integrating it over the velocity space. The result is as follows:

ρK(Ψ) = ρ1

[
eΨ/σ2

erf

(√
Ψ

σ

)
−
√

4Ψ
πσ2

(
1 +

2Ψ
3σ2

)]
, (1.25)

where erf is the Gaussian error function. An approximated version of
this equation written as a function of radius, r, is [138]

ρK(r) =
ρ0

[1 + (r/rc)2]3/2 (1.26)

where ρ0 is the value of the mass density in the centre and rc is the
core radius. This parameter is measured from observations as the
radius at which the surface brightness falls to half of its central value.
Technically the parameter in the King profile is not exactly the core
radius but corresponds to the radius at which the surface brightness
falls to 0.5013 of its central value. Because of this similarity the King
radius is commonly referred to as the core radius [54]. It must be
noted that equation 1.26 is valid only within a few core radii and does
not describe the GC in its entirety.

A simple yet powerful relation can be derived by King profile that
relates the core radius, the central mass density, and the central stellar
velocity dispersion is:

rc =

√
9σ2

4πGρ0
. (1.27)

1.6.2 Dynamics

The static model described before is excellent for determining the GC

parameters but does not describe its evolution. The dynamics of stars
in a GC are affected both by the static gravitational potential and by
the gravitational interactions between single stars. These interaction,
or encounters can be strong enough to alter the orbit of a star so that
it loses memory of its original direction. A useful quantity used to
check if the dynamics of a stellar system is dominated by the stellar
encounters or not is the relaxation time. It is defined as the time after
which the orbits of the stars change so much that it is impossible
to reconstruct the original velocity distribution of the stellar system.
If this time is shorter than the system’s lifetime, the dynamic of the
system is dominated by the stellar encounters and is called collisional.
For a population of stars of equal mass m, number density n and
velocity dispersion σ, this time can be expressed as [54]:

τr = 0.34
σ3

G2m2nlnΛ
, (1.28)



1.6 globular clusters 19

where lnΛ ∼ 10 is the Coulomb logarithm. Calculating this time at
the half-mass radius for GCs returns 108 − 109 yr. Since the life of a GC

is ∼ 1010 yr, the GCs are very collisional systems.
Stellar encounters can influence the dynamics by transferring energy

from one part of the cluster to another [94]. This happens either
through a series of distant encounters that induce small changes in
the energy content of a star or through a few close encounters that
can significantly alter the orbit. These encounters can impart on a
star enough energy that it becomes unbound to the GC and leaves the
cluster. In a GC with stars of the same mass, the escape of stars can have
catastrophic consequences. As stars are ejected from the central dense
regions of the GC, they remove a significant portion of energy. Because
of energy conservation, the core must then contract and become denser.
When the core becomes so dense that the local relaxation time is much
shorter than it is in the rest of the GC, it decouples dynamically and
becomes unable to transfer energy to the outer regions. This dense
core becomes isothermal and keeps contracting until it collapses in the
centre.

Real GCs, however, are not made up of stars of the same mass.
They are made up of multiple components like main sequence stars,
red giants, blue stragglers, WDs and neutron stars. The presence of
multiple components changes the dynamical evolution and introduces
the concept of mass segregation where stars of different mass populate
different parts of the cluster. This is driven by the tendency of stars
to reach energy equipartition where stars of different mass approach
the same energy [330]. To reach this state low-mass stars will have to
gain energy and move further away from the centre, while high mass
stars will have to lose energy and sink deeper in the cluster. At the
end of this process, the core will be populated only by high mass stars
while the outer regions by low mass stars. This condition is not stable
because as the massive stars move in the centre, their dynamics will
become dominated by their self-gravity and will detach dynamically
from the outer regions. The core will move away from equipartition
and be subjected to the same instability that drives the collapse of
single-mass clusters. This is called Spitzer instability.

Fortunately, this collapse can be halted by the presence of binaries
whose interaction with single stars can release large quantities of
energy. The outcomes of the interactions of a binary and an isolated
star are hard to predict [94] but, in general, if an isolated star with
kinetic energy EK interacts with a binary with orbital kinetic energy
EO and if Ek < EO, the isolated star will gain energy and the binary
will shrink further. The presence of only a few binaries in tight orbits
is enough to stabilise the GC.

Even if binaries can halt the collapse, mass segregation will still be
present in the GC. This will alter the radial and velocity distribution of
stars with different masses. If we assume that full energy equipartition
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is reached, the surface density profile of a population of stars of mass
m is [231]

Sm(r⊥) = Sm,0

[
1 +

(
r⊥
rc

)2
]α/2

, (1.29)

where r⊥ is the distance of the star projected on the plane of the
sky, α = 1− 3(m/m∗) and m∗ is the mass of the class of stars that
dominate the dynamics. The distribution of the class of stars that
dominate the dynamics (corresponding to α = −2) is the same as that
of a single-mass cluster.

The velocity dispersion becomes smaller for more massive stars and,
in the case of full energy equipartition, is:

σ(m) = σm∗

(
m
m∗

)1/2

, (1.30)

where σm∗ is the velocity dispersion of the dominant mass class.
However, in realistic GCs, full equipartition is never reached [53,

345]. The equipartition assumption is valid only for the most massive
stars, while stars of mass similar to the dominant mass class have not
fully reached this stage. With more realistic assumptions, the velocity
distribution can be written as [53]

σ(m) =

σ0e−
1
2

m
meq m ≤ meq

σeq

(
m

meq

)−1/2
m > meq

, (1.31)

where meq is the mass of the stars that have reached equipartition, σeq

corresponds to the velocity dispersion at meq and σ0 = σeqe1/2.

1.7 intermediate mass black holes

GCs are thought to host in their centre an Intermediate Mass Black
Hole (IMBH). These are black holes with masses between 102 − 105

M� thought to be link between stellar black holes and supermassive
black holes and considered the seeds upon which the supermassive
black holes form [192, 220, 267, 352]. Very little observational evidence
is present but it is suspected that, if they exist, they could be found
in GCs [37]. An interesting argument in favour of the the presence of
IMBHs in GCs is the relation between the mass of supermassive black
holes and the velocity dispersion of the host galaxy [123, 148, 209].
Extrapolating this relation to the velocity dispersion of GCs (∼ 10− 15
km s−1), we would expect them to host BH!s (BH!s) of ∼ 1− 7× 103

M�. This relation suggests that if central black holes are present in
the cluster, they would be in the mass range of IMBHs . It must be said,
however, that it is not proven that this relation holds down to these
black hole masses and the physics describing the co-evolution of a
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supermassive black hole and its host galaxy could be different at the
scales of GCs.

The formation scenario of an IMBH is unclear and different possi-
bilities have been formulated: collapse from Pop III stars [245]; direct
collapse of rapidly inflowing gas in the first metal-free protogalaxies
[113, 225, 226]; repeated mergers of stars and stellar black holes [154,
163, 298, 299]. This last formation scenario in particular is supposed to
happen only in massive and dense environments like young GCs.

The search for IMBHs in GCs is interesting because they can be sources
of gravitational waves if bound to a stellar black hole or a neutron
star in close orbit. If present, these systems are likely to be detectable
with the next generation of gravitational waves interferometers like
the Laser Interferometer Space Antenna and the Einstein Telescope
[15, 16, 146, 312].

Even with a lot of theoretical works predicting the existence of
IMBHs and placing them at the core of GCs, the observations focused
in our Galaxy have led only to upper limits and disputed results. One
of the main method used to look for IMBHs in GCs is searching for
dynamical effects in the spatial and velocity distribution of the stars
in the clusters affected by the presence of an IMBH [38, 147]. Both the
surface density and velocity dispersion will rise in the centre if an
IMBH is present. The direct influence of the IMBH extends up to the so
called influence radius. It is defined as the radius at which the Keplerian
velocity of a star orbiting the IMBH equates the velocity dispersion of
the stars outside [47]:

ri =
GMBH

γ〈v2
c〉

, (1.32)

where MBH is the mass of the IMBH and γ is found in simulations to
be 2. In an equilibrium situation the density profile will develop a
cusp inside this radius described by the power-law distribution [47]:

ρ(r) ∝ r−1.55. (1.33)

The velocity distribution, instead, will show a Keplerian profile inside
of the influence radius.

The difficulty of detecting an IMBH with this method is that most
of the effects will happen only inside the influence radius which can
be small. An IMBH of MBH ∼ 2000 M� in a cluster with velocity
dispersion σ = 10 km s−1 has an influence radius of ∼ 0.04 pc. If the
cluster is found at a distance of 6 kpc, this corresponds to an angular
distance of ∼ 1.5 arcseconds which is very hard to resolve optically.
Because of this difficulty searches have usually resulted in upper limits
or tentative claims [263, 279, 372] which have been contested [44].

Another method used to look for IMBH is the search for radiative
signatures of accretion on the cluster [240–242]. If an IMBH is present in
the centre of a GC it is supposed to accrete the gas present in the region
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Name IMBH mass claim Ref. Accretion limit on Ref.

from dynamics ( M�) IMBH mass ( M�)

NGC 1904 3± 1× 103 [232] - -

(M79)

NGC 5139 4.7± 1.0× 104 [281] <1000 [344]

(ω Cen)

NGC 5286 1.5± 1.0× 103 [120] - -

NGC 6266 2± 1× 103 [232] <1130 [344]

(M62)

NGC 6388 2.8± 0.4× 104 [233] <1770 [344]

NGC 6397 600 [196] <610 [344]

NGC 6715 9.4 ×103 [188] <2990 [344]

(M54)

NGC 7078 3.9± 2.2× 103 [152] <1530 [344]

(M15)

Table 1.1: Clusters with reported claims of an IMBH measured through the
dynamical effects. For these clusters, no accretion signature has
been found and only upper limits have been set. Only for NGC
6397 the upper limit is compatible with the claimed mass of the
IMBH .

and radiate in X-rays and in the radio band. The emission strongly
depends on the quantity of gas and the accretion efficiencies, but, with
reasonable assumptions, only upper limits or controversial claims
have been put forward [230, 269, 297, 344]. In Table 1.1 I report several
claims of IMBH detections made in GCs. Some of these detections have
been contested [44] using detailed N-body simulations. For none of
these claims accretion signatures have been seen.

A third method used to look for IMBHs in GCs is through the ob-
servations of MSPs [4, 132, 206, 207, 288, 289, 301]. The very precise
rotational stability, allows the measurement through Doppler shift
of the accelerations and its time derivatives. The idea of using these
measurements to map the gravitational potential of the cluster was
first proposed by Blandford, Romani, and Applegate [56] and further
developed by Phinney [295]. This concept will be explained in greater
details in Chapter 5.

At the moment, the only accredited evidence of an IMBH in a GC is
from a tidal disruption event that happened in an extra-galactic stellar
cluster [223].



1.8 gas in globular clusters 23

1.8 gas in globular clusters

The stars in GCs are old and many of them are experiencing the final
stages of their lives as Red Giant Branch (RGB) and Asymptotic Giant
Branch (AGB) stars. In these stages they are expected to lose ∼ 10−9 −
10−8 M� yr−1 [108], while summing all the contributions there should
be ∼ 10−6 M� yr−1 of dust [260]. Because of this reason, they release
large amounts of gas in the environment forming the Intracluster
Medium (ICM). This, together with the lack of star formation, would
point to the GCs being rich in gas [350]. However, the only detections
of neutral ICM is in M15 where a cloud of H1 of ∼ 0.3 M� with
9 ± 2 × 10−4 M� has been found [68, 114, 365]. Searches in other
globular clusters have only returned upper limits [41, 327].

The only detection of ionised media has been possible thanks to
the pulsars in 47 Tuc [133]. The authors detected significant variations
between the DMs of the 20 pulsars known at the time. In very dense
environments like GCs, the local acceleration caused by the gravita-
tional potential of the GC can be strong enough to cause detectable
Doppler shifts in the spin-down of the pulsars (as shown in Chapter 3).
The authors estimated these accelerations and used analytical models
to locate the pulsars along the line of sight. They noted that pulsars
that were behind the cluster centre had higher DM while pulsars in
front of the cluster centre had lower DM . They concluded that the
radiation of the pulsar in the back of the cluster had to cross more
ionized gas than the rest of the pulsars. They estimated the number
density of the ionized ICM to be 0.067± 0.015 cm−3 corresponding
to ∼ 0.1 M� of ionized gas in the core of the cluster. More details on
how the technique works and on how it was improved in a recent
paper [4] can be found in Chapter 3.

A strong evacuation mechanism must be present in order to recon-
cile theory and observations, different models have proposed some
external and other internalmechanisms. External mechanisms require
ram pressure stripping either from the Galactic plane when the GC

crosses it [310] or from the halo [130]. The first would work but only
happens every ∼ 100 Myr and the GC would fill with gas between
passes, while the second can only work for low mass clusters [302].
Internal mechanisms proposed include stellar collisions [348], novae
[316], M-dwarf flaring [93], pulsar winds [328] and main-sequence star
winds [326].

When applied to a real GC like 47 Tuc, these mechanisms do not
reach the required energy to expel the gas fast enough [259]. However,
just a few newly born WDs can provide the thermal energy necessary
to eject the gas [259] and the necessary flux of ionizing photons to
keep all of the gas ionized as is observed.
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150 pulsars in 28 clusters
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Figure 1.6: HIstogram of the known pulsars in GCs. The different colors rep-
resent the number of isolated versus the binary pulsars. Courtesy
of Alessandro Ridolfi.

1.9 globular cluster pulsars

In the context of this thesis, GCs are interesting because they host a very
large population of pulsars. A total of 150 pulsars are known inside 28

Galactic GCs6. An histogram showing the number of known pulsars in
GCs is shown in Fig. 1.6. Two clusters dominate the list, Terzan 5 with
38 known pulsars and 47 Tuc with 25. The GCs contribute to about 6%
of the total pulsar population while having a small mass compared to
the Galactic disk. Per unit of mass, GCs host a population of pulsars
about 100 times higher than the Galactic disk. The vast majority of
these pulsars are MSPs with only 6 of them having a rotational period
longer than 100 ms. This is very peculiar as the slow pulsars dominate
the Galactic disk population. Another peculiarity of GC pulsars is that
around half of them are in binaries contrary to what is seen in Galactic
MSPs which are usually in binaries.

Some binary pulsars have companions that are very hard to explain
through the standard formation scenario, like the black widow and the
redback pulsars. The abundance of these kind of systems can only be
explained through an exchange of the original companion during a
collision. This interpretation is the key to understanding the GC pulsars.
Due to the very high densities of the GCs, the neutron stars go through
a large number of close encounters that can significantly alter their
evolution [79]. Pulsars can therefore increase the eccentricity, exchange
companions and even go through different recycling episodes reaching
fast rotational velocities. Indeed, the fastest pulsar known is J1748-
2446ad located in Terzan 5 with a rotational period of just 1.39 ms

6 The up-to-date list of all known GC pulsars can be found at
http://www.naic.edu/ pfreire/GCpsr.html
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[174]. Because of these encounters, GC pulsars are more likely to be
recycled than Galactic disk pulsars. The fraction of neutron stars that
have been recycled as MSPs is about ≥ 10−3 [357], while for GC pulsars
this fraction is about 0.1 [357]. Abbate et al. [5] were able to confirm the
value of this fraction using simulations of GCs and Bayesian analysis to
estimate the total number of neutron stars and of MSPs as described
in Chapter 6. The link between dynamical encounters and pulsars
is also supported by the strong correlation between the total rate of
encounters and the number of pulsars in each GC [39]. The ratio of
binary to isolated pulsars in GCs is also correlated with the encounter
rate for a single binary [351] which shows that encounters between
binaries and single stars can cause the pulsar to be ejected. The lack
of young pulsars can be explained by the absence of on-going star-
formation in GCs.

1.9.1 Formation of pulsars in globular clusters

The large number of neutron stars in GCs causes some problems for the
standard formation scenario of pulsars. Core-collapse supernovae are
known to impart also a high kick velocity on the newly born neutron
star which can be described by a Maxwellian distribution with a 1D
standard deviation of ∼ 265 km s−1 [179]. The escape velocity from
the centre of a typical GC is ∼ 50 km s−1 [45] meaning that most of
the neutron stars would be ejected from the cluster immediately after
birth. A way to prevent this escape is if the supernovae happen in a
binary system which can absorb part of the kick velocity. Alternatively
dynamical models of GC show that during the first period of a GC’s
life (when most supernovae would happen), its mass would have been
higher than it is today [353]. Finally a possibility that could explain the
observed population is that there is a formation scenario of neutron
stars with low kick velocity.

Another problem that the standard formation scenario runs into is
the mass of the pulsars. The standard way to measure pulsar masses
is through prolonged timing of relativistic binary pulsars (see section
2.2). Another way is to make use of mass segregation according to
which pulsars will sink towards the centre of the GC. Comparing
the surface number density of pulsars with respect to the rest of the
stars according to Eq. 1.29, will give an estimate of the mass of the
pulsar population. This estimate for the pulsars in Terzan 5 returned
an average mass of ∼ 1.3 M� (this mass includes also the mass of
the companion) [301]. The recent evaluation of the mass of the fully
recycled pulsar NGC 1851A at 1.25 ± 0.06 M� confirms this idea
[308]. This value is smaller than the expected average mass of neutron
stars, ∼ 1.5 M� [284]. One explanation for this discrepancy is that the
assumed mass of the stars that dominate the dynamics in the core
is wrong or that the GC pulsars are born less massive than regular
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pulsars. These considerations lead to the idea that neutron stars could
be born in electron-supernovae from WDs [189]. This scenario can
also explain the presence of a few young pulsars despite the lack of
star-formation and core-collapse supernovae in the recent past.

1.10 science with globular cluster pulsars

The pulsars found in GCs are extremely fascinating objects to study
because of their unique properties [173]. They can be used individually
for studies regarding gravitational physics or the physics of accretion
or as an ensamble as probes of the properties of the host clusters.

The measurement of the mass of pulsars through timing (see section
2.2) can help to constraint the equation of state that describes the
interior of such stars. GC pulsars play an important role here because
many binary systems have high eccentricity which facilitates the mea-
surement of the mass. Furthermore, GC pulsars can undergo different
events of recycling which can increase the mass and decrease the
rotational period to extreme values. Fast-spinning pulsars can provide
additional constraints to the equation of state. GCs are likely to host
some of the most massive and fastest pulsars. Indeed, both the fastest
[174] and what is likely the most massive pulsar [140] are found in
GCs.

Another important field in which GC pulsars play an important
role is the physics of eclipses and accretion. Large number of systems
with a low-mass main sequence companion can be found in GCs.
Many of these systems show eclipses that can be used to probe the
gas surrounding the companion. Some of these systems are seen to
alternate between standard radio emission and a LMXB phase. Of the
three transitional MSPs known, one J1824-2452I [286] is found in a
GC, in particular in M28. These systems are extremely important to
study the relation between LMXBs and MSPs and the phenomenon of
recycling.

1.10.1 Exploring the properties of globular clusters with pulsars

In this thesis I will focus on the properties of the GCs and of the Galaxy
that can be derived by using the entire pulsar population as a whole.

When considered together, the population of pulsars in GCs can
act as a probe of the dynamics and of the ICM in GCs. This idea
was brought forward by Blandford, Romani, and Applegate [56] even
before the first pulsar in a GC was discovered [237] and was further
developed in the following years [295]. The gravitational potential of
the GC imparts a significant acceleration to the pulsar which affects
the derivative of the spin period as is shown in eq. 3.1 and in the
subsequent discussion. The second derivative of the period will be
instead influenced by the jerk felt by the pulsar. These effects can be
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used to determine the structural parameters of the host cluster like the
central density and core radius. This effect will depend only on the
gravitational mass of the cluster. A comparison between this mass and
the luminosity of the cluster allows us to test if some nonluminous
matter like an IMBH is present in the centre of the cluster and constrain
its mass. This concept will be further developed and applied to GCs

47 Tuc and M62 in Chapters 3 and 5. At the end of Chapter 5 I will
describe a new technique to look for IMBHs using the second and third
derivatives of the period.

Another way in which pulsars can be used to study the general
properties of a GC is through the effects of the interstellar matter. By
studying the correlation between the DMs of pulsars in the same cluster
we can give constraints on the quantity of ionized gas present inside.
Only in one case, 47 Tuc, this method led to a discovery of ionized
gas [133]. This cluster was further studied and various distribution
models of gas have been tested [4] as described in Chapter 3. The best
model consists of a gas of constant density in the central regions of
the cluster of number density 0.23± 0.05 cm−3. Using this estimate it
was possible to further constraint the mass of a possible central IMBH .
This constraint is based on the fact that no signatures of accretion of
this gas on the IMBH are seen. The presence of detectable quantities of
gas opens the question of whether it is magnetized. The study of the
RM of the pulsars in this cluster allows the search for such magnetic
fields as described in Chapter 4. In this chapter we show how this
kind of study can provide unique information on the global properties
of the Galactic magnetic field in the largely unknown Galactic halo.

GC pulsars can also play a significant role in the study of the for-
mation of the Nuclear Star Cluster (NSC) that surrounds the central
supermassive black hole found in the centre of our Galaxy. One possi-
ble formation scenario involves stellar clusters that inspiralled to the
Galactic centre, were tidally disrupted and deposited their stars to
form what we now observe as the NSC. If this scenario is correct, the
stellar clusters would also deposit the pulsar content of the clusters.
Discovering these pulsars and determining their spatial distribution
can help prove or discredit this hypothesis. The theory and the set-up
of the necessary observations is described in Chapter 6.

All of these prospects require the next generation of telescopes to
bring the desired scientific results. The future of pulsar astronomy in
the next generation will be lead by the Square Kilometre Array (SKA)
and its precursor in South Africa MeerKAT. In Chapter 7 I will describe
the properties that make the SKA precursor MeerKAT an optimal
telescope for carrying out observations of GC pulsars and the main
results the collaboration hopes to achieve.





2
R A D I O P U L S A R S O B S E RVAT I O N S

The desire of extreme sensitivity and precision necessary to exploit
pulsars for scientific purposes has pushed the technological require-
ments of the detectors both in hardware and in software to very high
levels. Pulsar observations in radio are performed in different frequen-
cies and with different types of telescopes, from simple non-steerable
dipole antennas in the frequency range 50 - 300 MHz, to regular dish
telescopes from about 600 MHz to about 30 GHz. They can either
function as separate telescopes or be connected to form a larger inter-
ferometer. In this thesis I will focus on observations in L-band (from
900 MHz to 1.6 GHz) taken with single dish antennas. The data for
47 Tucanae was taken from the Parkes radio telescope in Australia.
Part of this thesis uses observations performed at the Green Bank
Telescope in West Virginia, USA. In Chapter 7, I will describe shortly
the MeerKAT radio telescope, an interferometer recently built in South
Africa which I have been involved in. These telescopes are depicted in
Fig. 2.1.

2.1 de-dispersion

The effects of dispersion caused by the ionized interstellar medium
must be corrected in an early stage of processing to preserve all
of the important information. Two main techniques have been used:
incoherent de-dispersion, a traditionally hardware solution used from the
beginning of pulsar astronomy, and coherent de-dispersion, a software
solution that is gaining popularity thanks to the improvements in
technological capabilities [228].

Figure 2.1: Telescopes used for the observations processed in this thesis:
Parkes radio telescope (left), Green Bank telescope (centre) and
MeerKAT radio telescope (right). Credits: ATNF, Green Bank Ob-
servatory, SARAO.
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2.1.1 Incoherent and coherent de-dispersion

Incoherent de-dispersion consists in dividing the frequency band into
a large number of channels, and applying the necessary delay for
each channel so that the pulse arrive in each channel at the same time.
The delay is measured with equation 1.15. The main limitation of
this technique is that the effects of dispersion in each channel are not
corrected and this might make MSPs with high DM appear broader than
they really are (this has a consequent effect on timing as explained
in section 2.2). The choice of the best number of frequency channels
must therefore be customized for the sources in the observations.

Coherent de-dispersion is a technique that can completely remove
dispersion from the signal without the worry of channelisation. this
technique uses both the amplitude and the phase [167] as opposed to
incoherent de-dispersion which only looks at the amplitude, hence the
name. The principle of coherent de-dispersion is that the dispersive
effects can be described as a phase only transfer function H, defined in
the frequency domain as follows:

V( f0 + f ) = Vint( f0 + f )H( f0 + f ), (2.1)

where f0 is the centre frequency of the band, V( f0 + f ) is the Fourier
transform of the voltage measured by the telescope and Vint( f0 + f ) is
the Fourier transform of the intrinsic voltage emitted by the pulsar. The
transfer function H can be expressed as a function of the dispersion
measure through the formula [228]:

H( f0 + f ) = e
i 2πD
( f0+ f ) f 2

0
DM f 2

, (2.2)

whereD is the dispersion constant defined in section 1.5.1. By applying
the inverse of this function to the complex voltages, it is possible to
recover the signal as it was emitted by the pulsar. This method is very
computationally demanding and until recently it was impossible to
de-disperse coherently observations in real-time.

2.2 pulsar timing

Some of the most important and exciting results in the study of pulsars
have come from the technique called pulsar timing. This technique
consists of measuring the time of arrival, called ToA, of the single
pulses and construct timing models that can predict when the pulses
will arrive in the future. The Time of Arrivals (ToAs) are affected by
many properties of the pulsar, like its position in the sky, its spin
period and its derivatives and in case of binary pulsars, the mass and
orbit of the pulsar and the companion. Pulsars are extremely stable
rotators and in some cases we are able to construct timing solutions
that can keep track of every single rotation of the pulsar over decades.
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This type of solution is called phase connected solution. In particular
MSPs are some of the most stable clocks known with a timing stability
comparable or even better than atomic clocks [228]. MSPs are more
stable than canonical pulsars because they have more stable emission
and they do not experience large glitches, which are sudden jumps in
spin periods that are seen in younger pulsars.

Pulsars are typically weak sources and, even with the most sensitive
telescopes, only for a handful of them we can see the emission from
every pulse. For the majority of them we need to add a large number
of pulses before the signal becomes significantly visible over the noise.
The procedure is called folding and consists in dividing the time-series
in time sections corresponding to the length of a period, and summing
the sections together. This way, the pulses will fall at the same phase
bins and sum together increasing the statistical significance. The pulse
profile obtained with this technique is called integrated profile. For some
pulsars a few seconds are enough to see the pulse, while other require
integration of several minutes. Even if single pulses can have different
shapes, the integrated profiles are constant for almost all pulsars (an
example of a pulsar which changes profile over the years is B2127+11C
in globular cluster M 15 [306]). Since pulsars can have broad profiles,
the ToA is measured at a fiducial point of the profile.

2.2.1 Measuring time of arrivals

In order to measure precisely the ToAs we must cross-correlate the
integrated profiles with a template of the profile. The template can
be obtained by summing all of the profiles of earlier observations
together in order to increase the Signal to Noise Ratio (S/N) or by
synthetically reproducing a noise-free template by representing the
profile as a sum of Gaussian profiles [128, 210]. This last method is
useful also when considering pulse profile variations as a function of
frequencies.

The correlation is performed with a template matching algorithm
either in the time domain or in the frequency domain. The frequency
domain correlation can reach higher precision as it is not limited by
the sampling time of the observation. The precision in time that can
be reached with this technique depends both on the S/N of the pulsar
(which in turn depends on the integration time) and on the shape
of the pulse. The sharper the profile, the more accurate the template
matching is. For this reason, coherent de-dispersion systems, which
allow for sharper profiles are the best for timing purposes.

The ToAs found this way are measured based on the local observa-
tory time which is usually kept by hydrogen masers. These clocks do
not have the stability necessary for timing pulsars for long time-spans
and therefore must be corrected. The correction is performed convert-
ing to Universal Coordinated Time, UTC(GPS) by using the Global
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Positioning System (GPS). This clock does not correspond exactly to
UTC because it does not consider the non-uniform rotation of the Earth.
The correction is performed by converting to the International Atomic
Time (TAI) realization of Terrestrial Time, TT(TAI), which is based on a
large number of atomic clocks spread around the Earth. The TT(TAI) is
ahead of the UTC by the number of leap seconds that have been added.
The TT(TAI) is not perfect and every year the Bureau International des
Poids et Mesures (BIPM) publishes corrections, TT(BIPM), that allow
precise timing over a large number of years. This is the time format
that must be used when timing pulsars. Further information on the
different time standard can be found in [180].

2.2.2 Solar System Barycentre corrections

The ToAs in this format are measured in a reference frame that is
constantly changing as it rotates around the Earth and the Earth orbits
around the Sun. A better reference system would be the Solar System
Barycentre (SSB). To move the measurement of the arrival time to the
SSB we must apply the following corrections [112]:

t(SSB) = t(BIPM) + ∆DM − (∆�R + ∆�E + ∆�S ), (2.3)

where t(BIPM) is the ToA in the TT(BIPM) standard, ∆DM is the delay
caused by the dispersion in the ISM, ∆�R is the Solar System Roemer
delay, ∆�E is the Solar System Einstein delay, and ∆�S is the Solar
System Shapiro delay.

In order to remove the delay caused by the dispersion in the ISM,
all ToAs are referenced at infinite frequency. If the observation is per-
formed at frequency f , this delay can be expressed using eq. 1.15 as:

∆DM =
D
f 2 DM, (2.4)

where D is the dispersion constant defined in section 1.5.1. For some
pulsars the measure of DM is seen to change with time, in these cases
the equation above must be modified accordingly [201].

The Solar System Roemer delay, ∆�R , corresponds to the time differ-
ence between the arrival of the pulse at the telescope and at the SSB.
In formulas it can be expressed as:

∆�R = −
(rse + ret) · rsp

c
, (2.5)

where rse is the vector between the SSB and the centre of the Earth,
ret is the vector between the centre of the Earth and the telescope, rsp

is the vector between the pulsar and the SSB. The geometry is shown
in Figure 2.2. This effect is strongly dependant on the position of the
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Figure 2.2: Diagram of geometry involved in the Roemer delay.

pulsar in the plane of the sky. An inaccurate determination of the
position will lead to sinusoidal delay with a period of exactly one
Earth year. The positional precision that can be reached by correcting
this effect is of the order of the milliarcsecond or even smaller [132]. If
the pulsar has a proper motion in the plane of the sky, the position
will change and the correction applied will become wrong. After some
years, the delay between the expected ToA and the measured one will
have a sinusoidal shape with increasing amplitude. By fitting for this
component it is possible to measure the proper motion of the pulsar
to accuracies of tenths of milliarcsecond per year.

The Solar System Einstein delay, ∆�E , is the gravitational redshift
caused by the deformation of space-time caused by all bodies in the
Solar System. In order to estimate the effects caused by the Earth, one
must consider its exact geometry.

The Solar System Shapiro delay, ∆�S [319] accounts for the extra time
necessary for the light to cross the space-time deformations caused by
Solar System bodies. The greatest contributors are the Sun and Jupiter.
In order to account for this effect regularly updated Solar System
ephemerides are needed.

Other smaller corrections caused by annual parallax and dispersion
caused by the interplanetary medium and the Earth atmosphere are
present but usually don’t affect the observations.

2.2.3 Isolated pulsar timing

It is possible to keep track of each pulse arriving from the pulsar using
a Taylor series approximation [228]:

N(t) = N0 + ν0(t− t0) +
1
2

ν̇0(t− t0)
2 +

1
6

ν̈0(t− t0)
3 + . . . , (2.6)

where N0 is the pulse number at the epoch t0, ν0 = ν(t0) is the
spin frequency, and ν̇0 = ν̇(t0) and ν̈0 = ν̈(t0) are the spin frequency
derivatives.

Using this formula to fit the observed ToAs we recover the period of
the pulsar and its period derivatives. Usually many years of timing



34 radio pulsars observations

are necessary to measure more than one derivative. The precision with
which these derivatives are known increases with longer total obser-
vations times. The uncertainty on the period will decrease as T−3/2,
where T is the total observation time. The first derivative uncertainty
will decrease as T−5/2, the second period derivative uncertainty as
T−7/2 and so on.

2.2.4 Binary pulsar timing

If the pulsar is in a binary, the equation 2.6 will not hold. The reason
is that the pulsar reference frame is not inertial anymore. To use this
formula, we need to move in the frame of the orbital barycentre. The
correction necessary is similar to the one used for the Solar System and
can be written as (including only the most important contributions) :

t(BB) = t(SSB) + ∆bin
R + ∆bin

E + ∆bin
S , (2.7)

where t(BB) is the time in the frame of the binary barycentre, ∆bin
R is

the binary Roemer delay, ∆bin
E is the binary Einstein delay, and ∆bin

S is
the binary Shapiro delay. For non-relativistic systems, a Kepler’s laws
can completely describe the system. Instead, for a number of systems
post-Keplerian corrections are needed.

To completely describe a system in the Keplerian formalism, five
parameters are necessary: orbital period, Pb, the projected semi-major
axis ap sin i, the orbital eccentricity, e, the longitude of periastron ωp,
and the epoch of passage at periastron, T0. i is the inclination angle
between the angular momentum of the binary and the line of sight.

The Keplerian parameters are related to the eccentric anomaly, E
(defined in Fig. 2.3), [102] as follows:

E− e sin E = Ωb

[
(t− T0)− 1

2
Ṗb

Pb
(t− T0)

2
]

, (2.8)

where Ωb = 2π/Pb is the mean angular velocity.
These parameters can be used to derive the binary Roemer delay,

∆bin
R which is [55]:

∆bin
R = x(cos E− e) sin ωp + x sin E

√
1− e2 cos ω, (2.9)

where x = ap sin i/c. This equation is used to find the Keplerian
parameters.

For relativistic systems, the so called post-Keplerian parameters be-
come detectable. The five most important post-Keplerian parameters
are: the rate of advance of periastron, ω̇, the rate of decay of orbital
period, Ṗb, the amplitude of the Einstein delay, γ, and the Shapiro
delay represented by a shape s and a range r. The expressions of these
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Figure 2.3: Definition of the eccentric anomaly E. The pulsar position is
projected on an auxiliary circle with radius ap.

parameters assuming general relativity is the correct theory of gravity
are [228]:

ω̇ =3T2/3
�

(
Pb

2π

)−5/3 1
1− e2 (Mp + Mc)

2/3 (2.10)

γ =T2/3
�

(
Pb

2π

)1/3

e
Mc(Mp + 2Mc)

(Mp + Mc)4/3 (2.11)

r =T�Mc (2.12)

s = sin i = T−1/3
�

(
Pb

2π

)−2/3

x
(Mp + Mc)2/3

Mc
(2.13)

Ṗb =−
192π

5
T5/3
�

(
Pb

2π

)−5/3

f (e)
Mp Mc

(Mp + Mc)1/3 , (2.14)

where T� = G M�/c3 = 4.925490947 µs, all masses are expressed in
solar units, G is the gravitational constant and:

f (e) =
1 + (73/24)e2 + (37/96)e4

(1− e2)7/2 . (2.15)

According to these equations the binary Einstein delay, ∆bin
E , is:

∆bin
E = γ sin E. (2.16)

Instead, the binary Shapiro delay, ∆bin
S , has the following form:

∆bin
S = −2r ln[1− e cos E− s(sin ω(cos E− e)+

√
1− e2 cos ω sin E)].
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(2.17)

In the post-Keplerian formalism other effects will take place like the
introduction of two eccentricities er and eθ which will affect the Roemer
delay, and aberration. After removing these effects the equation 2.6
can be used again to measure the period and its derivatives.

Thanks to the post-Kelperian parameters we are also able to measure
the mass of the pulsar and the companion. The physical unknowns of
the system are three: the mass of the pulsar, the mass of the companion,
and the inclination angle. The keplerian parameters allows us to
establish a relation between these unknowns, the mass function:

f (Mp, Mc) =
(Mc sin i)3

(Mp + Mc)2 =
4π2

G
(ap sin i)3

P2
b

. (2.18)

The measurement of two post-Keplerian parameters of the five in
2.10 will allow us to measure the mass of the pulsar and of the
companion. If additional parameters are measured, then it is possible
to test whether GR is self-consistent. This has been done in different
regimes and provide some of the most stringent tests of GR at strong
field regimes [78, 141, 213].

2.3 polarization calibration

In radio telescopes, the astronomical signal is received by two orthog-
onal receivers sensitive to only one polarization (typically linear or
circular). These two polarizations are processed in the same way and
combined in the final stage. This automatically allows the possibility
of conducting polarization studies. Pulsars are often highly polarized
sources and the polarization carries important information about the
emission and the magnetic field along the line of sight to the pulsar.
The use of (carefully calibrated) polarization information can also
improve the quality of pulsar timing [367].

2.3.1 Stokes parameter

In order to perform any polarization study, the incoming signal is con-
verted in the so-called Stokes parameters [335]. If the signal is extracted
in two orthogonal linear polarizations, X and Y, with X pointing to-
wards North and Y pointing towards East, and the data is coherently
de-dispersed (in order to keep the information on the phase), the
Stokes parameters are defined as follows:

I = |X|2 + |Y|2

Q = |X|2 − |Y|2

U = 2Re(X∗Y)

V = 2Im(X∗Y)

, (2.19)
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where X∗ is the complex conjugate of X. Alternatively two circular
polarizations can be extracted, L (left) and R (right). L is chosen so
that the electric field rotates clockwise, while for R the electric field
rotates counter-clockwise. In this case the Stokes parameters are:

I = |L|2 + |R|2

Q = 2Re(L∗R)

U = 2Im(L∗R)

V = |L|2 − |R|2

. (2.20)

The Stokes parameters can be written as a four-dimensional vector
called Stokes vector defined as S = (I, Q, U, V). From the Stokes
parameters Q and U it is possible to determine the polarization PA of
the incoming radiation as follows

PA =
1
2

arctan
(

U
Q

)
. (2.21)

Another useful quantity easily accessed through the Stokes parame-
ters is the total linear polarization L defined as:

L =
√

Q2 + U2. (2.22)

However, The Stokes parameters recovered this way do not faithfully
reproduce the real values of the astronomical signal. The data still
needs to be calibrated [171, 228].

2.3.2 Müller matrix

The calibration is performed through the use of Müller matrix that
describes how different effects influence the Stokes parameters on the
telescope’s receiver. The Stokes vector of the incoming radiation Sin is
modified into the stokes parameter recorded, Sout as follows:

Sout =M× Sin, (2.23)

whereM is the Müller matrix. This matrix can be decomposed as the
product of four different matrices each considering a single effect:

M =Mamp ×MCC ×MFeed ×MΠ. (2.24)

Following the order of matrix multiplication the first matrix isMΠ

which accounts for differences in parallactic angle of the receivers (to
be applied only in case the telescope has an alt-azimuthal mount). As
the Earth rotates, the feeds of the telescope will rotate with respect to
the source and one polarization will leak in the other. The parallactic
angle can be measured at any time as follows:

Π = arctan
(

sin HA cos φ

sin φ cos δ− cos φ sin δ cos HA

)
, (2.25)
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where HA is the hour angle at which the observation is performed, δ

is the declination of the source and φ is latitude of the telescope. This
effect will mix the linear polarization but leave the circular unaltered:

MΠ =


1 0 0 0

0 cos 2Π sin 2Π 0

0 − sin 2Π cos 2Π 0

0 0 0 1

 (2.26)

The second contribution to eq. 2.24 comes from MFeed which ac-
count for the ideal geometry of the feeds. In the general case, it
becomes:

MFeed =


1 0 0 0

0 cos 2α 0 sin 2α

0 0 1 0

0 − sin 2α 0 cos 2α

 (2.27)

where α is the angle that reflects the amount of coupling of orthogonal
polarizations. In case of linear feeds we have that α = 0 and Mfeed
becomes the identity matrix.

The next term in eq. 2.24, MCC accounts for deviations from the
ideal geometry. If the two feeds are not perfectly orthogonal, some
polarization will spill-over to the wrong feed. This effect is called
cross-coupling. If the imperfections are small they can be represented
as follows:

MCC =


1 0 A B

0 1 C D

A −C 1 0

B −D 0 1

 (2.28)

where the constants A, B, C, and D depend on the amplitudes, ε1 and
ε2, and phases, φ1 and φ2 of the cross couplings:



A = ε1 cos φ1 + ε2 cos φ2

B = ε1 sin φ1 + ε2 sin φ2

C = ε1 cos φ1 − ε2 cos φ2

D = ε1 sin φ1 − ε2 sin φ2

(2.29)

The last term of eq. 2.24, Mamp, considers differences in the gains
and phases for the different polarizations acquired as they are pro-
cessed. The difference in gain, ∆G, arises from a difference in the
amplification mainly caused by slightly different amplifiers in the
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first part of the processing. The difference in phase, ∆ϕ, arises from
a difference in length of the cables carrying the two polarizations. In
the approximation that ∆G is small the Müller matrix can be written
as follows:

MAmp =


1 ∆G/2 0 0

∆G/2 0 0 0

0 0 cos ∆ϕ − sin ∆ϕ

0 0 sin ∆ϕ cos ∆ϕ

 (2.30)

The total Müller matrixM can be recovered after the determination
of six parameters: ε1, ε2, φ1, φ2, ∆G, and ∆ϕ. To recover the incoming
Stokes vector Sin, we need to invert the matrixM and apply it to the
output Stokes vector:

Sin =M−1Sout. (2.31)

2.3.3 Calibration techniques

The most straight-forward way to calibrate in polarization is to inject
an artificial signal (generated by a noise diode) equally in the two
polarizations. For linear feeds a noise diode that is 100 percent linearly
polarized and with a position angle of 45

◦ is used. This method is
useful for correcting a difference in the gains of the amplifiers but
does not account for cross-coupling of the feeds.

One way to correct for the cross-coupling is called Measurement
Equation Modelling (MEM) described in [366]. This technique requires
the observation of a strongly polarized pulsar over a long span of time
so that it covers a wide range of parallactic angles and of a source
of circular polarization. The difference in response of the feeds at
different parallactic angles allows us to measure precisely the cross-
coupling parameters.

This method completely calibrates the polarization but requires long
tracks of a reference pulsar and is thus very time consuming. A way
to still recover the complete solution but at a minimal cost of time is
the so-called Measurement Equation Template Matching (METM) [368].
This technique requires a well-calibrated template of a reference pulsar
and a recent short observation of the same pulsar. The comparison
between the template and the observation is used to measure all of
the cross-coupling parameters.

2.4 rm measurement

After the data is properly calibrated in polarization, one important
property that can be measured is the Faraday Rotation Measure (RM).
This parameter is important by itself as it contains information about
the magnetic field along the line of sight and for the timing itself. If



40 radio pulsars observations

the pulsar has a significant amount of Faraday rotation, the polar-
ization position angle at different frequencies will be rotated. When
summing all frequencies in order to create a single integrated profile,
this rotation will lead to a de-polarization of the signal, which will
influence the quality of the timing.

To measure the RM of a pulsar there are different ways: measuring
the PA at different frequencies and fitting for equation 1.21; searching
for the value of RM that maximizes the linear polarization percentage;
RM synthesis [73] which deconvolves the observed polarization in
order to re-construct all the Faraday screens the signal crossed.

The first method is the one that will be further developed in this
thesis and is described in Chapter 4.1. The second method is imple-
mented in the rmfit routine in psrchive [184, 369] and works better
with high S/N and high polarization percentage. The RM synthesis
technique is shown to obtain similar results than the first method for
high S/N sources and worse for low S/N sources (see Fig. 9 in [73]).



3
G L O B U L A R C L U S T E R 4 7 T U C : S T R U C T U R A L
PA R A M E T E R S A N D G A S

The work described in this Chapter is presented in:
F. Abbate, A. Possenti, A. Ridolfi, P. C. C. Freire, F. Camilo,
R. N. Manchester, and N. D’Amico “Internal gas models and
central black hole in 47 Tucanae using millisecond pulsars.”
MNRAS, 2018, Vol.481, pp.627–638.

47 Tuc (depicted in Fig. 1.5) is the second brightest GC in the sky
visible to the naked eye in the Southern sky and one of the closest. The
main properties of this cluster are reported in Table 3.1. It is located
in halo of the Milky Way at a distance from the Galactic plane of
about 3.2 kpc. Due to its location close to the South Celestial Pole, it
can be observed only by telescopes in the Southern hemisphere. This
cluster has been suggested to host an IMBH in the centre. A detailed
discussion regarding the presence of the IMBH and a search for its
effects on the pulsars in 47 Tuc is carried out in Chapter 5.

In the first part of this chapter I will show how pulsars can be used
to probe structural parameters focusing on GC 47 Tuc assuming that
there is no IMBH present as is supported by the discussion in Chapter
5. The advantage of using pulsars to probe structural parameters is
that they are sensitive also to non-luminous matter and they are not
affected by extinction. However, only few clusters have enough pulsars
to conduct this type of study. In the second part of the chapter I will
focus on the detection of ionized gas and the determination of its
density distribution using the observed DM of the pulsars. For this
purpose, pulsars are essential as the ionized gas is not visible in any
other way.

3.1 47 tuc pulsars

After two not confirmed claims of detection of pulsars using the
Parkes radio telescope [10], the first pulsar was discovered [248] and
was followed by many others [80, 208, 249, 285, 311]. Now there are
25 known radio pulsars all of which have a spin period smaller than 8

ms. Over 60 percent of the pulsars are in binary systems, with eight
pulsar-WD systems, five black widow pulsars, and two redback pulsars.

All of the pulsars, with the exception of 47 Tuc P and V, have
published phase-connected timing solutions [80, 132, 134–136, 307,
311]. 22 of the pulsars have measured values for the first and second

41
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Table 3.1: Main properties of the globular cluster 47 Tuc.

Parameter Value References

Centre RA (J2000) 00h24m05s.67± 0s.07 [263]

Centre Dec (J2000) −72◦04′52”.62± 0”.26 [263]

Distance from Sun 4.53± 0.04 kpc [61]

Metallicity −0.72 dex [168](2010 edition)

Mass (8.4± 0.4)× 105 M� [49]

Tidal radius 119.31 pc [45]

Core radius 26".5 (0.58 pc) [49]

Age 10.0± 0.4 Gyr [159]

Escape velocity at core 49.9 km s−1 [45]

Central velocity dispersion 0.574± 0.005 mas yr−1 [355]

Central density 75000± 2000 M� pc−3 [49, 355]

Central ICM density 0.067± 0.015 cm−3 [133]

period derivative and the proper motion. For 10 of the binary pulsars
it was also possible to measure the orbital period derivative. For pulsar
47 Tuc H there is even a 2.3σ detection of a third period derivative.
For pulsars 47 Tuc E, H, S, and U there is also a detection of the rate
of advance of periastron which allows a determination of the total
mass of the system. For pulsar 47 Tuc E, the total mass for the binary
system is 2.3± 0.7 M�, for 47 Tuc H the mass is 1.61± 0.03 M�, for
47 Tuc S the mass is 3.1± 1.1 M�, while for 47 Tuc U the total mass is
1.7± 0.7 M�. All of the known pulsars, except 47 Tuc X, are located
close to the cluster center with a maximum distance of 1.2 arcminute
(∼ 3 core radii). This is a consequence of mass segregation, since the
pulsar are more massive than the average star in the the GC.

All of the pulsars that have known position have been detected as
X-ray sources [51, 58, 60, 161, 162, 172] and the WD companions of 47

Tuc Q, S, T, U, W, and Y have been detected in optical [75, 110, 111,
309].

3.2 structural parameters

As described in section 1.10, the parameters of the pulsars derived
from the timing can be used as probes of the dynamics of the cluster.
The period derivative is a probe of the acceleration felt by the pulsars in
the gravitational potential of the cluster, the second period derivative
is a probe of the jerk felt by the pulsar, while the proper motion (after
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subtracting the total proper motion of the GC) gives us the peculiar
velocities of the pulsars in the plane of the sky. These parameters can
be used to estimate the mass distribution of the GC.

The contributions that affect the measured period derivative can be
described as follows:(

Ṗ
P

)
meas

=

(
Ṗ
P

)
int

+
ac

c
+

ag

c
− µ2D

c
, (3.1)

where (Ṗ/P) int is the spin down caused by magnetic dipole braking,
ac/c is the acceleration along the line of sight caused by the gravita-
tional potential of the GC, ag/c is the relative acceleration of the cluster
with respect to the Solar System in the gravitational potential of the
Galaxy, and µ2D/c is the centrifugal acceleration caused by the proper
motion of the pulsars called Skhlovskii effect [322], µ is the proper
motion of the pulsar, D is the distance of the cluster, and c is the speed
of light.

The contribution of the gravitational potential of the Galaxy at the
GC’s Galactic coordinates ag/c can be derived from the differential
Galactic rotation model [218] and approximately is [275]:

ag = − cos(bg)

(
Θ2

0
R0

)[
cos(lg) +

β

sin2(lg) + β2

]
(3.2)

where R0 = 8178± 12stat ± 22sys kpc is the distance of the Galactic
centre [160], Θ0 = 240± 8 km s−1 [320] and β = (D/R0) cos(bg)−
cos(lg). lg and bg are the longitude and latitude of the cluster in
Galactic coordinates. In the case of 47 Tuc, the distance from the Solar
System is d = 4.53± 0.08 kpc [61] and the Galactic coordinates are
l = 305.8953, and b = −44.8891. Thus, we obtain ag ' −5× 10−11

m s−2 which is two orders of magnitude smaller then the measured
accelerations.

The average acceleration due to the Shklovskii effect can be es-
timated by using the proper motion of the cluster measured with
data from Gaia Data Release 2 [145]. The measured proper motion
is µRA = 5.2477± 0.0016 mas yr−1 and µDEC = −2.5189± 0.0015 mas
yr−1. This average acceleration will therefore be ' 1× 10−10 m s−2.

The most uncertain contribution is the intrinsic spin-down caused
by magnetic dipole breaking. It depends on the surface magnetic field
as described in equation 1.4 and can vary a lot between pulsars. The
distribution of this value can be estimated by looking at the popula-
tion of MSPs in the Galactic disk taken from the Australia Telescope
National Facility (ATNF) catalogue1 [250]. For them the term ac/c is
not existent and the observed (Ṗ/P)meas is dominated by the intrin-
sic spin down. This value is scattered along a log-normal PDF with

1 The observable parameters for known pulsars can be found at the following webpage:
http://www.atnf.csiro.au/people/pulsar/psrcat/
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central value µlog10(B) = 8.47 and sigma σlog10(B) = 0.33 [301]. This
contribution is of the order of 10−9 m s−2.

This contribution, due to its statistical nature, is the main source of
uncertainty. In the case of binary pulsars, however, this problem can
be avoided. Eq. 3.1 is not strictly applicable only to the spin period
but also to other periodic quantities like the orbital period, Pb. For
binary pulsars with measured orbital period derivative, we can write
the following equation:(

Ṗb

Pb

)
meas

=

(
Ṗb

Pb

)
int

+
ac

c
+

ag

c
− µ2D

c
, (3.3)

For pulsar-WD binaries the main contribution to
(

Ṗb
Pb

)
int

is gravita-
tional wave emission, which is shown to have much smaller effects
than the cluster potential. Therefore in these cases, it is possible to
estimate directly ac/c with the main source of error being the observa-
tional uncertainty on the orbital period derivative. For black widow
systems the situation is different as they usually show large and unpre-
dictable variability of the orbital period [318]. However, black widow
pulsars 47 Tuc I and R show small orbital variability and the period
derivative can be used to estimate the cluster acceleration[132].

Measuring all the other parameters allows us to probe the contribu-
tion ac/c that depends on the structural parameters of the GC. Thanks
to this term we can measure the acceleration felt by each each pulsar in
the gravitational potential of the cluster and therefore the mass content
and distribution. This value is linked to the structural parameters by
equation A.9.

The effects of the cluster potential on the second period derivative
can be described as follows [295]:

P̈
P
=

1
c

ȧ · n, (3.4)

where n is the direction of the line of sight.
The jerks can be due to the mean gravitational potential or the close

encounters with nearby stars. The two contributions are of similar
magnitude and must be considered together [301]. The jerk due to the
mean field is calculated in eq. A.15. The jerk caused by the nearest
neighbours, instead cannot be described analytically but only with a
statistical description (see section A.4).

To measure both the accelerations and the jerks we need the three
dimensional position of the pulsar in the cluster. The components
of the position in the plane of the sky are usually known with high
accuracy thanks to the timing technique (see section 2.2), while the
position along the line of sight is unknown. The measure of the
jerks also require the line-of-sight component of the velocity which
is not measured for any pulsar. This problem can be solved using
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a Markov Chain Monte Carlo (MCMC) algorithm that samples the
possible positions and velocities along the line of sight.

3.2.1 MCMC code

The MCMC algorithm used to fit for the line-of-sight positions and
velocities of the pulsars and the structural parameters has been derived
from a work by Prager et al. [301]. The analysis makes use of the
emcee python package [127] which returns the best fit parameters for
the desired model.

The MCMC algorithm works by sampling the parameters in order
to look for the set of parameters that maximises the likelihood. The
likelihood passed to the algorithm is expressed in logarithms and can
be seen as the sum of different log-likelihoods:

L = Lx⊥ + Ll + Laccel + Ljerks + Lvel , (3.5)

where Lx⊥ is the log-likelihood associated with the pulsar position
in the plane of the sky, Ll is the log-likelihood associated to their
three-dimensional position, Laccel is the log-likelihood due to the ex-
perienced acceleration, Ljerks is the log-likelihood due to the jerk mea-
surements and Lvel is the log-likelihood associated with the velocity
measurements.

The log-likelihood associated with the position of the pulsars on
the plane of the sky can be found starting from the number density
distribution of this stellar component on the plane of the sky (eq. A.1):

Lx⊥ ∝ ∑
i

log10

[(
1 + x2

⊥,i
)α/2

]
, (3.6)

where i is the index of the summation over all pulsars.
The log-likelihood associated with the three-dimensional position

of the pulsars in the cluster is (eq. A.2):

Ll ∝ ∑
i

log10

[(
1 + x2

⊥,i +
l2
i

r2
c

)(α−1)/2]
. (3.7)

The acceleration log-likelihood is measured in two different ways
depending on whether the pulsar is in a binary system with a mea-
sured orbital period derivative. If we know the latter, we can directly
probe the acceleration and compare it against the one predicted by the
model (eq. A.10). The log-likelihood then becomes:

Lacc,binary ∝ ∑
i

1
2σi

(al,i − a(l|x⊥, θ))2, (3.8)
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where σi is the uncertainty on the measured acceleration, al,i is the
measured acceleration and a(l|R⊥, θ) is the predicted acceleration for
the set of parameters θ.

If the pulsar is isolated or we has no measurement of the orbital
period derivative, we have to estimate the intrinsic spin-down due
to magnetic braking. We first subtract the model acceleration from
the measured (Ṗ/P) and then check if the residual acceleration could
be due to the intrinsic spin-down. As described in Section 3.2, this
quantity can be linked to the surface magnetic field of the pulsar. The
magnetic fields of Galactic MSPs follow a log-normal distribution and
the log-likelihood becomes:

Lacc, isolated ∝ ∑
i

[
1

2σ2
log10(B)

(log10 B8 − µlog10(B))
2 + log10 B8

]
, (3.9)

where B8 is the magnetic field in units of 108 G, whereas σlog10(B) and
µlog10(B) are the parameters of the lognormal fit performed by Prager
et al. [301] on the Galactic MSPs as described in Section 3.2.

As shown in Section A.4, the jerk to which a pulsar is subject is
due to both the mean field potential and to nearby stars. The jerk due
to the mean field can be estimated directly from the formulas while
for the stellar contribution only a statistical description is possible.
To estimate the likelihood of measuring a certain value for the jerk
we subtract the mean field component and compute the logarithm
of the probability that the residual is caused by nearby stars. The
log-likelihood becomes:

Ljerks = ∑
i

log10

(
ȧnn,i

π

1
[(ȧl,i − ȧm f ,i)2 + ȧ2

nn,i]

)
, (3.10)

where ȧl,i is the measured jerk, ȧm f ,i is the predicted mean field jerk
and ȧnn,i is the scale parameter of the Lorentzian distribution (eq.
A.19).

The velocities of the pulsars are distributed according to a Maxwellian
distribution, with a velocity dispersion which can be estimated for
each pulsar from equation (A.7). Hence the log-likelihood for the
velocity is:

Lvel ∝ ∑
i

(
−3 log10(〈v

2〉i) + 2 log10(vmeas,i)−
3
2

v2
meas,i

〈v2〉2i

)
. (3.11)

As shown in Fig. A.1 it is possible for two different positions along a
given line of sight to produce the same line-of-sight acceleration. This
generates a bimodal distribution of the line-of-sight position of a pulsar
for every measured acceleration. Since the MCMC could get stuck on
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one of the two solutions and not explore the parameter space properly,
we need to address this problem. We opted for a parallel tempering
solution [256] which makes use of chains of different temperatures to
cover the entire parameter space. The higher temperature chains are
allowed to move freely while the colder chains remain close to the
previous values. Combining chains of different temperatures allows
us to properly explore the parameter space in order to find the global
maximum of the likelihood.

The free parameters used in the fit are: the mass segregation pa-
rameter, α, the core radius, rc, the central density ρc, the line-of-sight
position of 22 pulsars (47 Tuc P and V do not have a known position
and 47 Tuc X is too far from the centre and the approximate equations
used are not valid) and the line-of-sight velocity of 21 pulsars. 47 Tuc
P, V, and X are excluded for the reasons above and 47 Tuc H has a jerk
which has been suggested to be caused by a nearby star so we cannot
use it in our fit. The total number of free parameter is thus 46.

The priors on all the parameters are set to be flat except for the
core radius for which we used a gaussian prior centred in 0.58 pc and
with a standard deviation of 0.03 pc as derived from recent optical
observations [49].

The best fit for parameters of 47 Tuc are shown in Fig. 3.1. The
results of the fit for the position along the line of sight are reported
in Table 3.2. The line of sight velocities are not tightly constrained by
our code. They are considered nuisance parameters over which we
marginalize.

The posterior distribution of the core radius does not show asym-
metries or deviations from the assumed Gaussian prior. This means
that the fit is not strongly influenced by this parameter.

The mass segregation parameter, α, is found to be −2.8+0.4
−0.7. The

errors indicate the 68% credible interval of the posterior distribution.
This value is consistent with the value of −3.26± 0.48 measured in
X-rays for the MSPs of 47 Tuc[172]. To check the consistency we also
compare, in Fig. 3.2, the cumulative distribution of the pulsars in
the plane of the sky with the result obtained with eq. 1.29 using the
derived power law index.

The best-fit value for the central density is ρc = 8.6+1.3
−0.9× 104 M� pc−3.

This value is compatible with the previously estimated central density
of (7.5± 0.2)× 104 M� pc−3 (Table 3.1).

From the estimates of the core radius and central density we can
calculate the velocity dispersion through equation 1.27. We obtain,
after converting the result in mas yr−1 using the distance estimate of
Bogdanov et al. [61], σµ,0 = 0.60± 0.04 mas yr−1 which is compatible
with velocity dispersion measured from the proper motion of the stars
[355].

In all models we assumed that the cluster was spherically symmetric.
To verify whether this assumption is consistent with the results, we



48 globular cluster 47 tuc : structural parameters and gas

Figure 3.1: Triangle plot showing the marginalized probabilities for the den-
sity distribution power law index α, the central density, ρc, and
the core radius, rc, for the globular cluster 47 Tuc. The errors
indicate the 68% credible intervals.

Figure 3.2: Cumulative distribution of the projected offset from the cluster
centre. The red line has been obtained integrating eq. (1.26) using
the parameter α found in the MCMC fit. The orange area is the
68% credible interval.
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Table 3.2: Best-fit parameters for the line-of-sight position of the pulsars. The
distance from the centre of the cluster along the plane of the sky,
R⊥, is also shown together with the DM values. The errors indicate
the 68% credible interval on the posterior distribution.

Pulsar R⊥ (pc) DM (pc cm−3) l (pc)

W 0.087 24.4± 0.5 0.40+0.29
−0.06

O 0.106 24.356± 0.002 −0.03+0.16
−0.03

Z 0.198 24.4± 0.5 0.01+0.08
−0.00

R 0.200 24.361± 0.007 −0.22+0.08
−0.15

L 0.214 24.400± 0.012 0.24+0.26
−0.07

ab 0.276 24.373± 0.020 0.02+0.12
−0.03

F 0.283 24.382± 0.005 −0.11+0.22
−0.07

S 0.283 24.376± 0.004 0.58+0.17
−0.19

I 0.365 24.429± 0.010 0.33+0.15
−0.22

G 0.367 24.436± 0.004 0.11+0.16
−0.03

T 0.419 24.411± 0.021 −0.28+0.17
−0.22

Y 0.493 24.468± 0.004 0.19+0.03
−0.04

aa 0.613 24.971± 0.007 0.62+0.23
−0.18

N 0.631 24.574± 0.009 0.17+0.28
−0.07

E 0.818 24.236± 0.002 −0.54+0.14
−0.12

D 0.854 24.732± 0.003 0.04+0.11
−0.02

H 1.012 24.369± 0.008 0.10+0.05
−0.07

U 1.237 24.337± 0.004 −0.80+0.26
−0.19

Q 1.252 24.265± 0.004 −0.33+0.13
−0.12

J 1.342 24.588± 0.003 0.54+0.40
−0.25

M 1.409 24.432± 0.016 0.66+0.37
−0.19

C 1.620 24.600± 0.004 0.75+0.78
−0.28
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perform a Kolmogorov-Smirnoff test to check if the measured positions
along the line of sight are extracted from the same distribution as the
positions along two directions on the plane of the sky. Both tests with
right ascension and declination return p-values of ∼ 0.6 so the results
are consistent with a spherically symmetric cluster.

3.3 gas models

By using the information (derived in the previous section) about
the positions along the line of sight of the pulsars it is possible to
investigate which model for the distribution of the internal gas better
matches the observed DMs of the 47 Tuc pulsars. We performed
a fit to the data presented in Table 3.2 with a Bayesian algorithm
without considering pulsars W and Z, because of their imprecise DMs.
That allows us to compare models with different parameters through
the Bayes factor. This consists of measuring the evidences, which in
Bayesian statistics are the integral along the entire parameter space
of the likelihood. The evidences can then be compared by calculating
the ratio. If the logarithm in base 10 of this ratio is larger than 2, the
model with the highest evidence is strongly favoured.

The line-of-sight positions of the pulsars are not normally dis-
tributed and therefore standard fitting procedures would not work.
To correctly treat their distribution, we extracted the values of the
line-of-sight positions at each cycle of the algorithm from the posterior
distributions, and built the uncertainty range including the 68% of the
posterior density function.

From a given gas density distribution, the contribution DMGC to the
total observed DM due to the globular cluster can be measured with
the following integral for each pulsar:

DMGC =
∫ l

−lT

ng(R⊥, l′)dl′, (3.12)

where lT is the tidal radius of the cluster, which is assumed as the
maximum radius up to which the gas is present.

3.3.1 Constant density model

We first tested the hypothesis of a constant gas density in the region
of interest. This is the model that was used by [133] to give the first
evidence of ionized gas inside the cluster. Assuming that the region of
interest is uniformly permeated by a gas, we do not need to consider
the position in the plane of the sky. The total DM for each pulsar is
described by the formula:

DM = ngl + DMc, (3.13)



3.3 gas models 51

where ng is the value of the gas density and DMc is the value of the
total DM at a plane that passes through the centre of the cluster and is
perpendicular to the line of sight (assuming no variation of DM due to
the interstellar medium along the various lines of sight to the globular
cluster).

Fig. 3.3 shows the best fit with a value of the density ng = 0.23±
0.05 cm−3 and DMc = 24.38± 0.02 pc cm−3. In comparison the values
found by [133] are ng = 0.067 ± 0.015 cm−3 and DMc = 24.381 ±
0.009 pc cm−3. We find a gas density which is higher than the previous
estimate, although with larger uncertainty. The values of the line-of-
sight positions of the pulsars and the fits for them are shown in the
top panel of Fig. 3.3. The previous values are larger than those found
in our analysis. This is probably because of the method used to find
the line-of-sight positions of the pulsars. In particular, [133] did not fit
for the cluster parameters and took an average value for the intrinsic
spin-down. Moreover, since the measurements of the second derivative
of the spin period were not available at the time, they had to resolve
the ambiguity of the line-of-sight position arbitrarily.

As can be seen in Fig. 3.3 there are some pulsars with DM values
very different from the predicted model. We tested whether these
outliers had an influence on the fit. We performed the same fitting
procedure using randomly chosen subsets of pulsars. In all cases the
fits returned values of density and of central DM compatible with the
results presented above. So we can conclude that our results are not
heavily influenced by the value of some specific millisecond pulsars.

The observed differences of the measured DM from the constant
density model have a standard deviation of ∼ 0.1 pc cm−3. They can
be considered as arising from local over-densities and under-densities
inside the cluster or could be due to inhomogeneities in the ISM along
the line of sight.

A possible explanation of why pulsar 47 Tuc aa is not well fitted by
our model is that it could be located further back than we estimated.
The probability of the pulsar being located further than 1.5 pc from
the cluster centre is about 4 per cent as measured from the posterior
distribution. Statistically, since we have a sample of 22 pulsars, there
is a good probability that at least one pulsar would be an outlier at
that level.

The region that we are able to probe with the pulsars extends to
about 1 pc from the centre. Assuming that this model is valid only
in this region we calculate a total mass of gas in the inner 1 pc of
0.023± 0.005 M�.

3.3.2 King profile distribution

Another model to be explored is a gas density profile that follows the
same King profile as the stars in the globular cluster, suitably scaled.
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Figure 3.3: Fit of the density of the gas assuming a model of constant density
throughout the central regions of the cluster. In the top panel the
blue points are associated to the position of the pulsars (l being the
distance of each object from the plane passing through the centre
and perpendicular to the line of sight) and the error bars indicate
the 68% confidence interval on the posterior distribution for the
position of the pulsars. The vertical dashed lines correspond to
the core radius. The best fit is the orange line. The parameters
of the best fit are shown in top left corner of the plot. In the top
panel the green points are the distances along the line of sight
previously measured [133]. The red line is the best fit found by
these authors. The bottom panel is a zoom in the central region
of the cluster showing only the new measurements.
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Figure 3.4: Fit of the gas density assuming the gas is distributed following the
same King profile as the stars. The plot shows the measured DM

versus the DM predicted by the best fit. The orange line represents
the unity line. In the case of a perfect fit all the points should fall
on the orange line.

This option is motivated by the hypothesis that the observed ionized
gas is released by the winds of massive stars. As shown in eq. (A.2)
with α = −2, the gas density is:

ng(R⊥, l) = ng,c

[
1 +

(
R⊥
rc

)2

+

(
l
rc

)2
]−3/2

, (3.14)

where ng,c is the density of the gas at the centre of the cluster.
Correspondingly, the total DM for each pulsar should be modelled

by the following equation:

DM =
ng,c r3

c

r2
c + R2

⊥

 l√
l2 + R2

⊥ + r2
c

+
lT√

l2
T + R2

⊥ + r2
c

+DM f , (3.15)

where DM f is the foreground contribution to the total DM.
The best fit for this model is shown in Fig. 3.4. That implies ng,c =

0.15± 0.04 cm−3 and DM f = 24.37± 0.01 pc cm−3.
This best fit appears to be much worse than the one reported in the

previous section. The logarithm of the Bayes factor K of this model
with respect to the constant density model is log K ∼ 14000 >> 2. This
means that the model with constant gas density is strongly favoured
to explain the observed data with respect to a King distribution model
for the gas.
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Figure 3.5: Fit of the gas density assuming the distribution of the gas is
decreasing as r−1. The plot shows the measured DM versus the
DM predicted by the best fit. The orange line represents the unity
line. In the case of a perfect fit all the points should fall on the
orange line.

3.3.3 Decreasing model

It has also been suggested that, in the presence of an IMBH in the centre
of the cluster, the gas density profile should be constantly decreasing
[287]. We first tested a model in which the gas density drops as 1/r:

ng(R⊥, l) =
ng,1rc√
R2
⊥ + l2

, (3.16)

where in this case ng,1 corresponds to the density of the gas at one
core radius from the centre.

The corresponding total DM for each pulsar is:

DM = ng,1rc log
(
(l2 + R2

⊥) + l
)
+ log

(
(l2

T + R2
⊥) + lT

)
+DM f , (3.17)

where lT and DM f are same as in the case of a King profile.
The best fit for this model is reported in Fig. 3.5 with the parameter

ng,1 = 0.10± 0.03 cm−3 and DM f = 24.10+0.06
−0.09 pc cm−3.

In this case, the Bayes factor with respect to the constant gas density
model and is log K ∼ 10000 >> 2. This means that this model with
decreasing density is strongly disfavoured to explain the observed
data. We repeated the exercise for a gas density scaling as r−h (for
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h = 2, 3) and always found very large values for the Bayes factor.
In summary, it appears that any models in which the gas density
decreases within a volume of about 1 pc from the globular cluster
centre is significantly disfavoured in comparison with a constant gas
density model.

Our analysis confirms the presence of ionized gas in the central
regions of 47 Tuc, as it was first reported by [133]. In addition, we have
also been able to compare different distributions of gas and one with
constant density in the central region is strongly favoured.

3.4 hydrodynamical equilibrium

McDonald and Zijlstra [259] suggested that the gas might be originat-
ing from the winds of evolved RGB and AGB stars in the cluster and it
could be completely ionized by the UV radiation of young WD (other
kinds of stars are not effective, since they cannot provide enough
ionizing photons). According to them, all the ionizing sources in the
cluster support a time averaged ionizing flux of 2.43× 1047 photons
s−1 with a characteristic temperature of 65000 K. This radiation is
enough to heat and ionize all the gas in the cluster. We can check what
distribution the gas would follow in this conditions by assuming an
equilibrium between the pressure forces and the gravity of the cluster.

The gravitational force on a volume element of gas is expressed by
the formula:

fg(r) = −
Gρg(r)MKing(r)

r2 , (3.18)

where ρg(r) is the density of the gas at radius r and MKing(r) is the
total mass contained in the cluster assuming a King distribution.

This force must be balanced by the pressure forces. There are two
types of pressure: a thermal pressure caused by the temperature of
the gas and a radiative pressure driven by the radiation field. This
radiation field can interact with the gas since we assume that it is
ionized. For an ideal gas the thermal pressure is:

PT(r) = ng(r)kBT(r), (3.19)

where kB is the Boltzmann constant. The radiative pressure can be
measured from the assumption that the radiation is a blackbody. In
this case the pressure at the surface of a star is:

P? =
4σsb

3c
T4

R, (3.20)

where TR is the temperature of the star and σsb is the Stefan-Boltzmann
constant. The radiation pressure has a dependence on the distance r
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from the surface as PR = P?(R?/r)2, where R? is the radius of the star.
If we assume that the radiation is coming from WDs, the total radiation
pressure at a radius r becomes:

PR(r) = P?

(
R?

r

)2

N?(r), (3.21)

where N?(r) is the number of WDs contained within a radius r and
assuming they follow the same King distribution as the normal stars.

Therefore the pressure force per unit volume can be written as:

fP = −dP
dr

= −dPT

dr
− dPR

dr
(3.22)

All that is needed to solve the differential equation is the tempera-
ture of the gas. The latter can be measured by solving the radiative
transfer in the cluster with the given radiation field. We did this using
the software cloudy

2. For the first run of the code we assumed gas at
the constant density of 0.23 cm−3 and a metallicity of [Fe/H]= −0.72.
We used the temperature distribution found this way to solve the
equilibrium equation and found the density distribution of the gas.
We reiterated the process until convergence. The final temperature and
density distributions are shown in Fig. 3.6. The gas density appears to
slightly increase in the central parsec and then drop outside. However,
this distribution can hardly be distinguished from a constant density
profile when looking at pulsar data, owing to the uncertainties on
the line-of-sight positions and to the internal scatter of DM. Moreover
the set of pulsars is concentrated in the central region where the gas
density has not yet decreased. The resulting temperature is able to
maintain all the hydrogen and helium completely ionized and keep
the heavier elements at a high ionization state.

Many assumptions could affect the results above: e.g. the hypotheses
of an ionizing radiation which is constant in time and that is produced
only at the centre of the cluster could break down. A more detailed
modelling of the equilibrium of the gas, including secular variations
in the energy input, must be considered to better understand the
behaviour and/or the status of equilibrium of the gas.

3.5 limits on a possible imbh

Our results about the shape of the gas density in the central region of
47 Tuc (a radially decreasing density profile being disfavoured with
respect to a constant density distribution) do not support the presence
of an IMBH at the centre but no mass limit can be given using this

2 Version 17.00 of the code is described by [122]. Software can be found at
www.nublado.org.
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Figure 3.6: Temperature and density profile for the gas in 47 Tuc as obtained
from the CLOUDY run and solving the eq. 3.22. The dashed verti-
cal black line is the core radius while the green horizontal line is the
estimated value of n = 0.23 cm−3. The orange histogram shows the
cumulative distribution of the pulsars analysed in this work. See text for
more details.

argument as models are not detailed enough [287]. On the other hand,
the estimate of the density and the temperature profile of the gas (see
previous section) opens also the possibility of putting an independent
limit on the mass of the central IMBH. If gas is present around a black
hole it should accrete and emit radiation from radio to X-rays. Since
only upper limits on such radiation have been derived for 47 Tuc [230,
344], from the theory of accretion we can derive an upper limit on the
mass.

This method has been extensively used in the literature [178, 230,
241] and makes use of the Bondi-Hoyle-Lyttleton theory of spherical
accretion [64, 65, 185]. According to this model, the mass accretion
rate on a black hole of mass MIMBH is:

ṀBHL = 4πG2M2
IMBHρgc−3

s , (3.23)

where ρg is the density of the gas far from the black hole and cs

is the sound speed far from the black hole. The sound speed for a

thermal gas can be written as cs =
√

γkBT/(µmolmp), where γ = 5/3
is the adiabatic index and µmol ∼ 1.25 is the mean molecular weight.
Rewriting the accretion rate as a function of the mass of the black
hole and the density and temperature of the gas we obtain (the same
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formula in [240] and in [230] is reported with a mistake in the sign of
the exponent of the temperature):

ṀBHL = 3.2× 1017
(

MBH

2000M�

)2 ( n
0.2 Hcm−3

)(
T

104K

)−1.5

(g s−1).

(3.24)

The correct value for the accretion rate ṁ must account for the
accretion efficiency (ε) which is around 3% [241], but can be as low
as 0.1% [178]: that is because the black hole is supposed to be in a
low accretion regime. This regime is prevalent in the cases where the
sound speed is higher than the velocity dispersion. In our case the
sound speed as measured with the formula reported above is ∼ 16
km/s while the velocity dispersion is only ∼ 13 km/s.

The X-ray luminosity of the black hole can be measured with the
formula LX = ηṁ, where η is the radiative efficiency, which, for
the low luminosity state, can be expressed as 0.5ṁc4/LEDD [241]. In
this equation LEDD = 1.26× 1038(MBH/M�) erg s−1 is the Eddington
luminosity.

This luminosity can be compared with the observation to give the
maximum possible mass that avoids detection. Usually, however, the
most stringent results are obtained from observations in the radio
band. The flux density in radio at 5 GHz is in turn linked to the
luminosity in X-rays by the following formula [265]:

F5GHz = 10
(

LX

3× 1031erg s−1

)0.6 ( MBH

100 M�

)0.78 ( d
10 kpc

)−2

(µJy).

(3.25)

Solving for MBH and expressing all quantities as a function of known
parameters we obtain:

MBH = 44.7 (F5GHz)
0.39
(

n
0.2 Hcm−3

)−0.47 ( T
104K

)0.7

× ε−0.47
(

d
10kpc

)0.78

(M�).

(3.26)

With the values for the density and temperature estimated above,
the assumed distance of 47 Tuc and the 3σ upper limit for any radio
flux at 5 GHz (11.1 µJy, [344]), we obtain ∼ 550 M� for the reference
ε = 3% case, and ∼ 2500 M� for the more conservative ε = 0.1%
hypothesis. These values will be compared with the ones obtained
dynamically in Chapter 5.
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The work described in this Chapter is presented in:
F. Abbate, A. Possenti, C. Tiburzi, E. Barr, W. van Straten, A.
Ridolfi, and P. C. C. Freire “Constraints from globular cluster
pulsars on the magnetic field in the Galactic halo.” Submitted
to Nature Astronomy.

In this chapter we show how measurements of RM of GC pulsars can
not only probe the magnetic field of the cluster but also give us pre-
cious information on the Galactic halo and on a possible magnetized
outflow emitted by the Galactic disk.

The Galactic magnetic field has important effects on the evolution
of the Galaxy, by affecting star formation, propagation of cosmic rays
and by regulating Galactic winds. However, its origin and precise
structure is poorly known [143, 358]. The Galactic magnetic field in the
disk is thought to be made of an ordered component at large scales
and a random component at small scales with a turbulent nature
[170]. The magnetic field in the halo that surrounds the Galaxy is
also poorly known [169]; it is usually thought to be predominantly
azimuthal [166] but a component perpendicular to the Galactic disk
has been suggested [125, 323] and found some support [191, 339, 349].
A possible origin of this component is a magnetized outflow from the
disk [347] whose existence is supported by radio observations [86]
and by diffuse Galactic X-ray observations [116].

The advantages of using GC pulsars instead of Galactic field pulsars
for these kind of studies is threefold: the angular separation of the
pulsars is from arcseconds to arcminutes, contrary to field pulsars
which are usually separated by more than a degree [278]; the distances
to the GCs is very well known from optical studies (e.g. [46]); and a
significant fraction of GCs is located in the Galactic halo.

We present the results of polarimetric observations of 47 Tuc. Through
these observations we are able to measure the RM of some pulsars
and thus probe the magnetic field in front and inside the GC. These
measurements show significant fluctuations which we attribute to
a magnetic field in the cluster amplified by the interaction with a
magnetized Galactic outflow.

59
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4.1 observations and rm measure

The observations for this study were taken using the 64m Parkes radio
telescope in Australia between April 2014 and March 2015. The total
integration time is ∼ 80 hours. The observations were carried out with
the central beam of the Parkes Multi-Beam Receiver [334] which has
a full width half maximum of 14.4’. The backend used is CASPSR
(CASPER Parkes Swinburne Recorder) with a central frequency of 1382

MHz and a bandwidth of 400 MHz. Due to interference the observing
bandwidth was reduced to 312 MHz. The data was coherently de-
dispersed and acquired in all four Stokes parameters, 1024 frequency
channels and 1024 pulse bins.

The observations were recorded in baseband mode and processed of-
fline separately for each pulsar. The data were reduced and calibrated
with the psrchive software package [184, 369]. Each observation was
first cleaned from Radio Frequency Interference (RFI) both in frequency
and time. To remove strong RFI at the edges of the observing band,
the total bandwidth was reduced from 400 MHz to 312 MHz. The
data were calibrated in flux using averaged observations of Hydra A
and calibrated in polarization using the METM [368] technique. The
pulsars were coherently dedispersed to entirely remove the effects of
pulse dispersion caused by the ionised gas along the line of sight and
were folded according to the best available timing solutions [132, 307].
Different observations were summed together to obtain integrated
profiles with high S/N. The pulsars in 47 Tuc are heavily affected by
scintillation so only the best observations for each pulsar were used to
produce the integrated profiles. The number of profile bins for each
pulsar was reduced in order to smooth the profile. The RM has been
measured by fitting for equation 1.21 with a code written in Python
following the previous prescriptions of Noutsos et al. [278] and Tiburzi
et al. [340].

By looking at the profile, we first select a pulse region where the
pulse was present in linear polarization and another off-pulse region
dominated by noise. For each frequency channel we measured the
average PA along the pulse with the formula:

PA =
1
2

arctan

(
∑nend

i=nstart
Ui

∑nend
i=nstart

Qi

)
, (4.1)

where Ui and Qi are the Stokes parameters U and Q for the ith bin
of the profile and nstart and nend are the start and the end of the pulse
region.
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To calculate the error on the PAs, we first measured the total linear
polarization as:

Lmeas =

√√√√( nend

∑
i=nstart

Ui

)2

+

(
nend

∑
i=nstart

Qi

)2

. (4.2)

Since U and Q are affected by noise and Lmeas is a positive definite
quantity, it is positively biased. To remove the bias [354] we calculated
p0 = Lmeas/(rms(I)√npulse), where rms(I) is the off-pulse root mean
square of the total intensity profile and npulse is the number of bins in
the pulse region. The true value of L is:

Ltrue =

0.0 if p0 < 2.0√
L2

meas − (rms(I)√npulse)2 otherwise
. (4.3)

This is the best correction when p0 > 0.7 [324]. The error of the
PAs can be determined by measuring P0 = Ltrue/(rms(I)√npulse); if P0

is greater than 10, the underlying distribution can be described by a
gaussian [115] and therefore the error is:

σPA =
1

2P0
, (4.4)

If instead P0 is lower than 10, the assumption of a normal distribu-
tion is not valid. In this case we need to use the distribution described
by [274]:

G(PA− PAtrue; P0) =
1√
π

(
1√
π
+ η0eη2

0 [1 + erf(η0)]

)
e−P2

0 /2 (4.5)

where PAtrue is the measured value of PA, η0 = (P0/
√

2) cos 2(PA− PAtrue)

and erf is the Gaussian error function. This distribution is not ana-
lytically integrable and to calculate the error we need to numerically
integrate this distribution between ±σPA in order to obtain 0.683.

Since we are only looking at the pulsed emission, we are sure that
all of the polarized emission is coming from the pulsar. Therefore, in
the pulsar data we only expect to find a single Faraday component. We
performed a least-square fit to find the RM according to the formula:

PA( f ) = RMc2 1
f 2 + PA∞, (4.6)

where PA∞ is the value of PA at very high frequency.
Almost all pulsars are known to show variations of PA as a function

of pulse phase. In these cases, summing together signals over a large
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Figure 4.1: Examples of two fits of RM for the pulsars 47 Tuc E and G de-
scribed in Chapter 4. Both are examples of simultaneous fits over
different regions of pulse longitude. In the case of 47 Tuc E we
divided the pulse in 5 regions and performed a fit for a single
RM for all regions. To facilitate visual inspection of the fit quality,
the mean PA was subtracted from each region. The red dashed
line shows the best fit. The data have been previously corrected
assuming a RM of 30 rad m−2 so a straight line with a slope of
zero in the plot corresponds to an RM value of 30 rad m−2. For
47 Tuc G we divided the pulse longitude in two regions. The
data have been corrected assuming an RM of 15 rad m−2. In both
regions the PAs corresponding to the first wavelength squared bin
have been removed because the linear polarization is too weak
(p0 < 2.0).

rotational phase will lead to a depolarisation of the signal and larger
uncertainties. To face this problem, where there is enough S/N, we
divide the pulse into regions and perform a simultaneous fit with a
single value of RM. The value of PA∞ can be different for every region
and does not influence the measure of RM so we leave it as a free
parameter. This way we recover an average value which is close to the
real RM. Two examples of these fits are reported in Fig. 4.1.

This approach is also useful when dealing with pulsars with a
multi-peaked profile. In pulsars with multi-peaked profile summing
all of the polarization information from the pulse together will add a
considerable amount of noise which will increase the uncertainty of
the measure. Also in this case, this approach leads to a more precise
estimate of RM.

Since the error on the PAs is not always Gaussian, the least-square
fitting algorithm does not always return the correct uncertainty on RM.
To measure it in a more statistically sound way we perform a Monte
Carlo simulation. In this simulation we created synthetic profiles of
the real pulsars for the U and Q polarization in four frequency bands
with the same polarization and added a random Gaussian noise with
rms(I) as standard deviation. We calculated the value of RM with the
procedure described above for 1000 times and showed that the results
followed a Gaussian distribution. We took the standard deviation of
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the Gaussian of the simulated results as representative of the error on
the RM.

This technique of estimating RM can be affected by the n-π ambigu-
ity. Measuring an angle using the arctangent function always returns a
value between -π/2 and π/2. If the RM value of the pulsar is such that
the PA rotation in the observed frequency band is higher than π/2, the
measured values of PA will be wrong by a factor π and the fit will not
return the correct value of RM. To solve this problem, we measured
the differences between PAs of neighbouring frequency channels and
if these differences are higher than π/2 we add or subtract π in order
to correct the PA. This method has problems if the RM is so high that
between two adjacent frequency bins the rotation induced is higher
than π/2. This happens if RM is higher than 247 rad m−2 or lower
than -247 rad m−2.

The profiles of the pulsars were then corrected for the measured RM

and summed at all frequencies. For the pulsars with no measured RM,
no correction has been applied.

A source of error for the RM that was neglected is the ionospheric
contribution. This is typically between 0.5 and 3 rad m−2 and shows
strong diurnal variations [341, 360]. Since our measured errors are
usually larger, applying this correction would not change much the
results.

Other important quantities to measure are the amount of linear
polarization and the absolute value of circular polarization. The mea-
sured |V|meas is positively biased and it needs to be corrected with the
prescription of [198]:

|V|true =

0.0 if |V|meas/b < 2.0√
|V|2meas − b2 otherwise

, (4.7)

where b =
√

2
π × rms(V).

In the previous equation rms(V) is the root mean square of the off
pulse region in the Stokes parameter V.

The luminosity and the polarization percentages are measured with:

S0 =
1

nbin

nend

∑
i=nstart

Ii (4.8)

L per cent =
1

nbin

nend

∑
i=nstart

Ltrue,i ×
100
S0

(4.9)

V per cent =
1

nbin

nend

∑
i=nstart

Vi ×
100
S0

(4.10)

|V|per cent =
1

nbin

nend

∑
i=nstart

|V|true,i ×
100
S0

(4.11)
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where nbin is the total number of bins of the profile and Ltrue,i, Vi,
|V|true,i are values of linear, circular and absolute circular polarization
of the bin i.

4.2 polarization profiles

The pulsars P, V, W, X, Z, aa and ab were not detected in the observa-
tions. For the pulsars H, M, R, S and U that were detected it was not
possible to measure the value of RM, because of the low S/N and low
polarization.

We briefly describe the profiles in total intensity, linear and circular
polarization of the analysed pulsars presented in Fig.4.2 and 4.3.

47tuc c This pulsar has a double peaked profile with a dominant
leading peak. Both components show distinct linear polarization with
the trailing component being the brightest. The circular polarization
is similar and has a very dominant trailing component following the
trend noted by Johnston et al. [194] and confirmed by Weltevrede and
Johnston [356]. The PA doesn’t seem to follow a clear trend.

47tuc d This pulsar shows a single asymmetric peak. The linear
polarization is only visible in correspondence with the brightest part
of the profile. No significant circular polarization is seen.

47tuc e The profile shows three different components with increas-
ing brightness. The first component has very high linear polarization
and a very small negative amount of circular polarization. The second
component has lower linear polarization and does not show any circu-
lar amount. The third component shows very sharp linear and circular
polarization. Also this pulsar seems to follow the trend presented by
Johnston et al. [194]. The PA is flat in the first component and shows
almost orthogonal jumps in the second and third component. A de-
crease in linear polarization seems to occur in correspondence with
the jumps, consistent with what seen by Karastergiou, Johnston, and
Manchester [199] that the jump is caused by the mixing of the modes
of emission.

47tuc f In the total intensity profile the pulsar shows a large single
component. The component is clearly visible with similar fluxes in
linear and circular polarization.

47tuc g The pulsar shows two sharp components in total intensity
with the leading being the dominant one. The same peaks are visible
in the linear polarization profiles but here the trailing component is
dominant. There is no significant circular polarization. The PAs of the
two peaks appear to be orthogonal.
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Figure 4.2: Polarization profiles of the pulsars detected in the observations.
The top panel of each plot shows the PA variation from the celestial
north as a function of pulse phase. The PAs are plotted only if
the linear polarization is above 2σ. The bottom plot shows the
flux density of the integrated profile. The thick black line is the
total intensity, the thin black line is the linear polarization and
the dashed line is the circular polarization. The centre frequency
of the observations is written on the right of the plot. The profile
for the pulsars with measured RM are corrected for the measured
value. Each profile is described in details in the text.
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Figure 4.3: Continued.
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47tuc h The profile shows a single broad component with no
significant polarization.

47tuc i The total intensity profile shows a single peak. The lin-
ear polarization is very high while there is no significant circular
polarization. the PAs increase linearly along the profile.

47tuc j The profile shows a very bright single component. This
component is broad and shows asymmetries that did not appear in
the profile presented in [135]. The linear polarization is very small but
clearly visible. The circular polarization changes handedness in the
centre of the profile from negative to positive. The PA decreases along
the profile along a curve that could be described in the context of the
RVM [303]. This decrease is in contrast with the model of [304] where
the authors suggested that a positive change of handedness of the
circular polarization should be accompanied with an increase in PA.

47tuc l The profile of this pulsar is very noisy and shows two
clear peaks with the first being brighter. This profile is in contrast with
the one shown in [135] where the pulsar shows three components and
the two brighter ones have similar flux. This is probably caused by
the low S/N of our observations. The second component shows a very
high linear polarization fraction. No significant circular polarization is
detected.

47tuc m This pulsar shows in total intensity a very broad and
asymmetric single component. No significant polarization is detected.

47tuc n The profile shows a bright component and a less bright
interpulse. The main component has very high linear polarization but
no circular polarization is detected.

47tuc o The profile has a very sharp and symmetrical single com-
ponent. Only a single spike of linear polarization is clearly seen above
the noise. Centred with the total intensity profile is a small amount of
circular polarization.

47tuc q The total intensity profile shows one dominant component
and other two smaller components. The first and the second compo-
nent do not show any significant linear polarization but the third does.
No significant circular polarization is detected.

47tuc r This pulsar shows a bright component and, separated
by half a rotation, a wider and dimmer component. No significant
polarization is seen.
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47tuc s The total intensity profile shows a very bright and sharp
component. This component is highly linearly polarized but no signif-
icant circular polarization is detected.

47tuc t The profile in total intensity shows a single broad compo-
nent with a small amount of linear polarization near the centre. No
circular polarization is detected.

47tuc u This pulsar shows a single component in total intensity.
In previous works [80, 135] it showed other two components which
are not visible in our observations because of high noise. No linear or
circular polarizations are detected.

47tucy This profile shows a sharp bright component preceded
by a smaller component. The leading component does not have any
significant polarization. The trailing component, instead, shows a very
high degree of linear polarization. The circular polarization is high in
the trailing component following the trend noted by [194]. It shows
indications of changing handedness near the centre of the profile. The
PAs show an almost orthogonal jump in correspondence with the drop
of circular polarization.

4.3 rm results

The measured values of flux, linear polarization, circular polarization,
RM and average magnetic field along the line of sight are reported in
the table 4.1 and 4.2. The linear polarization of the observed pulsars
ranges from begin undetected for 47Tuc U to ∼ 60 % for 47Tuc N. The
average value is ∼ 25 % and the standard deviation is ∼ 17 %. The
absolute value of circular polarization ranges from being undetected
for 47Tuc S to ∼ 30 % for 47Tuc C. The average value is ∼ 9 % with a
standard deviation of ∼ 7 %.

Initial results indicated a correlation between the RMs and the spatial
distribution of the pulsars. To investigate this, we performed a fit
using a Bayesian maximum likelihood algorithm with a linear model
described by:

RMlin(i|m, θ, RM0) = mRi,θ + RM0, (4.12)

where Ri,θ is the distance of each pulsar relative to the cluster centre
and projected along the axis in the plane of the sky with an inclination
angle of θ (measured from North to East) and is defined as Ri,θ =

RAi sin θ + DECi cos θ, where RAi and DECi are the right ascension
and declination of each pulsar after subtracting the right ascension
and declination of the cluster centre. The geometry of this model
is shown in Fig. 4.4. The free parameters are the magnitude of the
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Table 4.1: Summary of the main results of the analysis. The second column
(S0) is the total intensity flux. The columns L per cent, V per cent
and |V| per cent are percentages of the the linear, circular and the
absolute value for the circular polarizations. The column RM is
the value of the Faraday rotation measure. The column 〈B‖〉 is the
average value of the parallel component of the magnetic field. For
the total intensity flux the error presented is at 3σ, for all the other
quantities is at 1σ.

Name S0 (mJy) L (%) V (%) |V| (%) RM (rad m−2) 〈B‖〉(µG)

C 0.420 15.4 27.1 27.1 33.4 1.36

(0.010) (0.4) (0.2) (0.3) (2.4) (0.10)

D 0.061 13.3 −0.2 2.6 11.8 0.48

(0.004) (1.8) (1.0) (1.1) (11.8) (0.48)

E 0.446 27.4 4.2 9.8 27.2 1.12

(0.010) (1.1) (0.5) (0.5) (2.2) (0.09)

F 0.080 18.7 17.4 17.4 17.4 0.71

(0.006) (1.8) (1.1) (1.6) (8.1) (0.33)

G 0.202 44.1 −1.6 5.7 12.2 0.50

(0.018) (2.4) (1.5) (1.7) (6.8) (0.28)

H 0.036 13.1 −5.1 5.1

(0.005) (4.7) (2.3) (3.6)

I 0.116 46.0 −1.1 1.1 4.9 0.20

(0.012) (1.7) (1.4) (1.7) (5.8) (0.24)

J 0.643 5.9 2.0 4.8 −9.1 −0.37

(0.007) (0.2) (0.1) (0.2) (3.1) (0.13)

L 0.011 55.9 −6.5 6.5 18.7 0.77

(0.004) (10.2) (6.2) (7.5) (11.0) (0.45)
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Table 4.2: Continued.

Name S0 (mJy) L (%) V (%) |V| (%) RM (rad m−2) 〈B‖〉(µG)

M 0.062 12.3 −2.2 12.3

(0.010) (3.7) (2.0) (2.6)

N 0.024 62.7 7.9 15.1 −0.4 −0.02

(0.005) (5.4) (2.6) (5.2) (5.6) (0.23)

O 0.060 9.8 11.6 14.8 23.8 0.98

(0.006) (1.6) (1.1) (1.7) (17.0) (0.70)

Q 0.121 23.5 −1.8 7.3 −9.1 −0.38

(0.016) (3.4) (1.7) (2.8) (9.9) (0.41)

R 0.119 14.4 4.1 4.1

(0.019) (4.9) (1.2) (3.8)

S 0.044 24.3 0.0 0.0

(0.009) (3.7) (3.0) (3.5)

T 0.255 15.7 5.1 5.1 12.2 0.50

(0.027) (1.9) (1.5) (2.2) (12.7) (0.52)

U 0.024 0.0 8.9 8.9

(0.006) (5.1) (2.2) (3.8)

Y 0.110 45.6 9.5 15.9 24.5 1.00

(0.009) (2.7) (1.5) (2.0) (3.5) (0.14)
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Figure 4.4: Diagram showing the geometry of the linear model used to fit
the RM of the pulsars. The pulsar J is shown as an example.

gradient m, the inclination angle θ, and the value of RM at the cluster
centre, RM0.

The Bayesian algorithm minimizes a Gaussian log-likelihood of the
form:

L ∝
N

∑
i
− 1

2σRM,i
(RMmeas,i − RMlin,i), (4.13)

where N is the number of pulsars with measured RM, RMmeas,i is the
measured RM for pulsar i and σRM,i is the uncertainty on the measure.

The best-fitting model is shown in Fig 4.5 and represented on top
of a map of the cluster in Fig. 4.6. The parameters of the fit and the
best-fitting values are the magnitude of the gradient, m = −0.77± 0.06
rad m−2 arcsec−1, the inclination angle of the gradient measured from
Celestial North to East, θ = 30± 2 deg, and the value of RM at the
centre of the cluster, RM0 = 20± 1 rad m−2. The reduced chi-square
of the fit is 0.7 with 10 degrees of freedom. We also checked if the
linear correlation found could be replicated by a random distribution
of RM. To do so we repeated this analysis 10000 times extracting the
RMs from a uniform random distribution between -15 and 35 rad m−2

making sure the maximum difference between RMs is close to the one
observed and with the same uncertainties as the measured values.
We calculated the probability of randomly reproducing a fit which is
comparable to the measured one by using a Bayesian model selection
algorithm based on the Bayes factor. If the ratio of the Bayes factors
of the two fits is within 0.01 and 100, then the fits are considered
comparable. This happens in 1.5% of the cases but only in 4 cases out
of 10000 trials the Bayes factor of the randomly extracted data exceeds
the one measured with the observed data. Therefore, the quality of
the measured fit cannot be exceeded by random data at the 3.5σ level.



72 globular cluster 47 tuc : magnetic field

Figure 4.5: RM values as a function of the projected distance of each pulsar
from the plane π perpendicular to the axis ~R and intersecting ~R
at the centre of the cluster [263]. ~R is oriented with an angle of 30

degrees measured from the North direction to East. The orange
line is the best line fit through the data. The panel in the top right
shows the direction of the gradient. The box in the bottom left
contains the best-fitting parameters. The error bars are at 1σ.
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Figure 4.6: Map showing the distribution of pulsars in 47 Tuc. The colour
scale shows the RM values predicted by the best-fitting linear
gradient model presented in Fig. 4.5. The pulsars for which a
measurement of RM was possible are represented by green stars
while the pulsars with no measured RM are represented by black
dots. The dashed line shows the direction of the ~R axis in Fig. 4.5.
A white cross marks the optical centre of the cluster [263]. Credits
of background image: NASA, ESA, and the Hubble Heritage
(STScI/AURA)-ESA/Hubble Collaboration.
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4.4 origin of the rm gradient

If we assume that the RM distribution is caused by differences in the
electron density along the line of sight, the latter differences would
be reflected in the measured DMs. Assuming that the magnetic field is
uncorrelated with the electron density, the relation between magnetic
field, RM and DM is given by 1.23:

〈B‖〉 = 1.23µG
(

RM
rad m−2

)(
DM

pc cm−3

)−1

. (4.14)

Assuming a constant magnetic field of ∼ 5µG (a typical value for
the Galactic magnetic field in the disk [358]), an RM spread of ∼ 40 rad
m−2 would require a DM range of order ∼ 10 pc cm−3, much larger
than the observed maximum of 0.6 pc cm−3. Therefore, the RM spread
cannot be ascribed to fluctuations in the electron density.

Alternatively, the observed broad range of values of RMs could arise
from differences in the parallel component of the magnetic field along
different lines of sight over the angular scales probed by the pulsars.
The magnetic field responsible for that could in turn be located either
in the Galactic disk along the line of sight, in the GC itself or in the
Galactic halo. In the following we explore these possibilities separately.

4.4.1 Galactic magnetic field

At these scales the small-scale magnetic field in the Galactic disk is
thought to follow the electron density distribution described consis-
tently by the Kolmogorov theory of turbulence [31, 170].

We tested whether the observed RMs could be described by a turbu-
lent field through the study of the RM structure function, defined as:

DRM(δθ) = 〈[RM(θ)− RM(θ + δθ)]2〉θ , (4.15)

where the average is computed between all pairs of pulsars with an
angular separation of δθ on the sky. The angular separations between
the pulsars in our case go from ∼ 0.2 arcsec to ∼ 90 arcsec. We first
measured the square of the RM difference for each pair of pulsars and
averaged them over 7 equally spaced bins each containing around 10

pairs. The spectral index is estimated by performing a straight-line fit
through the data in logarithmic units using a Bayesian algorithm with
the model:

log DRM(i|α, k) = α log li + k, (4.16)

where i is the bin number, li is the center position of the ith bin, α is
the spectral index and k is a normalization parameter. The measured
RM structure function is shown in Fig. S6. The value of the best-fitting
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Figure 4.7: Rotation Measure structure function of the pulsars in 47 Tuc. The
orange line is the best-fitting power law. The reduced chi-square
of the fit is 1.2 with 5 degrees of freedom. The error bars on DRM
are at 1σ.

normalization parameter k is 1.3+0.7
−0.9. and the best-fitting spectral in-

dex is α = 0.8+0.6
−0.4 which is lower than the value of 5/3 predicted

by the turbulent theory [31] but still consistent with what has been
observed in RM studies at larger angular separations [254]. Therefore,
this analysis is inconclusive to completely rule out a turbulent mag-
netic field. The first measure of an RM structure function using the
pulsars in a globular cluster was performed by Anna Ho (private
communications).

While the standard deviation of RM is comparable with what has
been found in previous studies at larger angular separations at similar
Galactic latitudes [254, 313], turbulent fluctuations are not expected to
show strong correlations with a specific spatial direction. Furthermore,
the fluctuations of DM due to the interstellar medium in the Galactic
disk, after removing the contribution from the GC gas, have a stan-
dard deviation of ∼ 0.1 pc cm−3 [4]. If the observed RM fluctuations
(which have a standard deviation of ∼ 13 rad m−2) were due to only
the fluctuations of dispersion in the Galactic disk, then the parallel
component of the magnetic field would be ∼ 150 µG, which is almost
two orders of magnitude greater than the expected value.

4.4.2 Internal magnetic field

We now explore the second hypothesis that the RM variations on the
small scales covered by 47 Tuc pulsars are due to an ordered magnetic
field located inside the GC. To obtain an estimate of the required
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strength of this magnetic field we start from the definition of the RM

1.22:

RM =
e3

2πm2
e c4

∫ d

0
neB‖dl, (4.17)

where ne ∼ 0.23 cm−3 [4] is the electron number density, considered
constant over the central parts of the cluster, B‖ is the component of the
magnetic field parallel to the line of sight and the integral is extended
over the central region of the cluster where the pulsars and the gas are
located, about 2 pc [4]. Assuming a constant strength of the magnetic
field, the parallel component will have different values depending on
where the field lines are pointing. Using the above equation, we find
that to explain the observed RM difference of ∼ 40 rad m−2 we need a
difference in the parallel magnetic field component of ∼ 100 µG. This
value must be compared with the equipartition value of the magnetic
field measured using previously determined parameters of the cluster
[4] which is ∼ 4 µG, making this picture very unlikely.

4.4.3 Halo magnetic field

A third option invokes the combined effects of the interaction between
the wind released by the Galactic disk and the movement of the GC. In
the following we show that in this case a shock front arises providing
the needed amplification of the magnetic field transported by the wind.
We note that the inclination angle of the gradient, θ, is compatible
at 2σ with the direction perpendicular to the Galactic disk, which
measured with our conventions would be ∼ 26 deg.

The Galactic wind is ejected from the Galactic disk with a velocity
of 200 km s−1 [116] while the GC is moving towards the Galactic
disk with a velocity of ∼ 45 km s−1 [46]. The total velocity of 47 Tuc
with respect to the wind in the direction orthogonal to the Galactic
disk is ∼ 245 km s−1. This velocity is both superalfvenic (ca ∼ 175
km s−1) and supersonic (cs ∼ 170 km s−1) with respect to the wind;
therefore, a shock forms in front of the cluster. When crossing the shock
front, the magnetic field in the wind naturally acquires a component
perpendicular to the direction of motion which can be compressed
and thus amplified. The geometry of the shock is shown in Fig. 4.8.

To test if this scenario is applicable and could generate a magnetic
field comparable with the one observed, we appeal to basic MHD
shock equations [91]. We first move in the frame of reference of the
shock so that the upstream and unperturbed material (defined with a
subscript 1) is moving towards the shock with a speed of U1, a density
of ρ1 and a magnetic field of B1. If the magnetic field is aligned with
the direction of U1, the shock can generate a component perpendicular
to B1 in the downstream region (defined with a subscript 2) if U1 > ca,
where ca is the Alfven speed. In our case U1 ∼ 250 km −1 while ca has
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U1
n1
B1

U2
n2
B2

nGC

Shock front

Figure 4.8: Diagram showing the schematic geometry of the shock generated
by the superalfvenic motion of the globular cluster. The globular
cluster (not in scale) is the dashed circle, the thick black line is the
shock front and the blue lines are the magnetic field lines. The
quantities denoted with the subscript 1 are the velocity, density
and magnetic field of the gas in the upstream region, while the
quantities denoted with the subscript 2 are the same in the down-
stream region. The density of the gas in the cluster is denoted by
nGC.
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been measured with the formula ca =
B1√

4πn1mp
∼ 175 km s−1, where

B1 ∼ 3 µG and n1 ∼ 1.4× 10−3 cm−3 have been derived by scaling the
value estimated for the wind [116] at the position of the cluster.

As the gas crosses the shock interface it is compressed, its direction
changes away from the normal of the shock and any (even very small)
perpendicular component of the magnetic field is enhanced according
to the following equations [91]:

n2

n1
=

U‖1
U‖2

= X0 (4.18)

B⊥2

B⊥1
=
(U2

1 − c2
a)X0

U2
1 − X0c2

a
, (4.19)

where U‖1 and U‖2 are the component parallel to the shock normal
of the velocities upstream and downstream, B⊥1 and B⊥2 are the
perpendicular components to the shock normal in the two regions

and X0 is a factor that must be 1 < X0 <
u2

1
c2

a
∼ 2. The component on

the x-axis of the magnetic field is conserved through the shock so the
direction of the magnetic field changes according to:

B⊥2

B‖2
= tan θ2 =

(U2
1 − c2

a)X0

U2
1 − X0c2

a
tan θ1, (4.20)

where θ2 is the angle between B2 and the shock normal and θ1 is the
angle between B1 and the shock normal. Assuming X0 ∼ 1.5 (the
central value of the possible interval) we find n2 ∼ 2× 10−3 cm−3,
ux2 ∼ 170 km s−1, and B⊥2 ∼ 3B⊥1. For example, if a magnetic field
line enters the shock interface at an angle of 5 deg it will come out at
∼ 14 deg with a perpendicular component of ∼ 0.8 µG.

The density of the plasma inside the cluster is ∼ 0.23 cm−3, derived
from the electron density [4]. If the magnetic field is to penetrate in the
central regions of the cluster, it must be compressed of a factor of ∼
100. This additional compression further amplifies the perpendicular
component of the magnetic field which acquires a circular geometry in
the half of the cluster that is facing the shock. To estimate how much
the perpendicular component of the magnetic field can be amplified
by this type of compression, take a cube that is compressed only on
one side, called l, with the magnetic field aligned along a direction
perpendicular to the compression. Mass conservation implies that
nAl = constant where A is the surface area of the face that remains
constant. On the other hand, magnetic flux conservation implies that
the magnetic flux that crosses the surface of the solid remains constant,
in this situation the surface area has a linear dependence with the
length of the side that is changing, l, so we have that Bl = constant .
Therefore, the magnetic field should grow linearly with the density.
Even magnetic field lines that have a perpendicular component of only
0.8 µG (as in the case of a field line that enters the shock with an angle
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of 5 deg) are capable of reaching a value of ∼ 80 µG which is even
higher than the best-fit magnetic field strength that parameterizes our
model of the observed RM gradient. This shows that this mechanism
is able to reach the required strengths of magnetic fields even if the
Galactic wind is less magnetized than we assumed. This compression
leaves the parallel component of the magnetic field constant and thus
bends the field lines further in a semi-circular shape as depicted in
Fig. 4.8.

At first approximation, we can schematically model the magnetic
field with a semi-circular geometry as in Fig. 4.9. In this model, the
field lines are perpendicular to the Galactic disk and reach the cluster
forming an angle θH measured from Celestial North to East in the
plane of the sky and an angle φ with respect to the line of sight. The
angle φ corresponds to the absolute value of the Galactic colatitude
of the cluster. In our case it is expected to be 45 deg. Field lines are
circular in the half of the cluster facing the Galactic wind and straight
in the other half. The direction in which the field lines rotate changes
with respect to the position where they cross the globular cluster. Field
lines above the axis H shown in Fig. 4.9 rotate clockwise while field
lines under it rotate counter-clockwise.

In order to derive the analytical expression of the magnetic field we
first measure the projection of the position of the pulsars on axis R as
was done in the linear model: Ri,θH = RAi sin θH + DECi cos θH . In the
half of the plane R-los that is facing the Galactic wind, the magnetic
field is oriented in a circular direction. If we call B the direction of the
magnetic field, then it can be described by:

B̂ =
Ri,θH√

x2
i + R2

i,θH

x̂ +
xi√

x2
i + R2

i,θH

R̂ (4.21)

Where xi is the distance of each pulsar along the line of sight
from a plane parallel to the sky passing through the centre of the
cluster and B̂, x̂, and R̂ are the unit vectors respectively along the
magnetic field, line of sight and axis ~R. In the computation of RM only
the component parallel to the line of sight is relevant so we will only
consider the component directed along x̂. The direction of the magnetic
field changes in the two quarters divided by the axis H in panel b) of
Fig. 4.9. Above this axis the field lines will be rotating clockwise while
under it the field lines will be rotating counter-clockwise. In the half of
the cluster that is facing away from the wind, the field lines are straight
and only the component along the line of sight enters the equation.
The transition between circular and linear field lines happens along
the line passing through the centre perpendicular to the direction H
that can be parametrized as xH,⊥ = −Ri,θH tan φ. Integrating along the
line of sight to estimate the contribution to RM, we need to consider
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Figure 4.9: Model showing the geometry of the magnetic field lines in the
case of an interaction between a Galactic wind and the gas in
47 Tuc. The magnetic field lines, thought to reach 47 Tuc along
a direction perpendicular to the Galactic disk, are bent by the
presence and the motion of the gas in the cluster. The centre of the
cluster is marked with a red cross. Panel a) shows the projection
on the plane of the sky in celestial coordinates. The angle θH is
compatible with the angle θ defined in the linear model in Fig.
4.5. Panel b) shows the same model in the plane defined by ~R
and the line of sight. Three pulsars with precise RM values and
known line of sight position [4], 47 Tuc C, E, and J, are also shown.
The dashed green lines in panel b) are the lines of sight to the
pulsars. The value of RM is influenced only by the component of
the magnetic field along these lines of sight. This model of the
magnetic field structure inside 47 Tuc produces a RM contribution
that is negative for pulsar 47 Tuc J and positive for pulsars 47 Tuc
C and 47 Tuc E.
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this sign change. The change occurs at the position along the line of
sight xH =

Ri,θH
tan φ . The total RM for each pulsar assumes the form:

RMwind(i|B, θH, RM0,H, φ) =
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(4.22)

Here B is the strength of the magnetic field, assumed to be constant
and RM0,H is the Galactic contribution to RM. The value of xmax is set
to 10 pc, and we verified that the quality of the fit does not depend
strongly on this quantity. The minus sign is added because the line
of sight component, x, is positive when the magnetic field points
away from Earth while RM must be negative. Solving the integrals, we
find the equations of the predicted RM as a function of the physical
parameters:

RMwind(i|B, θH, RM0,H, φ) =
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(4.23)

The free parameters of this model are the strength of the field, B, the
inclination angle of the axis in the plane of the sky, θH , the foreground
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Figure 4.10: Fit of the RM assuming the Galactic wind model described in
the text and in Fig. 4.9. The plot shows the measured RM versus
the RM predicted by the best fit. The best-fitting values for the
parameters are shown in the box. The error bars are at 1σ. For a
perfect fit, all points should fall on the dashed green line, which
represents the identity function.

contribution to RM, RM0,H and the inclination angle with respect to
the line of sight, φ that appears in the definition of xH.

The best fit to the data is shown in Fig. 4.10 where the RM predicted
by the model is plotted versus the measured RM. The reduced chi-
square is 1.0 with 9 degrees of freedom while the best-fitting value of
the inclination angle θH is 36± 4 degrees which is compatible at 2.5σ

with the direction from the GC to the Galactic disk. The best-fitting
value of the foreground contribution to RM is 23± 2 rad m−2 which is
compatible with the values of 30± 8 rad m−2 [253] and of 16 ∼ 10 rad
m−2 [283] estimated for this region in extragalactic RM studies. The
best-fitting value of the angle φ is 63± 10 deg, compatible at 2σ with
the expected value of 45 deg. In different models [191], the Galactic
outflow is not perfectly perpendicular to the Galactic disk so even a
marginal compatibility in the direction is acceptable. The intensity of
the magnetic field required to explain the observed gradient in RM is
66± 11 µG again compatible with the estimated ∼ 80 µG.
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4.5 conclusions

Thus, we conclude that the source of the gradient in RM is likely a mag-
netic field located inside 47 Tuc and supported by the interaction with
a Galactic wind. The required strength means that the magnetic field
plays an important role in the internal dynamics of the cluster and
must therefore be studied in more details with magnetohydrodynam-
ical simulations. The model can be better tested using observations
made with the MeerKAT radio telescope [40] in South Africa, which
will be able to determine the RMs of a greater number of pulsars with
higher precision. If a Galactic wind permeating the halo is responsible
for the observed magnetic field, then similar effects should also be
visible in other GCs populating the Galactic halo. Observing these GCs

will be helpful in identifying the best model for the halo magnetic
field [125].
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The work described in this Chapter is presented in:
F. Abbate, A. Possenti, A. Ridolfi, P. C. C. Freire, F. Camilo,
R. N. Manchester, and N. D’Amico “Internal gas models and
central black hole in 47 Tucanae using millisecond pulsars” MN-
RAS, 2018, Vol.481, pp.627–638.
F. Abbate, A. Possenti M. Colpi, and M. Spera "Evidence of
Nonluminous Matter in the Center of M62" The Astrophysical
Journal Letters, 2019, Vol. 487
F. Abbate, M. Spera, and M. Colpi "Intermediate mass black
holes in globular clusters: effects on jerks and jounces of millisec-
ond pulsars" MNRAS, 2019, Vol. 487, pp. 769-781.

In this chapter I will focus on the presence of IMBHs in the centre
of GCs and on how the pulsars close to the centre can be used to
look for them. I will first take in consideration the GC 47 Tuc whose
pulsars have been described in Chapter 3. Then, I will present the
case for a possible IMBH in M62 using previous observations from the
Green Bank Telescope. I will conclude the chapter discussing a new
method based on higher derivatives of the spin period and testing it
on simulated GCs.

As shown in section 1.7, discovering IMBHs can have important
repercussions on the evolution of GCs , the formation of supermassive
black holes, and the search of gravitational waves with the next gen-
eration of interferometers. One of best places to look for IMBHs are
the centres of GCs but, despite many searches with different methods,
no clear detection has been made. An important method that has
been proposed recently is to use the pulsars’ accelerations to search
for hidden mass in the centre of GCs . As described in appendix A.3,
the acceleration of pulsars in a GC described by a King profile has a
maximum given by eq. A.11. If we were able to find a pulsar with an
acceleration above this limit, this would imply that the GC contains
more mass in the centre than what is accounted for by the king profile.
There is good reason to believe that this excess is caused by an IMBH.
An alternative hypothesis is that this excess is caused by a system of
stellar black holes segregated in the centre [72]. Finally, another possi-
ble explanation is that the King profile used to describe the cluster is
not good approximation of the real density profile of the cluster.
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5.1 47 tuc

A claim of an IMBH in the centre of 47 Tuc has been recently brought
forward by Kızıltan, Baumgardt, and Loeb [206] using the information
from the pulsars with a suggested mass of 2000 M�. This is in contrast
with the most recent upper limit derived by searching signatures of
accretions, which is 1040 M� [344].

In Abbate et al. [4] we tried to test this claim using the most recent
timing solutions derived for the pulsars in 47 Tuc [132, 307] and
the MCMC code described in section 3.2.1 used to derive the line-of-
sight positions of the pulsars in Chapter 3. We slightly modified the
calculation of the likelihood for the acceleration by accounting for the
presence of a possible IMBH. The contribution to the acceleration of the
IMBH is described in appendix A.3 and takes into consideration both
the direct effects of the IMBH and the effects of the overdensity that is
created inside the influence radius. Leaving the mass of this possible
IMBH as a free parameters brings the total number of free parameters
to 47. The prior for this mass was chosen to be logarithmic since it can
span over many orders of magnitudes and a flat prior would samples
more the high masses.

The posterior distribution of the mass of the IMBH is shown in Fig.
5.1. The peak of the distribution is at zero suggesting that there is no
IMBH. We can derive an 99% upper limit by measuring the value that
contains 99% of the chains. This limit is ∼ 4000 M�. In the figure we
also report the value of the IMBH claimed by Kızıltan, Baumgardt, and
Loeb [207]. Interestingly we find a secondary peak in probability close
to this value. The increase in probability contained in this peak in
only 4 % if measured by assuming a linearly decreasing background.
Measuring the effect of an IMBH of 2000 M� is very difficult since it
would have an influence radius of only 0.05 pc in a cluster like 47 Tuc
with a central velocity dispersion of ∼ 13 km s−1 [355]. The closest
pulsar to the centre in the plane of sky are 47 Tuc O and W with a
distance of only ∼ 0.1 pc (see Table 3.2). The effects of a central black
hole on the accelerations could be visible only for these pulsars.

The discrepancy between the probability distribution of the mass of
the black hole obtained in this work and in Kızıltan, Baumgardt, and
Loeb [206] despite being sensitive to the same effects could be caused
by different effects: it could be due to different distances of the cluster
but it could also be caused by different priors on the mass. In this
work we used a logarithmic prior on the mass favouring lower values.
If Kızıltan, Baumgardt, and Loeb [206] used different assumptions
that favoured higher black hole masses (like a flat prior), the peak at
∼ 2000 M� would have gained significance.
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Figure 5.1: Plot of the posterior probability on the mass of the central black
hole. The maximum of the distribution is at 0 M� suggesting that
a black hole is not necessary to explain the data. The vertical line
is at the mass of the black hole of 2200 M� proposed by Kızıltan,
Baumgardt, and Loeb [206]. We see an increase in probability
close to this value. The upper mass limit above which the black
hole is not compatible with our data is ∼ 4000 M�.
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Table 5.1: Properties of the GC M62 using optical data.

Parameter Value Reference

Stellar mass

6.74 ± 0.05 ×105 M� [45]

Distance

6400 ± 180 pc [46]

Core radius

0.36 pc [45]

Velocity dispersion

Radial 15.0 ± 1.1 km s−1 [197]

Proper motion 15.3 ± 0.4 km s−1 [355]

5.2 m 62

In this section, we focus on the GC M62, also known as NGC 6266.
Using the observed velocity dispersion and surface brightness profiles,
McNamara et al. [264] could not exclude the presence of an IMBH

while Lützgendorf et al. [232] showed that this cluster may contain
an IMBH with mass 2000 M�. The latter claim has been recently con-
tested by Baumgardt et al. [46], who showed that the observations
are better matched by theoretical models that do not include an IMBH.
Furthermore, in a search for radio signatures of accretion from a hy-
pothetical central IMBH, [344] failed in the detection. Instead, they
posed an upper limit to the IMBH mass at 1130 M�. M62 contains 6

known millisecond pulsars, all of which are in binary systems [100,
234, 300]. Three pulsars are located very close to the centre of the
cluster (∼ 0.1 pc). As such, they may bring along crucial information
about the possible presence of a central IMBH.

The GC M62 has been observed at different wavelengths over the
years in order to measure the parameters of the cluster. The properties
important for the present work are shown in Table 5.1.

The most recent distance estimate obtained through Gaia observa-
tions [46] is 6400± 180 pc. This value is smaller than the value found
in [168] (2010 edition) which was 6800 pc. Throughout the paper we
will use the new distance estimated by Baumgardt et al. [46].

The core radius can be derived from the luminosity density profile
with a single-mass King model [205]. Using Hubble Space Telescope
observations, [272] found 15.4 ± 0.6 arcsec, which corresponds to
0.48± 0.02 pc. In contrast, recent N-body simulations that match the
surface density, the velocity dispersion,and the mass function of M62

suggest a smaller core radius of about 0.36 pc [45].
Using radial velocity measurements, Kamann et al. [197] obtained

a value of the central velocity dispersion of 15.0± 1.1 km s−1. Using
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proper motion data, Watkins et al. [355] estimated a value of 0.504±
0.004 mas yr−1, corresponding to that converted to km s−1 using the
newly determined distance becomes 15.3± 0.4 km s−1.

Further information about the dynamical structure of the cluster can
be gathered from radio observations of the pulsars. The ephemerides
of the pulsars in M62 are taken from [234] and include information
on the position of the pulsars in the plane of the sky, their rotational
periods (and higher time derivatives), and the binary parameters.
Using the position of the centre of gravity as given in [272], pulsars
B, E, and F are at about 4 arcseconds from the cluster’s centre. At a
distance of 6400 pc [44] this corresponds to about 0.1 pc. This distance
is comparable with that of the innermost bin in the velocity dispersion
profile presented by [355]. The accelerations of these three pulsars are
crucial to get insights into the central cluster’s mass distribution.

5.2.1 MCMC fit results

To perform the fit for the IMBH we need to assume some priors on the
parameters. We use the most precise values determined from optical
observations. We take the velocity dispersion measured with proper
motion data and the core radius as estimated in [45] and the distance
measured with Gaia data. The priors for the parameters are Gaussians
centreed around those values and with the quoted uncertainty as
standard deviation. For the core radius the standard deviation was
chosen to be 0.01 pc (the same fractional uncertainty as the distance).
The corner plot of the core radius, central density, and central dark
object mass is shown in Figure 5.2. The comparison between the
measured accelerations of the pulsars and the ones predicted by the
best-fitting model are shown in Figure 5.3. Only the innermost three
pulsars are shown as they are the most affected by the presence of the
central object. The posterior distribution function for the mass of the
central dark object in logarithmic units is shown in Figure 5.4. We find
that an excess mass of 3900 M� is needed in the centre to explain the
measured pulsar accelerations. The 68 percent interval is (1200, 6600)
M�. The posterior distribution becomes compatible with the case of no
IMBH (M• < 102 M�) if we consider the 95 percent interval. This excess
is on top of the mass distribution estimated for a single-mass King
model derived from the observed optical parameters and is located
within 0.2 pc (the distance from the centre of the innermost pulsar,
F). The central mass density converges to (3.1± 0.2)× 105 M� pc −3.
This value is almost twice than what was estimated through N-body
simulations in [45], which is 1.6× 105 M� pc −3. This means that an
excess of mass in the centre is needed to explain the accelerations of
the pulsars. This is also apparent in the lower left panel of the corner
plot in Figure 5.2 where we see that if there is no IMBH, the central
density must increase in order to compensate for the missing mass.
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Figure 5.2: Corner plot showing the posterior distribution of the central
density, the core radius, and the mass of the central dark object.

To test the nature of the excess of mass, we measure the central
mass-to-light ratio. First, we transform the central density in a surface
mass density by multiplying it by 2rc [138]. This is compared with
the surface brightness density measured in [280] and converted into
Solar luminosities per square parsec. The resulting central mass-to-
light ratio and the 68 percent interval is 6.4+2.1

−0.7 M� L−1
� . This value

is much higher than what is seen at the cluster centres in N-body
simulations of different GCs (see Fig. 3 in [44]). Alternatively to an
IMBH, the central excess of mass could be explained with a system
of stellar dark remnants like massive white dwarfs, neutron stars or
black holes. A system of this kind could form in the first evolutionary
phases of a GCs and survive up until now if the host cluster has a
sufficiently long half-mass relaxation time like M62 (∼ 1 Gyr) [20, 25,
71].

5.2.2 Uncertainties in the optical parameters

We have shown that the probability of finding a central excess of
mass in M62 is quite high. To check that our finding is not affected
by possible systematic errors on the values of the core radius and on
the central velocity dispersion, we repeat the MCMC fit by setting the
IMBH mass to fixed values, without assuming any priors on the core
radius and on the velocity dispersion. Figure 5.5 shows the posterior
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Figure 5.3: Posterior distribution for the accelerations of the pulsars F, B, and
E, the three pulsars closer to the centre. The dashed line shows
the measured value of Ṗ/P and the red shaded area is the 1σ
interval of the cluster acceleration after removing the Galactic
contribution, the Shkolvskii effect and the intrinsic spin-down.
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Figure 5.4: Posterior distribution function on the mass of the central dark
object in logarithmic units. The green lines show the 68 percent
interval and the dashed red lines show the 95 percent interval.
The shaded interval is the allowed IMBH mass range from [344].
We assume a core radius of 0.36 pc as in [45].

distribution of the fits for three masses of IMBH, 0 M�, 2000 M�
and 4000 M�. In the same plot we show, with the shaded area, the
observed 1σ range for the core radius and velocity dispersion. In the
case with no IMBH the shaded interval intersects the 68 percent interval
of the posterior distribution only in a very small region (shown in the
inset) but, as the mass of the IMBH increases, the region of intersection
grows. However, if the real core radius is smaller than the measured
one it could be possible to explain the observed pulsar accelerations
without the need of an IMBH. The same is true if the true velocity
dispersion is higher than what is measured. It is important to note
also that in these cases where the IMBH is not needed, the mass to light
ratio must remain at the same values.

To test the relation between the mass excess and the core radius and
velocity dispersion of the cluster, we run the MCMC code, using two
mock GCs ; the first (second) with a core radius of 0.16 pc (0.58 pc)
and a total mass of 9× 104 M� (8.4× 105 M�) simulated in Abbate,
Spera, and Colpi [6]. The simulations host IMBHs of different masses in
the centre. Here, we show the result of the smallest cluster in the case
there is no IMBH in the core. We first run the code with a prior on rc

corresponding to the true value of 0.16 pc inferred from the simulated
GC, and later we inject an erroneous value of rc overestimated by 60

percent to 0.26 pc. This overestimation corresponds to the difference
between the largest measured rc for M62, 0.48 pc [272], and the value it
should have to be compatible with no IMBH keeping the same velocity
dispersion taken from Figure 5.5, that is ∼ 0.3 pc. We extract six
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Figure 5.5: Contour plot of the posterior distribution of core radius and ve-
locity dispersion as resulting from the MCMC fit. The shaded
grey area shows the 1σ interval of the best determinations of core
radius and velocity dispersion. The different sets represent fits
with three values of IMBH mass: 0 M� (grey), 2000 M� (green),
4000 M� (orange). The coloured lines show the 68 percent inter-
vals of these distributions. The inset shows a zoom on the central
shaded area.
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Figure 5.6: Posterior distributions of the mass of the central dark object re-
sulting from a simulated GC with no such mass excess. Assuming
the correct value of core radius (blue histogram), the distribu-
tion is consistent with a null mass excess. Instead, assuming a
core radius overestimated by 60 percent (orange histogram), the
distribution indicates a mass excess of ∼ 3500 M� which is not
present in the simulation.

pulsars (using α = 3), and measure their acceleration along the line of
sight for the two cases.

Figure 5.6 shows the histograms of the posterior distributions of
the central dark object mass from the mock GC. The distribution in
orange, corresponding to the incorrect value of rc, shows a peak at
∼ 3500 M� that is incompatible with 0 M� at the 3σ level, whereas
the distribution in blue is consistent with the correct assumption of
no IMBH, at 1σ level.

We repeat the test using the simulation of the same GC with an IMBH

of 1000 M� at the centre and for the more massive GC with a core
radius of 0.58 pc. The simulations of both clusters strongly support
that an error in the determination of the cluster parameters can lead
to an incorrect value of the mass of the IMBH.

5.2.3 Discussion

We have used the measured accelerations of the pulsars in M62 and
the new distance estimate by Gaia to predict the existence of an excess
of mass located within the central 4 arcseconds of M62. The existence
of a concentration of non-luminous mass is confirmed by looking at
the very high central mass-to-light ratio (∼ 6). The source of this dark
mass excess could be a single IMBH of ∼ 3900 M� or a system of
massive dark remnants segregated in the centre of similar total mass.
This result is obtained strictly assuming the nominal values of the core
radius and velocity dispersion from the latest optical observations [45,
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355]. We tested the dependence of the result from these assumptions
and found important correlations between the aforementioned optical
parameters and the mass of the IMBH resulting from the fit. Assuming
a smaller core radius or a faster velocity dispersion would result in an
IMBH of smaller mass.

We tested the correlation using simulated GCs of known parameters,
and we confirmed that an alternate assumption on the core radius
can mimic the necessity of an IMBH or can exclude its presence. Thus,
more precise estimates of these parameters are needed to uniquely
confirm the presence of an IMBH in the cluster.

The optical observations of M62 are compatible with an IMBH of a
few thousand M� [264] with a tentative claim of ∼ 2000 M� [232]
which has been disputed in [44]. According to searches for accretion
signatures [344], there is an upper limit on the mass of the IMBH of 1130

M�. From the results of our analysis, we cannot either confirm these
claims or reduce the upper limits, but, using the published optical
parameters of M62, we have found that ∼ 4000 M� of low-luminosity
matter must be contained within the central 0.2 pc of the cluster. This
‘dark’ matter can be composed of an unconstrained ratio between one
or more IMBHs or a large number of non luminous remnants of stellar
origin.

Present-day clusters, with half-mass relaxation times & 1 Gyr, may
have retained many stellar mass dark remnants in their centres [25, 71].
Such subsystems can reach masses of 1000 - 10000 M� for GCs born
very massive [20]. Arca Sedda, Askar, and Giersz [26] showed that
M62-like GCs build up a subsystem of dark remnants in their centre
in about half of the authors’ N-body realizations. Though highly
speculative, some of these stellar remnants might be in the form of
binary black holes, which are now observed as powerful gravitational-
wave sources [8]. Furthermore, [362] showed that the presence of
a large number of black holes in the centre of the clusters should
drive out all of the MSPs found inside and would be incompatible
with the observed set of pulsars. The stability of this system and the
coexistence of stellar black holes and MSPs should be studied with
dynamical simulations focused on this cluster.

Further observations of the cluster are necessary to find the source
of the excess of mass. Optical observations will help to determine the
structural parameters with higher precision, and radio observations
will better constrain the accelerations of the pulsars and to look for
new pulsars possibly even closer to the centre.

5.3 effects of an imbh on jerks and jounces of pulsars

The effects on the first derivative of the acceleration, referred to as
jerk, and the second derivative, generally referred to as jounce or snap,
have usually been neglected, despite prolonged timing of MSPs in
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GCs shows that jerks and jounces are measurable [132, 224, 289]. In
Abbate, Spera, and Colpi [6] we propose a new method of identifying
IMBH candidates in Galactic GCs which involves the measurements of
high-order time derivatives of the acceleration on an ensemble of MSPs.
To this purpose, we carry out a suite of direct N-body simulations
of star clusters where we compute self-consistently the high-order
derivatives of accelerations, treating MSPs as test particles. We show
that the aforementioned derivatives contain crucial information on
the mean field gravitational potential as well as on the coarse-grain
effects caused by neighbouring stars, both of which are affected by the
presence of an IMBH. The equations describing the contributions to the
jerks and jounces due to the mean gravitational potential are described
in Appendix A.4 and A.5. We show that this method is sensible to
IMBHs of lower mass than current standard methods. We apply this
technique on a synthetic star cluster to test its capability of detecting
a central IMBH, as well as on the GC 47 Tucanae (also known as NGC
104, hereafter 47 Tuc). We also test how the results would improve
with longer datasets of observations with both Parkes and MeerKAT
radio telescopes.

As described in eq. 3.4, the jerks felt by the pulsars influence the
measured second spin derivative. In eq. 3.4, however, we omitted to
write the contribution due to the intrinsic spin-down. The complete
equation would be:

(
P̈
P

)
meas

=
ȧc

c
+

(
P̈
P

)
int

, (5.1)

where ȧc is the jerk due to the GC potential projected along the line of
sight. The contribution from the intrinsic spin-down due to magnetic
dipole breaking can be estimated following ω̇int = −Kωn

int [228],
where ω = 2π/P, K is a constant and n is the breaking index assumed
to be equal to 3. This leads to a second time derivative for the period

(
P̈
P

)
int

= (2− n)
(

Ṗ
P

)2

int
. (5.2)

From the estimate of (Ṗ/P)int we find that the contribution of the
intrinsic spin down on the jerk is of the order of 10−27 m s−3. This is
completely negligible when compared to the jerk due to the GC which
is ∼ 10−18 − 10−19 m s−3. This means that a measure of the second
derivative of the period of a pulsar in a cluster corresponds to a direct
measure of the jerk of the star.

Furthermore, we have a similar scenario for jounces. The equation
for the third period derivative reads

( ...
P
P

)
meas

=
äc

c
+

( ...
P
P

)
int

, (5.3)
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where äc is the line-of-sight jounce due to the GC potential. Estimating
the contribution of the intrinsic spin-down from the time derivative of
equation (5.2), we find a value of∼ 10−44 m s−4. The latter contribution
is negligible compared to the jounce due to the GC, which is ∼ 10−28

m s−4.
There are also other untreated sources of errors that affect the second

and third period derivatives of MSPs. For instance, to compensate for
all the delays caused by the Earth’s motion, the ToAss of pulses are
always referred to the SSB. An imprecise determination of the SSB may
lead to inaccurate period derivatives [88]. Other sources of errors like
the effects of the velocity both on the plane of the sky and on the line
of sight have been discussed in a paper by Liu, Bassa, and Stappers
[224].

Quantifying the effect of different sources of errors in the estimation
of the second and third time derivative of the period is quite uncertain.
As a reference for these uncertainties, we defer to Perera et al. [289]
and Freire et al. [132]. Converting the measured period derivatives to
acceleration derivatives using the formulae written above, we find that
we can measure jerks up to a precision of ∼ 10−21 m s−3 and jounces
up to ∼ 10−29 m s−4. In Section 5.3.2 we will investigate whether this
level of accuracy is enough to quantify the effects of a central IMBH.

5.3.1 Simulations

We run a set of high-precision N-body simulations of star clusters
by means of a new version of the direct summation N-body code
HiGPUs[83, 84]. The HiGPUs code implements a Hermite 6th order
integration method [277], which uses accelerations, jerks and jounces
to advance the positions and velocities of stars over time. The method
is implemented using block time steps [2] and written with MPI and
OpenCL, to run on different and parallel computing architectures. We
also implemented the new AVX-512 instructions to effectively run on
the last generation Intel Central Processing Units as well as on Xeon
Phi (Knights Landing) coprocessors.

We use the HiGPUs code to evolve a set of star clusters. Each star
cluster is composed of N = 90, 000 stars, whose masses are distributed
according to a Kroupa [216] mass function with minimum mass 0.1 M�
and maximum mass 2 M�1. The initial positions and velocities of stars
are sampled from a [204] density profile with central dimensionless
potential W0 = 7 and a core radius rc = 0.16 pc, similar to the present-
day distribution of stars in the GC Terzan 5. We evolved 6 different
N-body models of the same star cluster, each one containing a cen-
tral IMBH with mass (0, 100, 500, 1000, 5000, 10000) M�, respectively.
The IMBH is initially placed at the centre of the star cluster with zero

1 We use 2 M� as maximum mass of the mass function to mimic the stellar population
of a quite old cluster.
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velocity, but it can wander during the N-body simulation, since it is
treated as a real N-body particle. Furthermore, to minimise statistical
fluctuations in our results, we evolve 10 different random realisations
of the same star cluster. In our simulations, we do not use a softening
parameter to artificially smooth out strong gravitational encounters,
we do not include primordial binaries and we do not take into account
stellar evolution calculations. All the star clusters start in virial equi-
librium with the IMBH and have been evolved for ∼ 50 Myr, to ensure
that virial equilibrium is preserved and all systems are dynamically
stable. The relative variation of the total energy (angular momentum)
of each star cluster is kept below 10−7 (10−8) for all the simulations.

We also run a set of simulations reproducing the properties of 47 Tuc.
The parameters are taken from [49]: the core radius is set to rc = 0.58
pc and the concentration parameter to C = 1.91. Each N-body particle
represents a single star and the number of particles in the simulations
is chosen in order to obtain a total mass of 8.4× 105 M�. We evolved
80 different N-body models of the same star cluster each with an
IMBH of different mass chosen randomly between 500 and 8000 M�.
We focus on this GC as it contains 25 known MSPs [132] and has been
subjected to various IMBH searches in the past with negative results
[4, 230, 263]. There has been a claim of an IMBH of 2200 M� using
the acceleration data from pulsars [206]. However, this claim has not
received further support from later studies on the same pulsar dataset
[4, 132]. As around 40 percent of these MSPs are isolated, we do not
have accurate estimates of the acceleration for them (see section 3.2).
This makes the jerks all the more useful when searching for an IMBH

in 47 Tuc.

5.3.2 Results

Figure 5.7 shows the line-of-sight jerks, and their 1σ interval, as a
function of the distance projected along the plane of the sky from the
cluster centre. We compare the results from our N-body simulations
of a star cluster with an IMBH of 1000 M� and the same star cluster
without a central IMBH. The line of sight is chosen to correspond to
the z axis of the simulations. The 1σ interval is computed by dividing
the projected radius in 25 bins and measuring the 16 and 84 percentile
of the jerks of the stars in each bin. The radius up to which the central
black hole dominates the dynamics of the system is the influence
radius. It is the radius at which the velocity of the Keplerian orbit
around the black hole is the same as the stellar velocity dispersion in
the core [48]. The effect of the IMBH is clearly visible inside its influence
radius and extends further out. All the stars that passed inside the
influence radius are affected either directly or indirectly by the IMBH

and keep the memory of this interaction even when they leave the
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Figure 5.7: Line-of-sight jerks of the stars from the simulations as a function
of the projected distance from the cluster centre in presence of a
black hole (blue dots) and without (orange dots). The IMBH mass
is 1000 M�. The dashed blue and the solid red lines are the 1σ
interval of the distribution of the jerks measured over 25 radial
bins. The vertical line is the influence radius of the IMBH.

influence radius. This way the dynamical effects can extend farther
outside.

The IMBH influences both the mean field and the nearest neighbour
contribution to the jerks as seen in Figure 5.8. The mean field jerk is
measured using equation (A.15), while the nearest neighbours jerk is
taken as the difference between the measured jerk and the mean field
one. We find that the presence of the IMBH does not change the ratio
of the two jerks, but affects their norms. The enhanced gravitational
potential and stellar density within the influence radius lead to the
increase of the mean field jerks. Likewise, the enhancement in the
local velocity dispersion and stellar density lead to the increase of the
nearest neighbour jerks, as shown in Figure 5.8.

Jounces projected along the line of sight and their 1σ interval from
the simulations are plotted in Figure 5.9 for the case with an IMBH of
1000 M� and without. To create this plot we use the same prescriptions
as in the case of jerks (Figure 5.7). The IMBH leads to an increase of
the jounces, but less pronounced compared to that for the jerks. If we
disentangle the two contributions, jounces from the mean field are
affected the most but the contribution of the nearest neighbours is still
dominant, as shown in Figure 5.10.

We use MSPs as test particles for detecting the presence of an IMBH

through their jerks and jounces. In order to determine the amount
of information that can be derived from a single MSP, we map the
different distributions in the jerk-radius plane for clusters with the
IMBH and without. We repeat this process for all of the IMBH masses
in our simulations. We compare the distributions by dividing the pro-
jected distance of the stars to the centre into 50 bins up to a maximum
of 1 pc. The values of the jerks for these stars were divided into 50
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Figure 5.8: Line-of-sight jerks of the stars from the simulations as a function
of the projected distance from the cluster centre in the case with-
out the IMBH (top panel) and with an IMBH of 1000 M� (bottom
panel). Jerks due to the mean field are plotted with green dots
and jerks due to the nearest neighbours are plotted with grey
dots. The dashed green and the solid black lines are the 1σ inter-
val of the distribution of the mean field jerks and of the nearest
neighbour jerks measured over 12 radial bins. The vertical line
shows the influence radius of the IMBH.
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Figure 5.9: Line-of-sight jounces of the stars from the simulations as a func-
tion of the projected distance from the cluster centre in presence
of an IMBH (blue dots) and without (orange dots). The black hole
mass is 1000 M�. The dashed blue and the solid red lines are
the 1σ interval of the distribution of the jounce measured over 25

radial bins. The vertical line is the influence radius of the black
hole.

bins from −2× 10−18 to 2× 10−18 m s−3. We show the comparison in
Figure 5.11. The colour scale shows in a logarithmic scale the ratio
of stars found in each cell in the case with an IMBH and in the case
without. If an MSP is found in one of the bright yellow squares, then it
is more likely that the parent cluster hosts an IMBH. On the contrary
if an MSP is found in one of the dark blue squares it is more likely
that it lives in a cluster without an IMBH. Figure 5.12 shows the same
probability maps for the jounces created dividing the jounces in 50

bins between −10−27 and 10−27 m s−4. These maps show that stars
close to the centre of the cluster with high values of jerks and jounces
are strong indicators of the presence of an IMBH while, if the jerks
and jounces are small, the IMBH is likely absent. Even only a few stars
located in the bright yellow or dark blue regions of the maps can help
discriminate between the different IMBH masses.

We test whether the information gained from these maps is enough
to infer the presence of an IMBH and its mass through Bayesian model
selection. We assume that each cluster contains 20 MSPs for which
accelerations, jerks and jounces have been measured with uncertainty
equal to 10−21 m s−3 for the jerks and to 10−29 m s−4 for the jounces.
Accelerations are measurable only for MSPs in binaries. The fraction of
binary MSPs to isolated ones in the Galactic GCs varies form 0.1 for M15,
to 0.5 for Terzan 5, and 0.6 for 47 Tuc and can reach 1 for M62. In the
simulated cluster we assume that this fraction is 0.5. Therefore of the
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Figure 5.10: Line-of-sight jounces of the stars from the simulations as a func-
tion of the projected distance from the cluster centre in the
case without a black hole (top panel) and with a black hole of
1000 M� (bottom panel). The jounces due to the mean field are
plotted with the green dots and the jounces due to the nearest
neighbours are plotted with the grey dots. The dashed green and
the solid black lines are the 1σ interval of the distribution of the
mean field jounces and of the nearest neighbour jounces mea-
sured over 12 radial bins. The vertical line shows the influence
radius of the IMBH.
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Figure 5.11: Probability of finding an MSP in a given projected radius bin with
a given jerk in presence of an IMBH over the probability in the
absence of it. The transparency of each pixel qualitatively shows
the statistics of the value. Darker pixels have larger uncertainties.
Pulsars found in a yellow square indicate that a black hole is
likely present, while pulsars in blue square indicate that it is
more likely that there is no black hole.
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Figure 5.12: Probability of finding an MSP in a given projected radius bin with
a given jounce in the presence of an IMBH over the probability
in the absence of it. The transparency of each pixel qualitatively
shows the statistics of the value. Darker pixels have larger uncer-
tainties. Pulsars found in a yellow square indicate that a black
hole is likely present, while pulsars in blue square indicate that
it is more likely that there is no black hole.
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20 MSPs assumed to be populating our clusters 10 are in a binary. Only
for these 10 MSPs it is possible to measure the value of the line-of-sight
acceleration. As a reference for the precision of this measurement we
take the average uncertainty measured for the binary MSPs in 47 Tuc
which is 10−9 m s−2. We compare the results obtained using jerks and
jounces with the ones obtained using only the accelerations.

Bayesian model selection is a statistical tool that allows us to com-
pare quantitatively different models to find which one best describes
the data. This comparison is based on the measures of the evidences
which are the likelihoods of obtaining a specific value from the models
integrated over the range of the free parameters. Since in our simu-
lations there are no free parameters, the evidences correspond to the
likelihoods, i. e. to the probabilities measured in each bin like in the
maps of Figure 5.11 and 5.12 (the dimensions of the bins correspond
to the errors of the acceleration, jerk and jounce). If there is no reason
to prefer a priori one model over the other, the ratio of the evidences
returns the Bayes factor which is the quantity used for the comparison.
This quantity is usually reported in logarithmic values in base 10. If
the Bayes factor is above 2 or below -2 (meaning that the evidence for
one model is more than 100 times higher than the other) one model is
strongly favoured. If it is between 1 and 2 or between -2 and -1 (with
evidences between 10 and 100 times higher) one model is moderately
favoured and if it is between -1 and 1 (evidences less than 10 times
higher) nothing can be said.

For this test, we consider the simulations described earlier without
the IMBH and extract 20 test particles representing MSPs. In Galactic
GCs the radial distribution of pulsars does not reproduce the average
radial distribution of stars. Since MSPs are more massive than the
typical star in the cluster, they are more segregated in the centre and
the radial distribution can be described by the following formula (see
eq. A.1):

N(R⊥) = N0

(
1 +

(
R⊥
rc

)2
)α/2

, (5.4)

where R⊥ is the projected distance from the cluster centre, N0 is
the normalisation and α is the spectral index responsible for the
segregation. For the dominant mass stars in a cluster described by a
King profile α = −2. Typically for MSPs this index is ∼ −3 [4, 301]. To
reproduce the observed distribution of MSPs, we extract their projected
distance from the centre from equation.

We select the stars with projected distance within 0.02 pc of the
position of the MSP and we extract the values of the line-of-sight
acceleration, jerk and jounce to assign to the MSP from the values
of the set of nearby stars. Then, we count the number of stars with
projected distance within 0.02 pc of the MSP and with acceleration
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within the 1σ interval of the value assigned to MSP, assumed to
be 10−9 m s−2. This number, divided by the total number of stars
corresponds to the likelihood of a star to have that value of projected
radius and line-of-sight acceleration. We multiply these likelihoods for
each MSP together in order to obtain the total evidence for the set of
MSPs. We repeat the same estimate for the jerks and the jounces using
as uncertainties 10−21 m s−3 and 10−29 m s−4 respectively.

We repeat the measure of the evidence for the same set of MSPs

using the simulations with an IMBH described in Section 5.3.1. Finally,
we divide the evidence in the case with an IMBH by the evidence in the
case without to obtain the Bayes factor. As the set of MSPs is small, this
result is severely affected by the random extraction of the parameters.
To gain a deeper insight in the result we repeat this calculation 2000

times for each simulation and average the results.
We compute the average Bayes factor for all IMBH masses considered

in the simulations, first by taking accelerations into considerations,
then jerks, and then jounces. Since accelerations, jerks and jounces
are extracted independently of one another, the Bayes factors can
be added together (when they are in logarithmic units). The results
are summarised in Table 5.2. Since the MSPs were extracted from the
simulation without an IMBH the evidences will be higher in the case
without an IMBH and the resulting Bayes factors are always negative.
At high masses (above 103 M�) the Bayes factor from the acceleration
alone is below -2, so it is enough to affirm whether the IMBH is present.
At a mass of 5× 102 M�, the Bayes factor for the acceleration is only
-1.6 so we need to incorporate the information from jerks and jounces
in order to reach statistically reasonable levels of confidence. At the
lowest black hole mass in the simulations (102 M�) the total Bayes
factor is -1 meaning that this mass is below our detection threshold. It
is interesting however to look at how the single parameters contribute
to this Bayes factor: the accelerations are barely informative about the
presence of the IMBH with a Bayes factor of only -0.3 while the Bayes
factor of the jerks is lower, -0.6. This shows that for black holes of low
masses jerks can be more informative than accelerations. For all IMBH

masses, jounces only contribute with a Bayes factor which is much
less than that of accelerations or jerks but still jounces carry significant
information which helps to bring the Bayes factor over the detection
threshold. From these results we state that in order to search for low
mass IMBHs in GCs with MSPs, the best approach is to consider the
accelerations and their derivatives together.

We test the limits of this technique by changing the number of MSPs

in the clusters. We look for the number of MSPs necessary to detect
an IMBH of 102 M� in the simulations with statistical significance.
This number (needed to retain a Bayes factor smaller than -2) is
around 40 MSPs with 20 binaries. In this case the Bayes factor from the
accelerations would be only -0.7 while the Bayes factor for the jerks
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Table 5.2: Logarithm of the Bayes factor between the model with an IMBH

and without. The different black hole masses in units of M� and
as percentage of the total mass of the simulated cluster are listed
in column 1. Columns 2-4 give the Bayes factor using only acceler-
ation, jerks and jounces and the last column give the total Bayes
factor.

MBH Accelerations Jerks Jounces Total

M� (log10) (log10) (log10) (log10)

1× 104 (10%) -5.3 -2.9 -0.9 -9.1

5× 103 (5%) -4.4 -2.3 -0.7 -7.4

1× 103 (1%) -2.4 -1.0 -0.4 -3.7

5× 102 (0.5%) -1.6 -0.8 -0.3 -2.7

1× 102 (0.1%) -0.3 -0.6 -0.1 -1.0

would be -1.2 and for the jounces would be -0.2. If the number of MSPs

is further reduced to 10 and of binaries to 5, the limit mass of the IMBH

measurable goes up to 103 M�. Also in this case the jerks and jounces
play a significant role since the Bayes factor of the lone acceleration is
-1.2, while combining the information from jerks and jounces we can
reach -2.

5.3.3 Application to 47 Tuc

We apply the same technique to our N-body model of 47 Tuc. The
parameters of the MSPs were taken from the latest published ephemeris
[132, 136, 307]. We used the observed projected distances from the
centre, assuming a distance of the GC to the Sun of 4530 pc [61]. For
binary MSPs we used the information on the period and orbital period
derivatives to measure the acceleration and for all MSPs we used the P̈
to measure the jerk. For these pulsars there is still no clear measure
of the jounces. We repeat the analysis described in Section 5.3.2. We
first assumed that for isolated MSPs we don’t have any information
on the accelerations and then we repeat the analysis by estimating
the accelerations by subtracting the inferred intrinsic spin-down from
the period derivative. The intrinsic spin-down can be modelled by
estimating the surface magnetic field inferred from Galactic MSPs with
similar properties as those in 47 Tuc (as discussed in section 3.2).

The results of the analysis with and without the acceleration from
isolated MSPs are shown in Figure 5.13 where we give the Bayes
factor for different IMBH masses. We first show in grey the Bayes
factor obtained using only the acceleration from binary MSPs. In this
case, high mass black holes look disfavoured but there is not enough
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Figure 5.13: Values of the Bayes factor for detecting a central IMBH in 47 Tuc
using the parameters of acceleration and jerk measured from the
MSPs dataset. The gray line considers only the acceleration from
binaries. The dashed blue line considers the acceleration from
the binaries and the jerks from all the MSPs. The dot-dashed red
line considers also the acceleration of isolated MSPs for which the
value of the intrinsic spin-down is extracted from a probabilistic
distribution.

statistics to exclude any of the tested IMBH mass. The dashed blue line
represents the Bayes factor measured adding the information from
the jerks. The situation improves but the Bayes factor never reaches
the value of -2. Only when combining also the acceleration from the
isolated MSPs, we find a statistically significant upper limit to the mass
of the IMBH. This limit is ∼ 7000 M�. The accelerations for isolated
MSPs are measured as described above and add a lot of fluctuations
due to the unknown intrinsic spin-down.

The upper limit we obtain here is not as stringent as in [4] where
only the accelerations of the MSPs were used. This is because [4]
adopted a Monte Carlo Markov Chain algorithm to determine the
3D position of the MSPs. The determination of these positions allowed
the authors to estimate analytically the expected line-of-sight acceler-
ations in presence of black holes of different masses. This approach
is not feasible for the jerks since we lack the analytical or statistical
expressions to calculate the contribution due to nearby neighbours
in presence of an IMBH. Therefore, it is not possible to estimate the
total jerk felt by a star given the position along the line of sight. How-
ever, the focus of the paper is to show the improvement brought by
jerks over the accelerations in the search for a central IMBH. In order
to do a fair comparison between the accelerations and the jerks, we
decided to disregard the 3D positions of the MSPs when measuring
the accelerations.
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Future observations can lead to a major improvement to the mass
measurement of the IMBH. The uncertainty with which the acceleration
can be measured decreases with longer observing baselines as T−5/2

with T being the total observing timescale [224]. In contrast, the
uncertainty on the jerks decreases as T−7/2. The uncertainty on the
jounces decreases even faster as T−9/2 leading to a possible measure
of jounces for all MSPs in 47 Tuc in the near future. As the uncertainties
on the jerks and jounces of MSPs decrease faster than the ones on the
accelerations, a technique to extract information from the jerks and
jounces will be necessary to be more sensitive to lower IMBH masses.

To test how the improvements of the measurements of jerks and a
first measurement of jounces would influence the sensitivity of the
search of a central IMBH, we performed mock simulations of future
observations. We used the software tempo2 [112] to simulate the ToAs

of the pulses supposing that the cluster will be observed on a monthly
basis for five more years with the same sensitivity as up to now. With
the resulting reduced uncertainties for the jerks and jounces, we apply
the same technique explained in Section 5.3.2 again for 47 Tuc.

The blue line in Figure 5.14 shows the Bayes factor as a function
of IMBH mass if observations are performed with the Parkes radio
telescope. The IMBH upper limit in this case reduces to ∼ 5000 M�.

We repeat the same simulations for the MeerKAT radio telescope
in South Africa. We first estimate the increase in sensitivity this tele-
scope would have compared with Parkes. MeerKAT is made up of 64

antennas of 13.5 m of diameter, the nominal gain of this telescope is
GM ∼ 2.8 K Jy−1 with an observing bandwidth of ∆νM = 856 MHz.
The gain of Parkes instead is GP = 0.64 K Jy−1 and the bandwidth used
for these observations is ∆νP = 256 MHz. The signal to noise ratio of
an observation with MeerKAT would be GM/GP

√
∆νM/∆νP ∼ 8 times

higher. This roughly translates into a timing precision with MeerKAT
observations 8 times higher than with Parkes. With these improved
sensitivities we expect to detect in five years IMBHs of MBH > 1000
M� as shown in the dashed orange line in Figure 5.14.

Figure 5.14 shows not only the upper limits for non-detections of
IMBHs but also the lowest detectable mass of IMBHs in future obser-
vations. Any IMBH of mass higher than the upper limits determined
above will be detected as the accelerations, jerks and jounces of the
MSPs will be inconsistent with the simulation without the IMBH.

5.3.4 Caveats

The over-density of stars in the influence radius (see Appendix A)
is a stable configuration attained over a large number of relaxation
times. Our simulations are not run for such long times to recover
the stationary profile, but for the mock cluster used, the relaxation
time [54] measured at the core radius is close to the duration of the
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Figure 5.14: Prediction of detectability of a central IMBH in 47 Tuc assuming
we have access to 5 more years of timing observations with the
Parkes radio telescope (shown in blue) and with the MeerKAT
radio telescope (shown in dashed orange). The simulations show
that Parkes would allow us to detect IMBHs of mass > 5000 M�
and that with MeerKAT of mass > 1000 M�. Details of how
these simulations were run are found in the text.

simulations, i. e. 50 Myr. For this reason we see an enhanced density in
the centre that helps increasing jerks and jounces inside the influence
radius.

The situation differs for 47 Tuc. In the simulations we don’t see the
over-density forming in the centre as the core relaxation time is much
longer, ∼ 700 Myr. Since the density does not change, the enhanced
jerks and jounces that we measured are only caused directly by the
gravitational potential of the IMBH and increased velocity dispersion.
As jerks and jounces increase in presence of the over-density (as shown
in the mock cluster simulations) the results derived in Section 5.3.3
highlighting the importance of jerks in the search of an IMBH will be
strengthened by using more evolved simulations.

5.3.5 Discussion

IMBHs in Galactic GCs have been searched for extensively, and com-
pelling evidence is still lacking. In particular the discovery of IMBHs

of mass below a few thousands solar masses is challenging since
their influence is limited to the centre-most region of the star cluster.
MSPs have been considered as key probes through their accelerations
measured via pulsar timing analysis. In this paper we show that mea-
surements of the second and third derivative of the rotational period
of an ensemble of MSPs in a Galactic GCs help in their identification.
These derivatives are correlated respectively with the line-of-sight com-
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ponent of the first and second derivatives of the acceleration called
jerks and jounces.

Direct N-Body simulations of star clusters using the Hermite’s 6th
order integrator require the computation of higher order derivatives of
the star’s accelerations to trace with high accuracy the stellar dynamics
determined by the mean gravitational field and by neighbouring stars.
For the first time, we read off the values of the star’s jerks and jounces
from a suite of simulations with and without IMBHs.

We demonstrated that a central IMBH modifies the distribution of
jerks and jounces within its sphere of influence. We used MSPs as test
particles of the gravitational field and, using a Bayesian analysis, we
computed the probability of finding MSPs in a given jerk and jounce
bin extracted in a suite of simulations with IMBHs over a range of
mass between 102 and 104 M�. We showed that the derivatives of
the acceleration are more sensitive to the presence of black holes of
low masses when compared with just the information taken from the
acceleration. A combination of all the kinematic information is shown
to be the best method for searching for black holes of all sizes.

We applied this technique to the MSPs in 47 Tuc and obtained an
upper limit on the mass of the central IMBH of ∼ 7000 M�. This result
is not as stringent as other upper limits derived for this cluster based
only on the acceleration data of the MSPs [4] because it does not take
into consideration the position along the line of sight of the MSPs. To
include this parameter we need a description of the effects of the IMBH

on the jerks and jounces caused by neighbouring stars which is still
lacking. However, the inclusion of jerks in the calculation was essential
in measuring this mass limit.

As more observations pile up, the accuracy of the measurements of
jerks and jounces improves faster than for accelerations. The uncer-
tainty scales as T−7/2 for the jerks and T−9/2 for the jounces where
T being the total length of observations. In contrast the accuracy of
accelerations in the case of binary pulsars scales as T−5/2. For isolated
pulsars the accuracy of the acceleration will not increase since the
intrinsic spin down is unknown.

In the near future jerks and jounces might be so precise that they are
more informative than accelerations. This has been tested simulating
observations for five years with the Parkes radio telescope and with
the MeerKAT radio telescope which will observe this cluster in the
future. We estimated how the measurements of jerks and jounces
can improve and applied the technique to set lower upper limits for
IMBHs. With five more years of observations at Parkes the upper limit
is ∼ 5000 M�. With MeerKAT the limit is below 1000 M�.

MSPs can become the most precise probes to search for the presence
of IMBHs in Galactic GCs . Long observational campaigns are necessary
to reach the precision required to achieve this result. Thus, it is impor-
tant that all these MSPs, even the isolated ones, are regularly observed.
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Newly discovered MSPs close to the centre of the clusters would also
greatly increase the accuracy of the search.



6
F O R M AT I O N O F T H E C E N T R A L N S C W I T H M S P S
F R O M G L O B U L A R C L U S T E R S

The work described in this Chapter is presented in:
F. Abbate, A. Mastrobuono-Battisti, M. Colpi, A. Possenti, A.
C. Sippel, and M. Dotti. “Probing the formation history of the
nuclear star cluster at the Galactic Centre with millisecond
pulsars.” MNRAS, 2018, Vol. 473, pp.927–936

The fields of astronomy that can be addressed while remaining in
the context of GC pulsars are plenty. In chapters 3 and 5 we saw how
pulsars can be used to study the properties of the host GCs like the gas
content or the presence of an IMBH or black hole system. In chapter 4

we saw that the magnetic field of GCs can be used as a tracer of large
scale properties of the Galaxy itself like a magnetized outflow from
the disk. In this chapter we show how GC pulsars might help solve
the mystery of the formation of the NSC that surrounds the Galactic
centre.

We first describe the different possible formation scenarios concen-
trating on the cluster-inspiral scenario that assumes that the NSC was
formed by the infall of stellar cluster brought to the Galactic centre
by dynamical friction. We show that, in this process, the MSPs present
in the clusters will be deposited in the NSC with a peculiar radial
profile and finally we test if future surveys of the Galactic centre with
radio telescopes will be able to detect the MSPs and infer, from the
distribution, the most likely formation scenario.

6.1 galactic nuclear star cluster

NSC are dense stellar systems observed in a large fraction of galactic
nuclei [62, 85]. They have masses between 106M� and 107M�, effective
radii of less than 5 pc [63, 98, 150] and often host a Super Massive
Black Hole (SMBH) at their centre [151].

The central parsecs of our Galaxy host a NSC [149, 255] with half-
light radius of 4.2± 0.4 pc [315], a mass of 2− 3× 107 M� [121, 315]
and a central black hole of 4.30± 0.20stat ± 0.30sys × 106 M� [155].

The formation mechanism of NSCs is not yet known and two are
the main scenarios proposed so far: (1) the in-situ formation scenario
where infall of gas to the centre of the galaxy and subsequent star
formation are responsible for the formation of the cluster and its
stellar populations [11, 227, 261, 271]; (2) the cluster-inspiral scenario
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where stellar clusters spiral into the galactic centre under the action
of dynamical friction and slowly accumulate to build up the NSC
[18, 19, 21–24, 82, 156, 290, 343]. While the first scenario is dissipative
and relies on violent episodic events of gas inflows, the second is
dissipationless and regular over the entire lifespan of the NSC.

These two formation processes may not be mutually exclusive, and
can work in concert [18]. In particular, the cluster-inspiral scenario
can account for both the morphological and kinematic properties of
the NSC at the Galactic centre [346]. On the other hand the young
massive stars in the Galactic NSC [149, 153, 314] show the presence of
an ongoing star formation.

The central regions of the Galaxy are thought to host a large popu-
lation of both ordinary pulsars and millisecond pulsars [MSPs, 292,
357]. The large number of massive and young stars suggests that an
abundant population of ordinary pulsars could stem from the ongoing
star-formation. Moreover, the Galactic Centre hosts an excess of X-ray
sources comparable to the excess measured in GCs [164, 273]. This
might be indicative of a large population of MSPs, similar to the ones
observed in GCs. This population was for long thought to be unob-
servable with current telescopes because of the very large expected
gas densities in the central regions which would create strong scat-
tering screens [222]. The scattering screens would induce a temporal
smearing which would cover completely the pulsed emission of the
pulsars.

The discovery of the Galactic Centre magnetar SGR J1745-29 at just
0.1 pc from the central SMBH, Sgr A* indicated that the scattering
screen could be up to three orders of magnitude weaker than what
expected [329], at least along some favourable lines of sight. Moreover,
the angular broadening scale of the magnetar is in excellent agreement
with the one measured for Sgr A*, suggesting that the two sources
lie behind the same scattering screen [67]. The angular broadening
scale is also similar to what measured in masers at ∼ 1− 50 pc from
the Galactic Centre. Therefore we can argue that the effects of the
scattering screen are similar to those seen in SGR J1745−29 over a
significant portion of the Galactic Centre region.

In spite of these predictions, the numerous surveys – some of them
performed also at relatively high radio frequencies, from 3 GHz to 15

GHz – focused on finding this population of ordinary and millisecond
pulsars in the central parsecs of the Galactic region [43, 105, 194,
244] have not detected a single pulsar. This disagreement between
predictions and observations is known as The Missing Pulsar Problem
[106].

In fact, the Galactic Centre pulsar population might also be respon-
sible for the excess that the Fermi satellite detected in gamma-ray
[103, 157, 181]. This excess peaks at ∼ 2 GeV, is roughly spherical
and extends to ∼ 10◦ − 20◦ (1.5-3 kpc) from the Galactic Centre. The
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most probable sources of the excess are the annihilation from dark
matter particles [103, 181], the emission from diffuse cosmic rays [144]
and the emission from a population of MSPs [3, 157]. Wharton et al.
[357] estimated that to produce the observed emission the number of
MSPs within 1 pc should be . 5000. Brandt and Kocsis [69] suggested,
and Arca-Sedda, Kocsis, and Brandt [27] confirmed, that the emission
from MSPs from disrupted globular clusters could explain the observed
excess. Other authors instead claim that this mechanism could only
explain a few percent of the total excess [164, 182, 183].

GCs are known to be breeding grounds for the formation of MSPs

[79, 131]. Thus, in the cluster-inspiral scenario, GCs are expected to
deposit their population of MSPs which are then inherited by the NSC.

In the in-situ formation scenario, ordinary pulsars form out of
regular star formation and should be found where young massive
stars are observed, ∼ 0.5 pc [42, 255, 363]. Field binaries and binaries
that form via dynamical interactions in the densest regions of the NSC
can produce a population of MSPs [119].

Since ordinary pulsars live only for a few tens of Myr, the current
population can not carry any information on the formation scenario.
By contrast, MSPs are expected to live and emit radio pulsations for
1-10 Gyr timescales and can be used to disentangle the two formation
processes.

This paper is a first attempt to probe the cluster-inspiral scenario
using MSPs as tracers of the dynamical formation of the Galactic NSC.

The cluster-inspiral scenario that we refer to in this paper is de-
scribed in Antonini et al. [19], Perets and Mastrobuono-Battisti [290],
and Tsatsi et al. [346]) . In these investigations, NSC form via repeated
mergers of dense and massive stellar clusters, which are sinking to-
ward the centre of a Milky Way-like bulge.

In the N-body simulation by Tsatsi et al. [346] used in this investi-
gation, a NSC grows by letting 12 identical stellar clusters fall on the
Galactic Centre, one every ∼ 0.85 Gyr. The stellar clusters have a mass
of 1.1× 106M� and are represented by a tidally truncated King model
[204] with core radius of ∼ 0.5 pc, half mass radius of ∼ 1.2 pc and
the dimensionless King potential W0 is 5.8. The half mass relaxation
time for these clusters is ∼ 0.3 Gyr. The Galactic Centre is composed
of a nuclear disc of mass Mdisk = 108 M� and a central massive black
hole of mass 4× 106 M�. The black hole gravitational field acts as
attractor and thus contributes to the building up of the NSC. The stellar
clusters are released at a distance of 20 pc from the Galactic Centre.
The inspiral happens on a timescale of a few tens of Myr, much shorter
than the half mass relaxation time. Therefore the internal evolution
of the globular clusters can be neglected during the inspiral phase.
After the the arrival of the last globular cluster, the system is evolved
for 2.2 Gyr, reaching a total simulation time of ∼ 12.4 Gyr. Following
Tsatsi et al. [346], we analyse three simulations with different initial
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conditions on the orbital parameters. In I and II, the longitude of the
ascending node Ω and inclination i of the orbits are randomly chosen.
In simulation III, the constraint on i < 90◦ allows to describe the
sinking of clusters formed in the central molecular zone of the Milky
Way having random offsets with respect to the Galactic plane, but all
sharing prograde orbits.

6.2 neutron stars in globular clusters

Stellar clusters host a large number of neutron stars that form after a
few million year from the core collapse of stars with masses between
9− 20 M�. In order to determine their spatial distribution and density
in every simulated cluster, we focus on the outcome of an N-body
simulation of a "reference" star cluster [325]. The cluster is evolved
with NBODY6 [1, 2, 276] and has a total initial mass of 1.6× 105 M�,
an initial core radius of ∼ 4 pc, an initial half-mass radius of 6.2 pc,
and is described by a Plummer density profile. The stars are initially
distributed according to the initial mass function of Kroupa, Tout, and
Gilmore [215] between 0.1 M� and 50 M�. The total number of stars
simulated is 262 500 and are evolved accounting for stellar evolution
for 12 Gyr as modelled in [186]. In Sippel and Hurley [325], the
neutron stars receive kicks at birth whose strength is adjusted in order
to obtain a retention fraction of ∼ 10% as is suggested by observations
[291, 293]. The simulation is sampled every Gyr, which corresponds
to about 0.5 half-mass relaxation times, in order to reconstruct the
mass segregation of the neutron stars. The evolution is followed up
to 6 half-mass relaxation times. During the evolution of the cluster
the half-mass relaxation time remains constant. The positions of the
neutron stars as a function of time is shown in Figure 6.1.

The next step consists in rescaling and adapting the outcome of this
simulation to our large scale simulation in order to track the position
of the neutron stars in each cluster during the assembly of the NSC. To
set this correspondence, we divide the stars in radial bins expressed in
units of the half-mass radius and measure the mass ratio of neutron
stars to normal stars in every snapshot. After obtaining the neutron
star mass fraction in every normalised bin, we mark the same fraction
in the corresponding stellar clusters used in the simulation of the
cluster-inspiral formation scenario. Since every cluster is injected at a
different time, the spatial distribution of the neutron stars is modified
by mass segregation. The match in time is carried on attributing
different spatial distributions according to the time of cluster injection,
measured in units of the half-mass relaxation time. Having established
these correspondences, we then follow the dismemberment of the host
clusters to infer the final position of the neutron star population, at
the end of the simulation. The positions and radial distribution of
the neutron stars during the simulation of the formation of the NSC
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Figure 6.1: Snapshots of the spatial distribution of the neutron stars (blue
dots) in the simulated reference cluster by Sippel and Hurley
[325] on top the background stellar component (grey dots). The
snapshots are taken one every 0.5 half mass relaxation time. The
time at which each snapshot is taken is shown in each panel in
units of the half mass relaxation time.
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Figure 6.2: Snapshots of the spatial distribution of the neutron stars (blue
dots) in the NSC on top the background stellar component (grey
dots). Each snapshot is taken when a new globular cluster is
injected in the simulation.

are shown in Figure 6.2 and in Figure 6.3. The neutron stars do not
cluster in the central regions of the NSC but are scattered throughout
a region of 40-50 pc. As these simulations are performed with single
mass particles we cannot follow the effect of mass segregation in the
NSC.

The radial distributions of the neutron stars deposited by the clusters
at the Galactic Centre are shown in Figure 6.4, for the three different
simulations. The neutron stars do not cluster within the central parsec.
Instead, they are spread over a rather wide volume, with ∼ 87% being
inside a radius of 20 pc. The peak of the distribution is at 3 pc, close
to the gravitational influence radius of the central massive black hole
[13, 90, 121, 266]. The first clusters are tidally disrupted closer to the
black hole, whereas those sinking at later times have a progressively
larger disruption radius, due to the build up of the NSC. This is the
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Figure 6.3: Radial distribution of the neutron stars deposited in the NSC

during the simulation. The distributions are sampled after the
first, forth, eighth and twelfth globular cluster are injected and left
to evolve for 0.85 Gyrs. The number of the last globular clusters
injected for each distribution is shown in the label. Each bin has
a width of 1 pc.

cause of the broad distribution of the neutron stars, in the simulations
[290]. The spatial distribution of neutron stars is weakly dependent
on the initial conditions of the cluster orbits as is shown in Figure 6.4
where results from the three simulations are plotted. Therefore in our
analysis we will use only the simulation I.

So far, the neutron stars of our simulations have been treated as
point particles. We lacked in tracing their small-scale dynamics in
the cluster and in the NSC leading to their pairing in binaries, and
their close interaction with companion stars, which leads to their
recycling as MSPs [370]. Thus, in determining the recycling fraction our
approach is necessarily statistical, and is based on current observations
of MSPs in the field and in globular clusters, and on a comparison with
ordinary pulsars. We further note that our simulations do not evolve
the stellar population during the NSC growth.

In the Galactic disk (within 3 kpc from the Sun) the ratio of the
birthrates of MSPs to ordinary pulsars is found to be ≥ 10−3 [238].
Using this result Wharton et al. [357] inferred a recycling fraction
of frec ≥ 10−3. Since the formation mechanism of MSPs is linked to
accretion from a companion star, LMXBs have usually been considered
the progenitors of MSPs. LMXBs are found to be ∼ 100 times more
abundant in the globular clusters than in the Galactic field [92, 200].
Based on this information Wharton et al. [357] estimated that the
recycling fraction for GCs is frec ∼ 0.1.

To determine the number of MSPs that formed from neutron stars,
during the time spent in their host cluster, we proceed on with an anal-



120 formation of the central nsc with msps from globular clusters

Figure 6.4: Distribution of the neutron stars in the Galactic Centre according
to the three simulations. The plots in different colours refer to the
three simulations. The distributions are all compatible with one
another. Each bin has a width of 1 pc and the distribution peaks
at 3 pc.

ysis based on our current knowledge of the MSP luminosity function
in the Galactic GCs1.

We proceed in steps: (i) we first use the luminosity function to
infer the number of MSPs in a selected set of Galactic GCs; (ii) for each
selected cluster we record the total cluster luminosity and mass-to-
light-ratio [as measured in 203, 262] and assign a total stellar mass;
(iii) using the value of the neutron star mass fraction inferred from
the simulation by Sippel and Hurley [325], we compute the number of
neutron stars in each cluster and then the "recycling fraction", defined
as the ratio of the number of active MSPs to the number of neutron
stars that formed in the cluster; (iv) we then associate to each Galactic
globular cluster the "encounter rate" taken from Bahramian et al. [39]
which measures the number of close stellar encounters per unit time
and is linked to the formation of LMXBs ad MSPs [39, 296]. This quantity
is measured as Γc ∝

∫
ρ2/σ where ρ is the stellar density and σ is the

total velocity dispersion. In this way we explore the dependence of
the recycling fraction with the encounter rate.

As far as (i) is concerned we adopt three fits to the MSP luminosity
function [36] that will be used also in the analysis on the detectability
of the MSPs at the NSC. Following Bagchi, Lorimer, and Chenna-
mangalam [36], we consider three possible log-normal model fits (all

1 From this moment on, we implicitly assume that the NSC at the Galactic Centre
formed from the assembly of "globular clusters". The clusters described with a
King model then represent replica of the globular clusters of the Milky Way, and
MSPs inherit the properties they show in the Galactic globular clusters. One cannot
exclude that MSPs form in the high density environment of the newly formed NSC.
Our analysis is confined to the populations of MSPs that have been dragged by the
dynamical process studied in Tsatsi et al. [346].
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Figure 6.5: Recycling fraction as a function of the normalised encounter rate
for a number of Galactic globular clusters measured with Model
1 of Bagchi, Lorimer, and Chennamangalam [36]. The way these
quantities are measured is described in the text. The parameters
of the best power law fit are shown in the inset.

expressed in unit of mJy kpc2: Model 1 with mean µ = −1.1 and
standard deviation σ = 0.9, which is the same proposed by Faucher-
Giguère and Kaspi [117]; Model 2 with mean µ = −0.61 and standard
deviation σ = 0.65; and Model 3 with mean µ = −0.52 and standard
deviation σ = 0.68.

Figure 6.5 shows the recycling fraction measured using Model 1

of Bagchi, Lorimer, and Chennamangalam [36] as a function of the
encounter rate, Γ̃c, normalised to the value obtained for NGC 104. The
data is fitted with a power law of the form log( frec(r)) = K + α log(Γ̃c).
The best fit parameters, obtained with a MCMC algorithm, are K =

−0.98 ± 0.11 and α = 0.16 ± 0.19 compatible with a straight line
fit. The figure shows that over more than two order of magnitudes
in Γ̃c the value of frec varies weakly. The average value of frec of
all clusters is 0.11. Using Model 2 and Model 3 of Bagchi, Lorimer,
and Chennamangalam [36] we see the same weak dependance on
Γ̃c. The average value for Model 2 is 0.09 and for Model 3 is 0.06.
Based on these results we can also consolidate the order of magnitude
estimate of frec ∼ 0.1 measured by Wharton et al. [357] in a completely
independent way. The value of the normalised encounter rate for the
GCs simulated in this work is ∼ 20. We assume that, for these values
of the encounter rate, the recycling fraction remains the same as that
measured for the Galactic ones.

The encounter rate for the NSC can be measured using the density
and velocity dispersion profiles with the same procedure used by
Bahramian et al. [39] for globular clusters. In this way we obtain a
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value, in normalised units, similar to the densest globular clusters,
∼ 10 in the scale shown in Figure 6.5. For this reason we assume
that the recycling fraction is ∼ 0.1 also for the NSC. At the end of the
simulations we randomly select the MSPs accordingly to the recycling
fraction of the total neutron stars.

6.3 detectability of pulsars in the galactic centre

No MSP has been discovered so far in the Galactic Centre area. In this
section we explore the observability of the population of MSPs inferred
from the cluster-inspiral scenario, with more sensitive instruments
than those available so far.

We have first to select the frequency band at which the surveys
should be performed. While the steep radio spectrum would sug-
gest to adopt the low frequencies (1.2-1.8 GHz) at which most of the
searches in the Galactic plane have been run so far, the strong scatter-
ing of the Galactic Centre would advise to move to higher frequencies.
Macquart and Kanekar [243] suggested that the best compromise –
for the scattering scenario considered here – is to operate the search
experiments around a frequency of ∼ 8− 9 GHz. In view of that, we
run our simulations for two reference cases of study. Case 1 assumes
to utilise an instrument with characteristics similar to those originally
proposed for the high frequency band (8-14 GHz) of the MeerKAT
radio-telescope [66]. Case 2 appeals on a much higher instantaneous
sensitivity (keeping the other instrumental parameters like those of
Case 1), similar to that invoked for the band 5 (4.6-14 GHz) in the
context of the SKA1-MID2 baseline design. In both cases, we simulate
surveys performed at a centre frequency of 9 GHz with a bandwidth
of 1 GHz.

The MeerKAT telescope is located in South Africa [66]. The SKA1-
MID will be the first phase of the medium frequency part of the SKA

and will expand around the MeerKAT site [70]. We note that the
nominal capabilities of both the instruments at the ∼ 8− 9 GHz band
are still under discussion. Hence, our simulations are not aimed at
performing any detailed prediction about the MSP yields resulting
from them. We used some general properties of the original design
of those instruments to check if the order of magnitude of the MSPs

discoveries is suitable to probe the formation history of the NSC at
the Galactic Centre.

We use the prescriptions described in Macquart and Kanekar [243]
to measure the number of detectable MSPs. A pulsar is detected if the
pulsed emission is significantly stronger than the background noise,
usually a threshold of S/N= 10 is required, where S/N is the signal to
noise ratio. To measure the signal to noise ratio of a pulsar observation

2 www.skatelescope.org/wp-content/uploads/2012/07/SKA-TEL-SKO-DD-001-
1 BaselineDesign1.pdf
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we use the radiometer equation. This equation states that, in the case
of a narrow observing bandwidth, the S/N of a pulsar of flux density
Sν, pulse period P and width W is [229]:

S/N = Sν
G
√

np∆t∆ν

β Tsys

√
P−W

P
, (6.1)

where G is the telescope gain, np is the number of polarizations ob-
served, ∆t is the total observation time, ∆ν is the observing bandwidth
and Tsys is the total system temperature. The factor

√
(P−W)/P

represents the fraction of power present in the pulse signal. In real
surveys devoted to the search of new pulsars this performance in
never fully reached. Imperfections caused by the digitisation of the
signal and by the improper determination of pulsar properties can
reduce the S/N. The factor β in the equation is called correction fraction
and accounts for these effects. In the worst case scenario it can be as
high as 2 and effectively half the observed S/N.

When ∆ν is large, the assumption that Sν, Tsys and W are constant
breaks down and we must consider their variations across the band.
This can be done considering separately the total signal and the total
noise received during the observation. The total signal measured can
be written as:

S =
1
β

np∆t
∫ ν2

ν1

Sν(ν
′)dν′, (6.2)

where ν1 and ν2 are the extreme of the observing band. For pulsars, Sν

is usually written in the from Sν(ν) = L1.4d−2
GC

(
ν

1.4 GHz

)α, where L1.4 is
the (pseudo-)luminosity of the pulsar at 1.4 GHz in units of mJy kpc2,
dGC is the distance of the Galactic Centre in kpc and α is the spectral
index.

The noise per polarization collected over a sampling time, δt in a fre-
quency channel δν is n(ν) =

√
δtδν Tsys(ν)/G×

√
W(ν)/(P−W(ν)).

The total noise over all sampling times, frequencies and polarization
channels adds in quadrature and therefore is:

N =

√
np∆t

∫ ν2

ν1

T2
sys(ν

′)

G2
W(ν′)

P−W(ν′)
dν′. (6.3)

Therefore, the S/N for the detection of a pulsar is calculated with the
formula:

S/N =
1.62× 10−5√np∆t

∫ ν2
ν1

L1.4

(
ν′

1.4 GHz

)α
(ν′)dν′

β

√∫ ν2
ν1

T2
sys(ν

′)

G2
W(ν′)

P−W(ν′)dν′
, (6.4)
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where we used dGC = 7.86 kpc [57].
The telescope system temperature Tsys contains contributions from

the sky and from the telescope receiver. The contribution from the
sky can be divided in different parts: the emission from the the bright
Galactic Centre region, the emission from the Earth’s atmosphere and
from the CMB and the noise of the receiver. Therefore it can be written
in the form:

Tsys(ν) = TGC(ν) + TCMB + Tatm(ν) + Tr (6.5)

The contribution originating from the Galactic Centre can be modelled
with the equation:

TGC(ν) = T0(ν)

(
θ2

0

θ2
0 + θ2

b

)
, (6.6)

where T0(ν) = 350(ν/2.7 GHz)−2.7 K [305], θ0 = 0◦.33 [305] and θb
is the FWHM of the telescope beam, θb = 1.22λ/d, where d is the
diameter of the telescope. The contribution from the CMB is constant
at TCMB ∼ 2.7 K.

The atmospheric emission strongly depends on the telescope site,
weather during the observations and on the elevation of the source.
For an estimate of the atmospheric emission at the MeerKAT site we
looked for the average archival temperature and humidity data for
the site and, using past works [12, 176, 177], we recovered the average
value at the zenith at the observing frequency. Then we measured the
temperature at the different elevations of the Galactic Centre from the
telescope and averaged it over the observation. For the MeerKAT and
SKA site at 9 GHz we obtained an average atmospheric noise of ∼ 5 K.
The temperature noise injected by the receiver is taken to be ∼ 10 K,
assuming performances similar to the current state-of-art systems.

The observed width W of the pulses plays an important role in
mock surveys: in fact, when W becomes of the order of the pulse
period, the pulsar becomes undetectable even if the flux is very high.
W is influenced by different factors: the intrinsic width, Wint, the
time smearing due to scattering, τscat, the time smearing due to the
dispersive nature of the ISM, τDM, as well as the sampling time, δt.
The resulting width is the sum in quadature of these contributions:

W =
√

W2
int + τ2

scat + τ2
DM + δt2 (6.7)

Following the indications of [107] for a Galactic Centre region of
∼ 50 pc radius, the value of τscat is taken to be the same as the one
observed for the magnetar SGR J1745+29 [329]:

τscat = 1.3×
( ν

1 GHz

)−4
s. (6.8)
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The smearing effect due to the dispersive nature of the ISM follows
the law:

τDM = 4.15× 106 DM(ν−2
1 − ν−2

2 )ms, (6.9)

where DM is the dispersion measure in units of pc cm−3 and ν1 and
ν2 are the extremes of the observing bands expressed in MHz. As a
reference the magnetar SGR J1745+29 has a DM of 1778± 3 [109]. The
corresponding time delay is ∼ 20 ms at a central frequency of 9 GHz
and a bandwidth of 1 GHz, enough to mask most millisecond pulsar.
Luckily this effect can be compensated by splitting the data in narrow
enough frequency channel and then adding a delay at each frequency
channel of the opposite amount than that induced by the DM. This
procedure can almost completely correct for this effect, thus making
the contribution of τDM negligible with respect to τscat. Therefore in
our surveys we will assume τDM ∼ 0. The adopted sampling time (see
Table 6.1) is similar to what commonly used in current MSP searches.

We simulate surveys with integration times of 10 hours. While long
integration times increase the sensibility for isolated MSPs, they might
impede the discovery of binary MSPs. Usual binary pulsars search
procedures lose efficiency when the orbital period of the binary is
shorter than 10 times the total duration of the observation. Therefore
binary MSPs with orbits shorter than 100 hours would be difficult to
detect. Using the observed population of MSPs in globular clusters, we
see that 40% of all MSPs are in binaries with period shorter than this.
Thus, these surveys would be sensible to only 60% of the observed
MSP population.

Since the simulated survey will be performed at high frequency, ∼ 9
GHz, while the luminosity distribution is measured at 1.4 GHz, the
spectral index α also plays an important role. Studies directed on MSPs

found that the spectral index has a mean value of 1.8 and a standard
deviation of 0.6 [257]. Similar values resulted from other studies [e.g.
342].

To simulate the other pulsar properties like period, period deriva-
tive, spin-down luminosity and pulse width, we used the measured
parameters from the ATNF catalogue [250] for Galactic millisecond
pulsars. The width of the pulse for MSP does not show strong variabil-
ity as a function of frequency, therefore we opted to still use value
measured at 1.4 GHz also for observations at very high frequencies.

The period derivative and spin-down luminosity do not enter di-
rectly in the process of radio detectability of pulsars, but they become
important when considering the gamma ray luminosity. The gamma
ray luminosity for pulsars is measured to be Lγ ∝ Ė1/2 [118], where
Ė is the spin-down luminosity. If we consider only MSPs this law
poorly represents the luminosities [9] and later works use the formula
Lγ = ηĖ with η = 0.2 [182] or η = 0.05 [183]. As an approximate
value we use η = 0.1.
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Table 6.1: Instrumental and observational parameters for simulated surveys.
Case 1 refers to a pulsar search with parameters similar to those
originally proposed for a Meerkat high frequency band survey.
Case 2 refers to a survey with identical properties than Case 1, but
for the significantly higher Gain of the telescope. This is meant to
reflect the strong enhancement in the sensitivity provided by an
experiment using a collecting area similar to that of SKA1-MID.

Parameter Case 1 Case 2

Central frequency ν (GHz) 9 9

Bandwidth ∆ν (GHz) 1 1

Integration time ∆t (h) 10 10

Sampling time tsamp(µs) 40 40

System temperature Tsys (K) 32 32

Gain G (K/Jy) 1.75 6.2

Max. baseline (m) 1000 1000

FWHM 8" (0.32 pc) 8" (0.32 pc)

The last parameter we have not yet discussed is the luminosity
distribution of the MSPs. Since the most used frequency for observing
pulsars is 1.4 GHz, luminosities are usually scaled to this frequency
to allow comparisons and are written in units of mJy kpc2. As has
already been discussed in the section 6.2, we will use the three log-
normal models described in Bagchi, Lorimer, and Chennamangalam
[36]. These models give different predictions about the number and
luminosity of the MSPs. While these models are all based on obser-
vations of pulsars in globular clusters, the difference between them
comes from the different assumptions of low luminosity pulsars which
are not observed. However, the low luminosity pulsars in the Galac-
tic Centre would not be detected even with the next generation of
radio telescopes. Using the formula 6.3 we can find the lower limit
luminosity of the MSPs that can be detected with a S/N higher than
10 in our simulated experiments. They range in the 4− 13 mJy kpc2.
Therefore in our survey we consider only the MSPs that are brighter
than 1 mJy kpc2. In the rest of the paper these MSPs will be referred to
with the term "radio-bright MSPs". For this radio-bright branch of the
luminosity function, all three models result in a comparable number
of detections.

The final step is to find the number of radio-bright MSPs deposited
in the NSCs. We proceed in the following steps. (i) First we calculate
the fraction of radio-bright MSPs to the total number of MSPs using
the luminosity function. The desired fraction will be the value of
the integral of the luminosity function with luminosities above the



6.4 simulation results 127

threshold considered (the luminosity function is normalised to one).
(ii) Repeating the analysis of section 6.2 we determine the fraction of
radio-bright MSPs to neutron stars in the Galactic globular clusters. The
average value for this fraction is ∼ 0.013. This fraction appears to be
independent of the luminosity function model used (as it is expected
from the fact that all models give the same number of radio-bright
MSPs). The number of radio-bright MSPs is roughly a tenth of all MSPs.
(iii) We use this fraction to randomly extract radio-bright MSPs from
the population of neutron stars in the NSC at the end of the simulation.

6.4 simulation results

In order to generate a population of synthetic MSPs in the Galactic
Centre we assumed it to have the same properties as the ones observed
in the Galactic disk and in the GCs. An important property is the
beaming fraction, the fraction of pulsars whose emission crosses our
line of sight and therefore becomes visible. In the case of MSPs this
fraction is very high, 0.5− 0.9 [211].

In order to check for the observability of the population of MSPs,
the results of our cluster-inspiral scenario need to be projected along
a realistic line of sight. We choose to project along the line of sight
that maximises the rotation of the NSC in order to reproduce the
observed rotation [346]. The projected distribution maintains the same
distribution as is observed in Figure 6.4 but the peak moves to ∼ 2 pc.

We divide the central parsecs in bins of width equal to the beam of
the telescope, and count the number of radio-bright MSPs in each bin.
The width of the beam – which will be obtained from the combination
of the voltages collected at the various antennas of the arrays by
using a beam-forming procedure – is assumed to match the diffraction
limited resolving power; in particular (see Table 1) that implies a width
of 8” which in turn corresponds to ∼ 0.32 pc at the distance of the
Galactic Centre [assumed to be 7.86 kpc 57]. The map of the intrinsic
distribution of the MSPs is displayed in Figure 6.6, using a bin size
equal to the beam width of the telescope.

The most sensitive pulsar survey of the Galactic Centre as of today
was performed at Green Bank Telescope at a frequency of 14.8 GHz
[244]. The telescope has an average diameter of ∼ 100 m so the beam
of the observation will have a width of 50”, corresponding to ∼ 2 pc
at the Galactic Centre. Using the recipes described in the previous
section, repeated simulations of the aforementioned survey results in
the average detection of ∼ 1 MSPs. In this case, according to Poissonian
statistics, the probability of not observing any MSPs is ∼ 35%. The null
result of the experiment does not contradict the predictions of our
simulations.
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Figure 6.6: Colour-scale map of the distribution of the MSPs at the Galactic
Centre. The map is built on a grid of pixels size ∼ 0.32 pc, which
corresponds to the telescope beam for Case 1 and Case 2.

6.4.1 Case 1- MeerKAT-like survey

In Case 1, we simulate the observable sample considering an observa-
tion time of 10 hours (see Table 1), in agreement with the observability
of the Galactic Centre above the minimum altitude of 15

◦. For each
bin we run the code to determine how many of the radio-bright MSPs

are detectable with a MeerKAT-like radio telescope. The result of the
simulations is reported in Figure 6.7. There is no single pixel where
the detection probability is higher than about 10%. We can potentially
detect only ∼ 1 MSP within 1 pc, up to ∼ 6 in a region with radius of
5 pc, and up to ∼ 15 if the search is performed over the entire NSC.
In the pessimistic case scenario, where the correction fraction β (see
section 6.3) is ∼ 2 we obtain a total number of detections of order 10.

6.4.2 Case 2- SKA1-MID like survey

In the case of a SKA1-MID-like survey we simulate observations of
same duration as for Case 1. The result of the simulations is reported
in Figure 6.8. Thanks to the increased collecting area of this telescope
the number of detections is significantly larger. Within 1 pc from the
Centre, we still detect only ∼ 2 MSPs, but the sample increases to ∼ 20
in a radius of 5 pc and to ∼ 50 if we consider the entire NSC. In the
pessimistic case scenario, where the correction fraction β is ∼ 2 we
obtain a total number of detections of ∼ 30.
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Figure 6.7: Color-scale map reporting the fractional probability of a MSPs

at the Galactic Centre to be detected in a Case 1 experiment,
averaged over one hundred simulations.

Figure 6.8: Color-scale map reporting the fractional probability of a MSPs

at the Galactic Centre to be detected in a Case 2 experiment,
averaged over one hundred simulations.
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6.5 discussion

In our cluster-inspiral scenario, about 2700 MSPs are present in the NSC.
Only a fraction, ∼ 5% are found in the central parsec, and the bulk
extends over a region of ∼ 20 pc. The aggregation and tidal disruption
of globular clusters is a mechanism able to disseminate MSPs over the
entire NSC. The mass segregation of neutron stars in the NSC is not
included in the simulations during after the assembly of the NSC. We
verified that this effect is to first approximation negligible since their
mass segregation timescale exceed the Hubble time [142, 266].

Not all MSPs that form in the globular clusters, released in the NSC,
will be visible with future radio telescopes. In Case 1 (MeerKAT-like
telescope), the detectable MSPs are of order unity within 1 pc, and of
order dozen over a spherical volume of ∼ 20 pc radius. In Case 2

(SKA1-MID-like telescope) we expect a significant improvement of a
factor ∼ 3 in the yields.

Wharton et al. [357] considered an in-situ formation scenario for
the MSPs at the Galactic Centre, and estimated a number of about
1000 MSPs within the central parsec. Since we don’t have enough
information to probe the spatial distribution of this population, we
only focused on the total number in the central parsec. By simulating a
survey, we verified that the Green Bank Telescope would have detected
∼ 2 MSPs, consistent with the null result of the recent survey by
Macquart et al. [244]. A MeerKAT-like telescope and a SKA1-MID-like
telescope would detect ∼ 5 and ∼ 20 MSPs, respectively in the central
parsec. These are much numerous populations than those implied by
the cluster-inspiral scenario and a statistically sound discrimination
among the in-situ and the cluster-inspiral hypotheses could be obtained,
at least for an experiment of the scale of SKA1-MID (Case 2).

Our estimates depend on the extent of the interstellar scattering
at the Galactic Centre, which is the main responsible for smearing
the signal from MSPs. In this work, we considered the scattering to be
comparable to that inferred from the radio pulses of the magnetar SGR
J1745-29. We note that most of the discoverable MSPs in our scenario
are indeed outside the central parsec and extend up to ∼ 20 pc.
These distances are comparable with those of some ordinary pulsars
discovered in the Galactic Centre region which show weak scattering
of the same entity of the magnetar. Therefore the assumption of a
not destroying effect of the scattering at 8-9 GHz is plausible at the
positions where we expect to make most of the detections.

However, if the scattering in the central region will turn out to be
stronger and close to the values reported in Lazio and Cordes [222], the
detections of MSPs will be harder. In this case, effective surveys would
have to be conducted at much higher frequencies in order to make
the scattering unimportant. Macquart and Kanekar [243] indicated
that ∼ 25 GHz might be a good choice when finding for a trade-off
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among the aim of reducing the scattering smearing and the need of
not missing the MSPs due to the weakening of their signal.

6.5.1 Gamma-ray emission

We now discuss the possible contribution of the derived population
of MSPs to the gamma-ray emission observed by the Fermi satellite in
the Galactic centre region, limiting the analysis to the MSPs confined
within the NSC resulting from the assembly of in-spiralling globular
clusters.

We estimate that a population of ∼ 2700 MSPs are present in the
inner 20 pc of the Galaxy. Some of these MSPs could have been seen as
point sources in the Fermi map. An approximate estimate of the point
source threshold in this region is 5× 1034 erg s−1 [164]. Averaging the
result of our simulation over 100 trials we find that, in average, 5 MSPs

will exceed this threshold. The null result of current observations are
compatible with the predictions only at the 3 sigma level.

However, we note that the majority of the MSPs are located outside
the central parsecs of the Galactic Centre. In this region the MSPs will
mostly evolve in isolation with very small probabilities of new events
of recycling. The MSPs will therefore lose rotational energy through
magnetic dipole breaking. The gamma-ray luminosity, as described in
6.3, is linked to the spin-down luminosity and will decrease signifi-
cantly over the timespan of the simulation. The number of MSPs with
luminosities above the threshold will decrease accordingly.

In light of these considerations we limit our discussion of the
gamma-ray excess to the central 5 pc of the Galaxy. The total gamma-
ray luminosity of the excess is (2.0± 0.4)× 1037 erg s−1, calculated
within ∼ 1 kpc from the centre [77, 164]. If we rescale the gamma-ray
luminosity to account for the emission within the inner 5 pc according
to the spatial profile of the excess [76], we find a value of ∼ 1.5× 1036

erg s−1. Since the average gamma-ray luminosity emitted by a MSPs

in our model is ∼ 1.4× 1033 erg s−1, the number of required MSPs is
∼ 1000. In this region we find ∼ 1000 MSPs. We can therefore explain
the observed excess in the inner 5 pc of the Galaxy. We note that simi-
lar results have been found by Arca-Sedda, Kocsis, and Brandt [27]
and Fragione, Pavlík, and Banerjee [129] using different simulations
and different methods to estimate the final MSP population. In this
work the authors conclude as well that the deposition of MSPs from
inspiralling globular clusters can explain the observed central GeV
excess.
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F U T U R E P R O S P E C T S : M E E R K AT R A D I O T E L E S C O P E

7.1 summary

The abundance of recycled pulsars found in GCs and their unique
properties make them perfect probes for determining the dynamics
and the environment of the GCs. The applications of this technique
are not limited to the properties of the host cluster but extend also
to the entire Galaxy and can help explore its present state and its
evolutionary history.

In this thesis I showed how the information derived from timing
these pulsars allows us to determine the 3-D positions in the cluster
which in turn allows us to model the distribution of ionized gas and
magnetic field. This approach has so far only worked on 47 Tuc where
a constant gas density of 0.23± 0.05 cm−3 and a significant magnetic
field of ∼ 60 µG was found. The presence of such a strong magnetic
field was ascribed to the interaction of the gas in the cluster with
a Galactic scale magnetic outflow providing strong evidence for its
existence and constraints for its density and magnetic field.

I also showed how the same information allows us to determine
the structural parameters of the cluster and compare them with the
optically derived values to look for discrepancies that could be caused
by an IMBH. No significant discrepancy is found in 47 Tuc but instead
it is found in M 62. This discrepancy is accompanied by very high
values of the M/L ratio in the centre and could be explained by a
single IMBH of mass between 1000− 6000 M� or by a system of stellar-
mass black holes of similar mass. Both these hypotheses would be
extremely interesting if confirmed for the implications they would
have for gravitational waves astronomy. We showed how the presence
of an IMBH can be further constrained by using not only the first
derivative of the rotational period but also the second and the third.
The prospects opened by these additional probes of the dynamics can
extend even further as they might be able to distinguish between an
IMBH and a system of stellar-mass black holes of similar mass, but this
must be still be tested and verified.

Finally, in Chapter 6, I showed how the current population of GC

pulsars can play a significant role in the understanding of the for-
mation history of the nuclear star cluster that surrounds the Galactic
centre. It has been suggested that this nuclear star cluster was formed
by the disruption of stellar clusters similar to the observed globular
clusters. Using simulations of this scenario, that strongly depend on
the properties of the GC pulsars, we predict the number and spatial
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distribution of the MSP in the Galactic centre. So far no MSP in the
Galactic centre has ever been found and potential discoveries might
be possible only with the next generation of radio telescopes.

Most of the results presented in this thesis can only be confirmed
or discredited with more powerful telescopes. Fortunately, the next
generation of telescopes are coming online and they appear to be
living up to or even exceed expectations. During my PhD studies I
was involved in the scientific commissioning of the MeerKAT radio
telescope in South Africa so I will focus on this telescope and describe
its capabilities and scientific prospects.

7.2 the meerkat radio telescope

The MeerKAT radio telescope [66, 195] is located deep in the Karoo
desert in South Africa and is a precursor of the SKA whose mid-
frequency part (SKA-MID) will be built at the same site. Instead, the
low-frequency part of the SKA (SKA-Low) will be built in Western
Australia. The telescope has an approximate longitude of −30◦43′,
optimal for observing the regions around the Galactic centre and the
entire Southern sky. Until this telescope was built, this part of the sky
was observable only with the Parkes radio telescope in Australia.

MeerKAT is composed of 64 off-set Gregorian antennas each with
an effective primary dish of almost 14 m [32]. Combined with aperture
efficiency, the effective area is ∼ 7500 m2, almost three times larger
than Parkes. The maximum baseline between antennas is 8 km with
48 antennas located in a core with a radius of 500 m. This guarantees
high sensitivity both on the short and on the long baselines.

The receivers are located on an indexer at the focus of the secondary
dish (A detailed picture of an antenna can be seen in Fig 7.1). It mounts
L-band receivers working between 856-1712 MHz, UHF receivers
working between 540-1080 MHz, and is scheduled to have also S-
band receivers working between 1750-3500 MHz supplied by the
Max-Planck Institute for Radio Astronomy (MPIfR). More details on
the specifications of the telescope can be found in a proceeding by
Jonas and MeerKAT Team [195] while the pulsar processing pipeline
is described by Camilo et al. [81].

7.2.1 Scientific prospects

The large collecting area and the wide fractional bandwidth at L-band
(the band most traditionally used for pulsar timing) make MeerKAT
one of the most exciting upcoming telescopes for pulsar astronomy.
There are two major projects focused on pulsars: MeerTIME1 [40]

1 more details can be found on the website: http://www.meertime.org
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Figure 7.1: Close up picture of a MeerKAT antenna. Credits: SARAO

which focuses on timing the known pulsars and TRAPUM2 [333]
which focuses on pulsar searching.

The main targets of MeerTIME are: relativistic binaries useful to
measure neutron star masses and test GR and alternative theories of
gravity; millisecond pulsars to look for very-low frequency gravita-
tional waves in the context of the pulsar timing array; slow pulsars
to study the bulk of the pulsar population focusing on the emission
process and the glitches; GC pulsars to look for exotic binary systems,
possibly massive neutron stars, and to study the cluster properties
as described in this thesis. TRAPUM will look for new pulsars in
SNRs, pulsar wind nebulae, unidentified Fermi gamma-ray sources,
external galaxies, the Galactic centre, the Galactic plane, and GCs. In
both projects GCs will be an important target with a significant fraction
of reserved time. In the next paragraphs I will focus on how MeerKAT
can improve the science results described in this thesis.

The improve in sensitivity of the MeerKAT telescope with respect
to the Parkes has already been measured in section 5.3.3. Here we
report the calculations and apply them to other clusters. The nominal
gain of MeerKAT is GM ∼ 2.8 K Jy−1 with an observing bandwidth
oin L-band f ∆νM = 856 MHz. The gain of Parkes instead is GP = 0.64
K Jy−1 and the bandwidth used for these observations is ∆νP = 256
MHz. The signal to noise ratio of an observation with MeerKAT would
be GM/GP

√
∆νM/∆νP ∼ 8 times higher. This roughly translates into

a timing precision with MeerKAT observations 8 times higher than
with Parkes. I simulated observations on a monthly bases of several
GCs (previously observed by Parkes) taking into considerations this
improvement, I found that around 6 months are necessary to measure
the orbital period derivatives of the binary pulsars, one to two years for
measurements of the second period derivatives, and up to five years for

2 More details can be found on the website: http://www.trapum.org//
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the measurements of the third period derivatives. The determination
of these parameters would allow for much tighter constraints on the
mass of the possible central IMBH.

The larger bandwidth when compared with other telescopes operat-
ing in the same band (with the exception of the new ultra wide receiver
at Parkes), implies a better determination of RM of the pulsars. This
is useful when trying to improve the model describing the magnetic
field in 47 Tuc and to search for similar effects in other clusters.

The increased sensitivity of MeerKAT also means that it might
be able to discover new pulsars in the clusters. The targets of these
searches are various from binaries in eccentric orbits for which to
measure the masses to products of exchange interactions. Probably
the most interesting pulsars to be found in GCs are those in a binary
system with a black hole companion. This black hole might be of
stellar mass or of intermediate mass but, in both cases, it would be an
unrivalled test of GR in extreme conditions. Additionally these systems
would serve as important sources of gravitational waves to be detected
with the next generation of gravitational interferometers.

There is a downside, however, in observing a GC with large tele-
scopes. One of the characteristics that make GCs profitable targets for
observing pulsars is their compact size and the presence of multiple
pulsars in the primary beam of the telescope; this allows us to observe
multiple pulsars simultaneously with the same pointing. The size of
the beam of a telescope depends on the size of the telescope and the
observing wavelength according to the approximate relation θ ∼ λ/D,
where λ is the wavelength and D is the diameter of the telescope
(in case of an interferometer like MeerKAT, D is the maximum dis-
tance between antennas). The larger the telescope, the smaller the
beam. In Figure 7.2 I show the tied array beam of MeerKAT created
using a SARAO script called simulate_tab.py 3 observing the GCs 47

Tuc and Terzan 5 in L-band. Even though using only the antennas
in the central kilometre (D = 1 km), some of the pulsars will be
outside the half-power contour and will not be visible. The solution
is to simultaneously form different beams centred on each pulsar.
This is achievable thanks to the hardware provided by the TRAPUM
collaboration. This possibility also allows the search of new pulsars in
the entire primary beam of the single antennas which is much larger
than the tied array beam formed through interferometry.

While most of the studies of pulsars have made use of L-band ob-
servations, the possibility of observing also in UHF (between 540-1080

MHz) further pushes the science results achievable. Pulsars typically
have a power-law spectrum with index that is ∼ −1.8 [257] so they
are brighter at lower frequencies. Usually, in most telescopes, the UHF
band is so polluted by interference that it is barely usable. Fortunately,

3 Part of SARAO commissioning software repository for MeerKAT, private communi-
cation
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Figure 7.2: Beam of MeerKAT in L-band targeted at GC 47Tuc (left) and
Terzan 5(right) using only the antennas in the central kilometre of
the array. The black line is the half-power contour of the beam, the
dashed red line is the core radius of the cluster and the continuous
red line is the half-mass radius of the cluster. In 47 Tuc pulsar X
has been omitted as it is far from the centre.

early commissioning tests show that at the MeerKAT site this problem
does not exist and the band is very clean. Observing at lower frequen-
cies, not only implies brighter pulsars, but also better determination of
DMs and RMs and a bigger beam capable of observing a larger number
of pulsars simultaneously in a single beam.

For the search of pulsars in the Galactic centre described in Chapter
6, receivers operating around 9 GHz would be required. Unfortunately,
the proposed X-band will not be mounted on the MeerKAT antennas
in the near future. The highest observing frequency will be around
3500 MHz of the S-band receivers making the detection of new pulsars
harder. The question whether the SKA will eventually mount receivers
operating at a frequency of 9 GHz is still being discussed but if
approved could lead to significant discoveries.

The fate of future astronomical facilities like the SKA will depend
on the discoveries made by MeerKAT. The predicted results listed
throughout this thesis and achievable in the near future with MeerKAT
are just a small fraction of the science that this telescope will be able
to achieve in the field of pulsars and, thanks to the hard work of the
South African Radi Astronomical Observatory (SARAO) commissioning
team, it looks like our expectations will be met.
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A
D Y N A M I C A L P R O P E RT I E S O F P U L S A R S I N
G L O B U L A R C L U S T E R S

In this appendix I will describe the main dynamical properties of
the pulsars (or of any star) in a GC using analitycal formulas, when
possible. The quantities are measured both in the absence and in the
presence of a central IMBH . The equations are derived assuming the
GC can be described by a King profile [205].

a.1 positions

The column density profile of the pulsars in a globular cluster follow-
ing a King profile can be well approximated within a few core radii
with the formula from [231]:

n(x⊥) = n0
(
1 + x2

⊥
)α/2

, (A.1)

where n0 is the central density, and x⊥ is the distance from the centre
in the plane of the sky in units of core radii (rc), defined as x⊥ = R⊥/rc.
The power law index α is linked to mass segregation and it is related
to the mass of the pulsars by the relation α = 1− 3q, where q is the
ratio between the mass of the pulsar and the dominant mass class of
the cluster (q = Mp/M∗). In the case of pulsars having the same mass
as the dominant mass class we recover α = −2, which is the value for
the single-mass analytical King model [205].

The three-dimensional number density has been calculated by [161]
and is:

n(x) ∝
(
1 + x2)(α−1)/2

, (A.2)

where x = r/rc and r is the three-dimensional position of the pulsar.
Also in this case, if α = −2, we recover the spatial density profile of
the single mass King model.

In the case of an IMBH in the centre, the density profile is modified.
As described in section 1.7, the presence of the black hole creates
a cusp inside the the influence radius described by the power-law
distribution [47]:

ρ(r) ∝ r−1.55. (A.3)
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a.2 velocities

The average square velocity of stars in a globular cluster can be ob-
tained from the King distribution function, which is defined as follows:

fK(E) =

ρ1(2πσ2
vel)
−3/2 (eE/σ2

vel − 1) E > 0

0 E ≤ 0
, (A.4)

where E is the relative energy defined as E = Ψ − 1
2 v2, and Ψ is

the gravitational potential energy, ρ1 is a reference density, σvel is
the central one-dimensional velocity dispersion and v is the three-
dimensional velocity of the star.

The average square velocity can be recovered by the integral:

〈v2〉 =
∫ ∞

0 v4 fK(E)dv∫ ∞
0 v2 fK(E)dv

. (A.5)

The limitation of E > 0 can be implemented by limiting the integrals
from 0 to

√
2Ψ. In this way we find the solution:

〈v2〉 =
3σ2

vele
Ψ/σ2

velerf
(√

Ψ
σ2

vel

)
− 6√

π

√
Ψσvel − 4√

πσvel
Ψ3/2 − 8

5
√

π
Ψ5/2

σ3
vel

eΨ/σ2
velerf

(√
Ψ

σ2
vel

)
−
√

4Ψ
πσ2

vel

(
1 + 2Ψ

3σ2
vel

) ,

(A.6)

where erf is the Gauss error function.
This expression can be approximated within 20 core radii and with

a maximum error of 2 per cent by the formula [6]:

〈v2〉 =
√

3σvel

[
1 +

( x
6

)2
]−0.2

(A.7)

This velocity distribution is valid for the dominant mass class of
the cluster. The velocity distribution of heavier will be slower due to
energy equipartition as described in eq. 1.31.

In the case of an IMBH in the centre, the velocity distribution will
not be altered except inside the influence radius where it will follow a
Keplerian profile.

a.3 accelerations

The acceleration acting on a pulsar inside a globular cluster is due
both to the gravitational potential as modelled by the King profile
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and to the perturbations caused by the nearby stars. [301] showed in
Terzan 5 that the acceleration from the nearest neighbours is negligible
if compared to the mean field acceleration. The same is considered
to be valid also the others GCs. The acceleration for the King profile
can be derived explicitly starting from eq. 1.26 describing the density
profile in a single mass King profile. We first estimate the mass within
a certain radius r from the centre [138]:

M(r) =
∫ r

0
ρ(r′)4πr′2dr′ = 4πρ0r3

c

[
sinh−1

(
r
rc

)
− r

rc
√

1 + (r/rc)2

]
.

(A.8)

The acceleration can then easily be obtained by multiplying the mass
by −G/r2 and becomes

a(r) = −4πGρ0r−1
c

(
r
rc

)−3
[

sinh−1
(

r
rc

)
− r

rc
√

1 + (r/rc)2

]
. (A.9)

This equation is valid only within a few core radii. Projecting this
acceleration along the line of sight we obtain:

ar(l, r) = −4πGρc

(
r
rc

)−3

l

[
sinh−1

(
r
rc

)
− r

rc
√

1 + (r/rc)2

]
.,

(A.10)

where l is the line-of-sight component of the position of the pulsar
relative to the centre of the cluster, in core radii.

For a given position in the plane of the sky, R⊥, the acceleration has
a maximum value determined numerically for each line of sight, at
the centre (R⊥ = 0) this is given by [132]:

al,max(R⊥) = 1.5689
σ2

µ,0d

θc
. (A.11)

The proper motion central velocity dispersion, σµ,0, is defined as in
equation 1.27 and is related to the one-dimensional velocity dispersion
defined in Section A.2, σvel, by the equation: σvel = σµ,0 d.

The shape of the acceleration along the line of sight is shown in Fig-
ure A.1. For a given acceleration al there are two possible line-of-sight
positions that are compatible. Therefore using only the measurement
of the acceleration it is not possible to determine unequivocally the
position of the pulsar.

If a central IMBH of mass M is present, it will influence the accelera-
tion of nearby stars first directly as:

aM = GM
r
r3 (A.12)
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Figure A.1: Plot of the acceleration along the line of sight as a function of
the line-of-sight distance from the cluster centre. This plot has
been derived for pulsar 47 Tuc C. al is the measured acceleration
for the pulsar in consideration. To generate this acceleration the
pulsar could be located either at l1 or in l2.

where r is the distance from the IMBH and indirectly through the
formation of the central over-density as:

acusp

− 4πG
1.45 r1.55

i ρi
r

r1.55 r < ri

− 4πG
1.45 r3

i ρi
r
r3 r > ri

(A.13)

a.4 jerks

We can estimate the jerk generated by the mean gravitational field
by taking the time derivative of the acceleration. Writing eq. A.9 in
vectorial form in the following way:

a(r) = −4πGρcr3
c

[
sinh−1

(
r
rc

)
− r

rc
√

1 + (r/rc)2

]
r
r3 = −|a(r)| r

r
,

(A.14)

The jerk assumes the form:

ȧK(r) = −
d|a(r)|

dt
r
r
− |a(r)|v

r
+ |a(r)| (v · r) r

r3 , (A.15)

where |a(r)| is the norm of the acceleration and the time derivative of
the norm is

d|a(r)|
dt

= −2
v|a(r)|

r
+ 4πGvρc

(
1

1 + (r/rc)2

) 3
2

(A.16)

with v the norm of the velocity.
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In the case of GCs , which are collisional stellar systems, jerks are
also heavily influenced by neighbouring stars which can be as large as
those from the mean field [301]. Specifically, [301] found that the jerk
caused by the coarse-grain nature of stellar interactions is distributed
with the following probability distribution:

P(ȧ) =
1

π2
ȧ0

(ȧ2 + ȧ2
0)

2
, (A.17)

where ȧ0 is the characteristic jerk given by

ȧ0 =
2πξ

3
G〈m〉σn, (A.18)

where ξ ' 3.04 is a numerical constant, 〈m〉 is the average mass of the
stars, σ is the velocity dispersion, and n is the number density of the
stars. The distribution of jerks projected along the line of sight, ȧl is a
Lorentzian distribution

P(ȧl) =
1
π

ȧ0

ȧ2
l + ȧ2

0
. (A.19)

If a central IMBH is present in the cluster, the jerk of a pulsar is
affected by the central point mass M

ȧM = −GM
(

v
r3 − 3

(v · r) r
r5

)
, (A.20)

where r the distance to the source M and v is the relative velocity.
Additionally, the jerk produced by this over-density of the central cusp
takes the form

ȧcusp =

−
4πG
1.45 r1.55

i ρi

(
v

r1.55 − 1.55 (v·r)r
r3.55

)
r < ri

− 4πG
1.45 r3

i ρi

(
v
r3 − 3 (v·r)r

r5

)
r > ri

(A.21)

where ri is the IMBH influence radius.
The cusp and the increase of the stellar velocity caused by the

presence of the IMBH affects also the rate of close encounters between
stars. For this reason, even the jerk caused by the nearest neighbours
is influenced, but a statistical description of this effect is not available
yet. This effect is taken into account in the N-body simulations used
in Abbate, Spera, and Colpi [6], because the integration algorithm
self-consistently calculates all jerks, at each integration step.

A comparison between the mean field jerks derived using equations
(A.15), (A.20) and (A.21) and the ones estimated numerically from the
simulations described in section 5.3.1 is shown in Figure A.2.
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Figure A.2: Values of the mean field jerks measured in the case without
(top panel) and with an IMBH of 1000 M� (bottom panel). Blue
dots represent the mean field jerks measured numerically from
the simulations while red dots are the results of the analytical
formulae. The dashed blue and the solid red lines bracket the
1σ interval of the distributions. In the top panel the vertical line
shows the influence radius of the IMBH .
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The top panel of Figure A.2 shows the case of jerks in the simulation
without an IMBH . Red dots refer to the stellar jerks calculated analyti-
cally using equation (A.15) while the blue dots show the mean field
stellar jerks extracted numerically from the simulation by estimating
the mass enclosed within the distance from the centre of each star
and using equation (A.20). The jerks calculated analytically are of the
same order of magnitude of the ones measured numerically but they
appear to be smaller in the centre of the cluster. This discrepancy is
caused by stars that are close the centre of the cluster in projection
on the plane of the sky but are distant along the line of sight. The
analytical equations for stars more distant than a few core radii sys-
tematically underestimate the value of the jerks when compared with
the numerical value. The top panel of Figure A.2 shows the case of a
simulation with a central IMBH of 1000 M�. We use equation (A.20)
and (A.21) to estimate analytically the jerks. In this case, the analytic
estimate appears to be consistent with the numerical one. Inside the
sphere of influence of the IMBH the analytical distribution extends to
lower values of the jerks because of the same projection effect as in
the case without an IMBH .

a.5 jounces

In the case of GC described by a King profile, the jounce due to the
mean field gravitational potential is given by

äK = −d2|a(r)|
dt2

r
r
− 2

d|a(r)|
dt

v
r
+ 2

d|a(r)|
dt

(v · r)r
r3 +

+5|a(r)| (v · r)v
r3 − 3|a(r)| (v · r)

2r
r5 ,

(A.22)

where |a(r)| is defined in equation (A.14), d|a(r)|/dt is given by equa-
tion (A.16) and d2|a(r)|/dt2 is

d2|a(r)|
dt2 = −d|a(r)|

dt
|a(r)|

v
− 4

d|a(r)|
dt

v
r
− 2
|a(r)|v2

r2 −

− 4πGv2

r
ρc

[
1

(1 + (r/rc)2)3/2 −
3

(1 + (r/rc)2)5/2

]
.

(A.23)

Also for the jounce, the contribution from neighbouring stars plays a
very important role. [295] shows that this contribution can be much
larger than the one from the mean field.

Similarly to the jerks, the presence of an IMBH influences jounces in
two ways. It contributes directly as a central point mass

äM = GM

(
−2a

r
r4 − 6

(v · r)v
r5 − 3

v2r
r5 + 15

(v · r)2r
r7

)
, (A.24)
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and through the cusp over-density. At radial distances r < ri the
contribution reads

äcusp = −4πG
1.45

r1.55
i ρi

(
−0.45

ar
r2.55 − 3.1

(v · r)v
r3.55 − 1.55

v2r
r3.55+

+5.5
(v · r)2r

r5.55

)
,

(A.25)

and for r > ri as

äcusp = −4πG
1.45

r3
i ρi

(
−2

ar
r4 − 6

(v · r)v
r5 − 5

v2r
r5 + 15

(v · r)2r
r7

)
. (A.26)

Also the jounces caused by nearest neighbours are influenced by the
presence of an IMBH but a statistical description of this effect is still
missing. It is worth noting that we calculate self-consistently the values
of jounces in our N-body simulations.

A comparison between the mean field jounces derived with the
above equations (A.22), (A.24), (A.25) and (A.26) and the ones esti-
mated numerically from simulations is shown in Figure A.3.

The top panel of Figure A.3 shows the jounces calculated in a
simulation without an IMBH. Red dots show the mean field stellar
jounces measured using equation (A.22) while blue dots show jounces
computed numerically. The two distributions are compatible with one
another showing that equation (A.22) is good analytical approximation
of the mean field jounces. The same can be said for the equations
describing the effects of the IMBH as is seen on the bottom panel
again for a 1000 M� IMBH. In the analytical computation, the IMBH

contribution is inferred from equation (A.24) and for the stellar cusp
using equation (A.25) and (A.26). In both cases with and without
the IMBH the clustering of stars with low jounces at small projected
distances is caused by stars that are distant from the centre but appear
close in the projection along the line of sight. For these stars the
analytical formula is not valid and tends to underestimate the jounces.
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Figure A.3: Values of the mean field jounces measured in the case without
(top panel) and with an IMBH of 1000 M�(bottom panel). The
blue dots represent the mean field jounces measured numerically
from the simulations while the red dots are the results of the
analytical formulae. The dashed blue and the solid red lines
bracket the 1σ interval of the distributions. In the bottom panel
the vertical line shows the influence radius of the IMBH.
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