MANCHESTER

1824
The University of Manchester

DocTtorAL THESIS

Searching for Pulsars for testing gravity with
the SKA precursor telescope MeerKAT

Author: Supervisor:
Laila Vleeschower Calas Prof. Benjamin Stappers

A thesis submitted to the University of Manchester
for the degree of Doctor of Philosophy

in the

Department of Physics and Astronomy in the School of Natural Sciences
Faculty of Science and Engineering

2024


www.VALIDLINK.com
www.VALIDLINK.com
https://www.physics.manchester.ac.uk/
http://www.se.manchester.ac.uk/

Contents

Contents 2
List of Figures 10
List of Tables 12
Abbreviations 13
Abstract 15
Declaration of Authorship 16
Copyright Statement 17
Publications List 18
Acknowledgements 20
Dedication 22
Preface 23
1 Introduction to Radio Pulsars 24
1.1 Predictions and DiscoveryofPulsars . . . .. .. ... ... ... ........ 24
1.2 Pulsarproperties . . . . . . . . e e 25
1.21 Formation . . . . . . . . . e e e e 25
1.2.2 RadioEmission . . . . .. . ... . . e 26
1.2.3 Dipole radiation, spin-down and brakingindex . ... ... ....... 28
1.2.4 EMISSIONSPECHra . . . . . . o v o e e e e e e e e e 29
1.25 Characteristicage . . . . . . . . . . e e e 30
1.2.6 Surfacemagnetic eld . .. ... ... ... ... .. 30
1.3 PulsarPopulation . . . . . .. . ... . 30
1.3.1 YoungPulsars . .. . . .. ... 32
1.3.2 Normalpulsars . . . . . . . . . . . . . e 32
1.3.3 Binarypulsars . .. .. . ... .. 33

1.3.4 RecycledPulsars . . .. ... ... . ... 33



Contents 3

Mildly Recycled Pulsars . . . .. .. .. ... ... .. ... .. .... 34
Millisecond Pulsars or Fully RecycledPulsars . . . . ... ... ... .. 35
1.3.5 PulsarsinGlobularClusters . . . .. . ... ... . ... ........ 36
Globularclusters . . . . . . . . . ... 36
1.3.6 Relativistic Binaries . . . . . . ... . ... ... 38
1.4 Eectsoftheinterstellar medium . . . . . .. ... ... ... 39
1.4.1 DISpersion . . . . . . i e e e e e 40
1.4.2 Faraday Rotation . . .. .. ... ... . ... .. .. .. 41
1.4.3 Scintillation . . . . . . . ... 42
144 Scattering . . . . . . o o e 42
15 ThesisOutline . . . . . . . . . e 43
2 Pulsar Searching and Timing 44
2.1 Searchesofpulsars . . . .. ... .. . . .. 44
2.1.1 Dataacquisition . . . . . . . ... 45
Reectors . . . . . . . . e 45
Front-end . . . . . . . . .. 45
Back-end . . . . ... ... 46
2.1.2 RFlremoval . ... . . . . . . . e 47
2.1.3 De-dispersion . . . . . ... e e 48
2.1.4 Periodicitysearch . . . . . . . . . ... .. e 49
2.1.5 Accelerationandjerksearches . . . ... ... ... ... ........ 50
2.1.6 Candidate selection, folding and conrmation . . . . . .. ... ... .. 51
2.1.7 Determination of the binaryorbit . . . . ... ... ... ........ 53
2.2 Pulsar Searching with MeerKAT . . . . . . . . . . .. . . i 54
2.3 Systemdescription . . . . . ... e 55
2.3.1 Correlator/Beamformer. . . . . . . ... ... 56
2.3.2 FBFUSE . .. . . . . e 57
2.3.3 APSUSE . . . . . . e 57
234 PTUSE . . . . e 59
2.4 MeerTime and TRAPUM Large Survey Projects . . . . . .. ... ... ..... 59
241 MeerTime . . . . . . . o e 59
242 TRAPUM . . . . . e 59
25 Timingofpulsars . . . . . . . . 60
2.5.1 Extraction of the topocentric TOAS . . . . . . . . . . . . . .. ... ... 60
252 Thetimingformula . . .. .. ... .. ... ... ... .. .. ..... 61
253 Glitches . . . . . . . . e 62
254 TiMINGNOISE . . . . . . . o e e 63

255 TimingofBinaryPulsars . . . . . . ... ... ... .. ... .. ... 63



4 Contents

3 Discoveries and Timing of pulsars in NGC 6440 67
3.1 Introduction . . . . . ... 68
3.2 Observations and Data Reduction. . . . . . .. ... ... ... ......... 70
3.3 DIiSCoVENES . . . . . . e e e e 73
3.3 1 NGCOB440G . . . . . e e 73
3.3.2 NGCOB440H . . . . . e 73
34 TiMING . . . . o e e e 73
3.4.1 NGCGO6440H . . . . . e 74
3.42 NGCB440G . . . . . . e 77
Localisation . . . . . . . . . . . . e 79
Proper Motion . . . . . . . . . ... .. 79
Period Derivative . . . . . . . . . . .. 80
3.4.3 Possible counterparts and locationinthecluster . . . . . ... ... ... 83
3.4.4 FluxDensities . . . . . . . . . . e 84
ProleWidths . . . . . . . . . . . . . . . . 85
3.4.5 High-cadence data analysis for NGC 6440C and NGC 6440D . ... .. 85
NGC 6440C . . . . . . e 87
NGC6440D . . . . . . e 88
3.5 DIisSCUSSION . . . . . . . e 90
3.6 Conclusions . . . . . . . . e 94
4 Discoveries and Timing of pulsars in M62 96
4.1 Introduction . . . . . ... e 97
4.2 Observationsand DataReduction. . . . . ... ... ... ... ......... 98
4.2.1 Parkes and E elsberg observations and dataanalysis . . . ... ... .. 98
4.2.2 MeerKAT observations and dataanalysis . . ... ... ......... 99
4.3 DISCOVENES . . . . . o e 102
431 MB2H . . . . e 102
4.3.2 MB2l . . . . 104
4.3.3 MB2J . . . . 104
4.4 TIMING . . . . o e e e e e e e e 105
4.4.1 Pulsars with previously published timing solutions . . . . ... ... .. 106
MB2A . . . e 106
MB2B . . . . . e e 106
MB2C . . . . e 112
MB2D . . . . e 112
MB2E . . . . . e 112
MB2F . . . . e 113
4.4.2 Pulsars with MeerKAT timing solutions . . . . . ... ... ... .... 113
MB2G . . . . 113
MB2l . . e e e 113



Contents 5

MB2H . . . e 114
MB2J . . . e e e 114
4.4.4 ProperMotion . . .. . ... e 114
445 SpinPeriod Derivatives . . . . . . ... 115
First spin period derivative . . . . . . . ... ... ... ... ... ... 115
Second spin frequency derivatives . . . . .. .. ... 0oL 116
Third spin frequency derivatives . . . . . . . .. .. ... ... ..... 116
4.4.6 Orbital period derivatives . . . . . .. .. .. ... .. .. .. ..., 117
4.477 Intrinsic spin period derivatives . . . . . .. ... L 117
4.4.8 Possible X-ray counterparts and location in the cluster . . . ... .. .. 117
449 FluxDensities . . . . . . .. 119
Prole Widthsand Shapes . . . . .. .. ... ... ... ........ 122
4.4,10 EclipsesofM62Band M62E . . . . . . . . .. .. ... .. .. ..... 124
MB2B . . . . e e 124
MB2E . . . . . . e 127
45 DISCUSSION . .« v v o e 129
4.5.1 General characteristics of the pulsar populationof M62 . . . . .. .. .. 129
45,2 Individualpulsars. . . . . . . . . . . .. . e 130
4.6 Conclusions . . . . . . . e e e 132
5 Long-term timing of the relativistic binary PSR J1906+0746 135
5.1 Introduction . . . . . . . . . e 136
5.2 Observations and Data Reduction. . . . . . .. ... ... ... ......... 137
5.2.1 Observations . . . . . . . . . ... 137
5.2.2 Datareduction . . . .. . ... .. 138
53 TiMING . . . . . o e e e e 141
531 Rednoise . . .. . . . ... 142
532 Glitch . . . .. .. . e 144
5.3.3 Post-Keplerian Parameters . . . . . . . . .. ... ... o 145
Variation of the Orbital Period . . . . ... ... ... ... ....... 145
534 Massmeasurements . . . . . . . .. ..o e 148
5.4 DISCUSSION . . . . . . . . e 148
55 Conclusions . . . . . . .. e 150
6 Summary and Conclusions 152
6.1 Pulsarsinthe NGC 6440 and M62 globular clusters . . . . ... ... ... ... 152
6.2 The relativistic binary pulsar PSR J1906+0746 . . . . . ... ... ... .... 154
6.3 Futurework . . . . . . . 155
Bibliography 157

Final word count: 47607.



List of Figures

11

1.2

13

1.4

15

Histogram of major pulsar surveys that have been carried out to date, nding almost
3400 pulsars. . . . . . e e e 25
Cartoon pulsar diagram. It shows a rotating neutron star with a magnetic eld
misaligned with respect to the rotation axis by an angle The pulsar magne-
tosphere is con ned to the last closed line of the dipolar magnetic eld, which

is in turn determined by the light cylinder, with a radiRgc. At this distance,

the corotation speed equals the speed of light. Radio emission from the pulsar is
expected to originate from the polarcapregion. . . . .. .. ... ... ..... 27
Pulsars with known period and period derivative from the ATNF cataldgtes(
Ilwww.atnf.csiro.au/research/pulsar/psrcat/ ) are shown in the dia-

gram. The pulsars known to be members of binary systems are highlighted by

a red circle, and the ones found in globular clusters are surrounded by a yellow
circle. pulsar-supernova remnant associations are indicated by green stars, while
associations with pulsar wind nebulae (PWNe) are shown with a cyan cross. Radio-
quiet pulsars can be identi ed by a blue square, and the Fermi gamma-ray pulsars
by a magenta diamond. Lines of constant characteristic agyed magnetic eld

B are also shown. The death line divides the region from where pulsars are not
predicted to exist (see e.g. Tanetal.,2018). . . .. .. ... ... ... ..... 31
Pulsar distribution of the 3390 pulsars known to date in Galactic coordinates.

The same symbols are used as infh® diagram. . . . . .. ... ... .... 32
Distribution in Galactic coordinates of the 293 pulsars known in Globular Clusters

to date. The size of the circle indicates the number of pulsars that have been found
on each GC, while the black dots point out the centre of the cluster. Data taken
from http://www.naic.edu/~pfreire/GCpsr.html . The two GCs of interest

for this thesis are highlighted in pink colour. . . . . . ... ... ... ...... 38



List of Figures 7

2.1

2.2

2.3

2.4

3.1

3.2

3.3

Discovery observation of NGC 6440G. The left panel shows the time series and
the pulse pro le at top, where two pulses are shown for clarity. A pulsar will
typically have sharp, narrow peaks with possibly an extended scattering tail. The
grey-scale plot shows twice the pulse phase on the x-axis across equal sized bins.
Time, plotted on the y-axis, tells us how the strength of our signal varies during
the course of the observation. Every time the pulsar beam passes in front of us,
we see an increase in the strength of the signal and it will be at the same point
in the pulsar's rotation. These vertical lines should align with the peaks in the
pulse pro le plot above. Adjoined to this plot is the reduced(measure of S/N).

This shows how the power changes during the observation. The top-middle gray
scale panel shows the signal strength as a function of pulse phase and observing
frequency (sub-band). The bottom-middle plot is the reduceds a function of

DM. The top-right and top-middle panels show the reducgds a function of trial

period derivative and period at the best period and period derivative, respectively.
Finally, the bottom-right panel shows the reducédrepresented by the di erent
colours) over a range of trial periods and period derivatives. During the folding, a
range of DMs, periods, and period derivatives is searched to produce the highest
reduced 2. Ideally, a sharp peak in reduced indicates that the Period or Period
derivative have beenwellmeasured. . . . . . . .. ... ... ... ... .. 52
Period-acceleration diagram for the binary pulsar NGC 6440H. The blue cross
points out the centre of the ellipse, while the grey lines indicates the uncertainties
in the best t (blue line). The treturned an orbital periodBg ' 8.64 hours and

a projected semi-major axis af ' 0.025 It-s for the pulsar orbit. . . . ... .. 53
A schematic diagram of the MeerKAT dish structure showing the major elements
ofthedesign. . . . . . . . . . e 55

Tiling of the M62 observation done on November 2020 where 56 antennas were
used to synthesize 288 beams, with an overlap fraction of 70%, around the posi-
tion of M62D (see Chapter 4). The light-grey ellipses show the contours of the
TRAPUM beams at their 42% level of power of their boresights at 1284 MHz. . . 58

Timing residuals of NGC 6440H as a function of time (top) and orbital phase
(bottom) obtained using GBT and MeerKAT data. The blue points indicate times
of arrival from the GBT, while the green and red points show the times of arrival

from MeerTime and TRAPUM, respectively. . .. ... ... ... ... .... 76
Timing residuals of NGC 6440G as a function of time (MJD) for the GBT and
MeerKAT data. . . . . . . . . . . e 77

Positions of all the known pulsars in NGC 6440, plotted with respect to the centre

of the GC. The localisation of NGC 6440G is highlighted in green, the size of the
symbol represent the 2uncertainty. The angular core radiug € 0.10arcmin)

is indicated by the dashed circle. We show the size of the beam for 63 (inner
ellipse) and 41 (outer ellipse) antennas at their 50 per cent power level. The two
transient LMXBs known in the cluster are indicated with stars. . . . . . ... .. 78



List of Figures

3.4

3.5

3.6

3.7

3.8

3.9

3.10

4.1

The localisation region of NGC 6440G obtained with SeeKAT. The drror

region is shown in blue, and the maximum likelihood position is highlighted by

the cyan cross. The 2-and 3- error regions are shown by the green and magenta
contours, respectively. Its timing position is also shown as a dot with the letter G. 80
The surface mass densflyas a function of the distance to the cluster centi®

shown as a blue solid line and enumerated on the left-hand side of the y-axis. The

red dashed line shows the variation of the volume mass density distribution as a
function of the distance, and uses the right-hand side of the y-axis. . . . .. .. 82
The line of sight acceleration due to the potential of the cluster as a function of the
distance between the pulsar and the plane of the sky passing through the cluster
centrel forameasure®,. . . . . . . ... 83
Integrated pulse pro les for the newly discovered pulsars presented here using
both L-band (1284 MHz) and S-band (1950 MHz) data from MeerKAT and GBT,
respectively. All pro les show one full rotation of the pulsar with 64 phase bins.

Their spin periods are indicated. The width of the horizontal bar indicates the

e ective time resolution of the system, relative to each pulsar's spin period. ... 86
Generalised Lomb-Scargle calculated from the timing residuals from the best t
timing solution to the NGC 6440C 16-year data set, obtained udin{Spectra
fromTEMPO2. . . . . . . . e 88
Timing residuals of NGC 6440C as a function of time for GBT and MeerKAT

data. The top panels correspond to zoom-in portions of the rectangles labelled as
a,bandcinthemainpanel. ... .. ... ... ... .. .. .. .. .. ... 89
Top panel: Timing residuals and excess DM for the eclipsing binary pulsar NGC
6440D as a function of orbital phase using the frequency range 962-1605 MHz.

The eclipse region is highlighted with a grey coloured region. The di erent epochs

are denoted by di erent colours. The histogram at the top shows a density of TOAs

that is not uniform which is related to the timing of the observations. Bottom panel:
Variation of timing residuals and phase with orbital phase measured simultaneously

in two subbands: 962-1284 MHz (blue circles) and 1285-1605 MHz (pink circles). 91

Positions of all the pulsars in M62, plotted as east-wes}t &nd south-north

() osets from the centre of the GC. The grey crosses from pulsars M62H and
M62J represent the 2uncertainties in their positions obtained using SeeKAT. The

di erent colours of the symbols indicate their DM values. The angular core radius

(rc = 0.13arcmin) is indicated by the dotted circle. We also show the sizes of both

the L-band (dash-dotted ellipse) and UHF (dashed ellipse) beams for 56 antennas

at their 50 per cent power level. The X-ray sources from Oh et al. (2020) are shown

in purple. The arrows show the direction and distance travelled by the pulsars in
1000 yr considering the value of their proper motions. The proper motion of M62
from Baumgardt & Vasiliev (2021) is shown in the bottom right corner. . . . . . 103



List of Figures 9

4.2

4.3

4.4

4.5

4.6

4.7

Timing residuals as a function of time obtained using Parkes, E elsberg and
MeerKAT data for all the previously known pulsars using a data span of over

23 years (M62A-F), and for the newly discovered pulsars with MeerKAT solutions
(M62G and M62l) using a data span of over 3 years. The blue points indicate times

of arrival from Parkes, the purple are from E elsberg, while the green and red
points show the times of arrival from MeerTime and TRAPUM, respectively. . . 107
Timing residuals as a function of orbital phase obtained using Parkes, E elsberg
and MeerKAT data for all the previously known pulsars (M62A-F), and for the
newly discovered pulsars with only MeerKAT solutions (M62H-1). The ToAs for
pulsars M62B and M62E show delays around superior conjunction, these are caused
by eclipses. The blue points indicate times of arrival from Parkes, the purple are
from E elsberg, while the green and red points show the times of arrival from
MeerTime and TRAPUM, respectively. . .. .. .. .. .. ... .. ...... 108
Line-of-sight acceleration as a function of the total angular o set from the centre

of the cluster (,) for pulsars with timing solutions in M62. Upper limits for

the accelerations of the MSPs are shown as the black triangles, determined from
Pobs. The measurements of the line-of-sight accelerations for pulsars determined
from their orbital period derivative®y, ons (Where available) are shown as the

blue points and error bars. For most of the pulsars these errors are very small as
determined by their timing solutions. The maximum and minimum acceleration
(a1,ccmax ) along the line of sight predicted by using equation 4.2 are shown as

the black solid lines. The core radius is indicated by the vertical dashed line.
The shaded area highlights the regionr >®&here the approximation of the same
equationisonlyvalidto50%. . . . . . .. .. ... ... .. 118
Integrated pulse pro les for all of the previously known pulsars using both L-band
(1284 MHz) and UHF (816 MHz) data from MeerKAT. All pro les show one full
rotation of the pulsar with 64 phase bins. Their spin periods are indicated. The
length of the horizontal bar indicates the e ective time resolution of the system,
relative to each pulsar's spinperiod. . . . . ... ... ... ... . ... .. 120
Integrated pulse pro les forrecent discovered pulsars using both L-band (1284 MHz,
except for M62J) and UHF (816 MHz) data from MeerKAT. All pro les show one

full rotation of the pulsar with 64 phase bins. Their spin periods are indicated. The
length of the horizontal bar indicates the e ective time resolution of the system,
relative to each pulsar's spinperiod. . . . . ... ... ... ... . ....... 120
Top panel: Timing residuals as a function of orbital phase for the eclipsing binary
pulsar M62B. The di erent colours indicate the di erent epochs at 962 1605 MHz.
Middle panel: Timing residuals and excess DM measured simultaneously at 962
1284 MHz (blue) and 1285 1605 MHz (pink). The eclipse regions at both sub-
bands are highlighted covering the respective orbital phases. Bottom panel: Tim-
ing residuals and excess DM measured simultaneously at 612 816 MHz (green)
and 817 1020 MHz (yellow). The eclipse regions for the di erent subbands are
highlighted in the same colours by covering the respective orbital phases. . ... 125



10

List of Figures

4.8

5.1

5.2

5.3

54

5.5

Top panel: Timing residuals as a function of orbital phase for the eclipsing binary

pulsar M62E. The di erent colours indicate the di erent epochs at 962 1605 MHz.

Bottom panel: Timing residuals and excess DM measured simultaneously at 9621

1284 MHz (blue) and 1285 1605 MHz (pink). The eclipse regions at both sub-

bands are highlighted in the same colours by covering the respective orbital phases. 128

Integrated pulse pro les of PSR J1906+0746 illustrating all the di erent pro le
variations in the DFB Lovell (JBO), Arecibo PUPPI (AO), MeerKAT (MKT) and

FAST (FST) data. Shown are the main pulse (left) and interpulse (right), see text

for a full description. The dates of the observations used to obtain the pro les are
givenin the format yymm-yymm. . . .. .. .. .. ... .. .. .. ... 140
Phase-connected timing residuals as a function of MJD. The top panel shows

the residuals we got as a result of the tting procedure fieldN_ENTERPRISE
obtaining phase connection throughout our whole data set without removing the
timing noise. The red line denotes the timing noise model tted, while the purple
dashed line denotes the glitch epoch. The bottom panel shows the result after
including up to the 60th harmonic for whitening. . . . . .. .. ... ... ... 142
Power spectral density against frequency is shown by the blue continuous line. The

tted power law is shown in red. The detected periodicity is shown by the vertical
dash-dotted blue line, and a peak in the PSD can be seen at its approximate position.145
Timing residualsD , , andD as a function of time for PSR J1906+0746 after
removing the red noise. The vertical purple dashed line denotes the glitch epoch. 146
Mass-mass diagram of PSR J1906+0746. The solid line représehis dashed

line shows the values d?, and the dash-dotted line displays the values a@fs

measured by the DD binary model in Table 5.2. The red dot indicates the best- t

value form; andm, obtained fromthe DDGR model. . ... ... .... ... 148



11

List of Tables

3.1
3.2

3.3
3.4

4.1

4.2

4.3

4.4

Summary of the MeerKAT observations used in thisanalysis. . . . . ... .. .. 72
Timing parameters for the two new pulsars discovered in NGC 6440, as obtained
from tting the observed ToAs with TEMPO2. The companion mass is calculated
assuming a pulsar mass of 1.4 MFor both solutions, the time units are TDB,

the adopted terrestrial time standard is TT(TAI) and the Solar System ephemeris
used is JPL DE421 (Folkner et al., 2009). Numbers in parentheses represent 1-

uncertaintiesinthe lastdigit. . . . . .. ... ... ... .. .. .. . ..., 75
Limits for derived parameters of the pulsars in NGC 6440 studied in this paper. . 84
Pulsar o sets from the centre of NGC 6440. . . . . . ... ... .. ... .... 84

Summary of the MeerKAT observations used in this analysis. The Date/Times
are speci ed in UTC. Columns 10 and 11 displays the observations in which the
eclipse is seen for pulsars M62B and M62E, respectively, categorised as follows:
B for observations in which both the ingress and egress are visible, | for ingress
onlyand Eforegressonly. . .. . ... ... ... ... ... 101
Timing parameters for the pulsars M62A, M62C and M62D, as obtained from
tting the observed ToAs with TEMPO2. The companion mass is calculated
assuming a pulsar mass of 1.4 MThe time units are TDB, the adopted terrestrial
time standard is TT(BIPM2019) and the Solar System ephemeris used is JPL
DE421 (Folkner et al., 2009). Numbers in parentheses represenntertainties

in the last digit. The DM values were obtained uskigMP. . . . . . . ... .. 109
Timing parameters for the pulsars M62F, M62G and M62I, as obtained from tting
the observed ToAs with TEMPO2. The companion mass is calculated assuming
a pulsar mass of 1.4 M The time units are TDB, the adopted terrestrial time
standard is TT(BIPM2019) and the Solar System ephemeris used is JPL DE421
(Folkner et al., 2009). Numbers in parentheses represeniricertainties in the

last digit. The DM values were obtainedusiBRBMP . . . . . . . . ... .. .. 110
Timing parameters for the two eclipsing systems in M62, and M62H, as obtained
from tting the observed ToAs with TEMPO2. The companion mass is calculated
assuming a pulsar mass of 1.4 MThe time units are TDB, the adopted terrestrial
time standard is TT(BIPM2019) and the Solar System ephemeris used is JPL
DE421 (Folkner et al., 2009). Numbers in parentheses represenntertainties

in the last digit. The DM values were obtained uskigMP. . . . . . . ... .. 111



12

List of Tables

4.5
4.6

5.1
5.2

Pulsar o sets fromthe centreof M62. . . . . . . . . .. ... ... ... ... . 119
Pulse widths at 50% (W50) and 10% (W10) measured at L-band and UHF in
degrees of rotation by tting von Mises functions to the average pro les which are

then used to estimate the pulse duty cycle W50/P. The pro le can either be tted
with a single (S), or multiple (M) componentmodel. . . . . ... ... ..... 123

Summary of the Telescope and Backend Setup . . . . . . ... ... ... .... 139
Timing parameters for PSR J1906+0746, as obtained from tting the observed
ToAs with TEMPO2 using the DD (Damour & Deruelle, 1986) timing model
(second column) and the DDGR (Taylor & Weisberg, 1989) model (third column),

which assumes general relativity as the correct theory of gravity . The time units

are TDB, the adopted terrestrial time standard is TT(TAI) and the Solar System
ephemeris usedis JPL DE440 -(Park etal., 2021) Numbers in parentheses represent

1- uncertaintiesinthelastdigit. . . . . . ... . ... ... ... ... 143



List of Abbreviations

ADC
ALFA
APSUSE
ATNF
BIPM
BLUSE
BW
CBF
CCSNe
DM
DNS
FAST
FBFUSE
FITS le
FoV
FT
FFT
GBT
GC
GMRT
GP
GPS
GR
GPU
HMXB
IMXB
ISM
JBO
JBCA
LMXB
LNA
LO

Analogue-toDigital Converter
A reciboL -bandFeedArray
AcceleratedPulsar SearchUser SuppliedEquipment
A ustralianT elescopeCompactArray
B ureaul nternational de®oids eM esures
Breakthrough_ istenUserSuppliedEquipment
BandWwidth
CorrelatorBeamFormer
(ore CollapseSuperNovae
DispersionM easure
DoubleNeutronStar
Five-hundred-metef pertureSpherical T elescope
HlterbankingBeamFormerUserSupplied Equipment
Flexible |mageT ransportSystemFile
Field of View
Fourier Transform
FastFourier Transform
GreenBankTelescope
GlobularCluster
G ian M eterwaveRadio Telescope
GalacticPlane
Gobal Positioning System
GeneralRelativity
GraphicProcessingJnits
H igh M assX-ray Binary
| ntermediate/lassX-ray Binary
| nter Stellar M edium
JodrellBank Observatory
Jodrell Bank Centre forAstrophysics
L ow MassX-ray Binary
L ow- NoiseAmpli er
L ocalOscilator

13



14

LOFAR
MeerKAT
MeerTRAP
MS

MSP
NIST

NS

PFB

PK

PWN
PRESTO
PSD
PTUSE
RFI

SAT

S/IN
SARAO
Sl

SKA
SNR
SSB
STFC
TAI

TCB
TDB
tMSP
ToA
TRAPUM
TT

TUSE
USE
UHF
uTC

WD

TheLOw FrequencyARarray
M oreKarooArray Telescope
M ore TRAnsients andPulsars
M ain Sequence
Milli SecondPulsar
Nationall nstitute ofStandards and echnology
NeutronStar
Polyphase-ilterbank
PostK eplerian
PulsarWind Nebula
PulsaR Exploration andSearchT O olkit
Fower SprectralDensity
FulsarTiming UserSuppliedEquipment
RadioFrequency interference
L ocal Standard ofTime
Sngal toNoiseRatio
South African Radio AstronomyObservatory
I nternationalSystem of Units
SquareK ilometreArray
SuperNovaRemnant
Slar SystemBarycentre
Science and echnologyracilities Council
| nternationaltomic Time
BarycentricCoordinatedl ime
BarycentricDynamicTime
transitionalMilli SecondPulsar
Timesof Arrival
TRA nsients andPUlsars withM eerKAT
T errestrialTime
TransientJserSuppliedEquipment
UserSuppliedEquipment
Ultra- High Frequency
UniversalTime Coordinated
W hite Dwarf



15

Abstract

Pulsars, rapidly spinning neutron stars with strong magnetic elds and spin periods ranging
from a few milliseconds to tens of seconds, can be exploited as natural laboratories for fundamental
physics. This thesis utilises the MeerKAT telescope to study pulsars in globular clusters (GCs),
ideal environments for discovering exotic objects. We present the discovery of two millisecond
pulsars (MSPs) in the GC NGC 6440, one is an isolated pulsar and the other is a Black Widow
(BW), with a very low mass companion V> 6.6 M;). Additionally, three binary MSPs were
discovered in the GC M62. M62H has a planetary-mass companion with a mas8 iy and
a mean density of 11gcm 3. M62I has an orbital period of 0.51days antla  0.15M .

Neither of these low-mass systems exhibit eclipses. M62J, a relatively steep spectrum3.1)
pulsar was only detected in the two UHF band (816 MHz) observations of our survey.

We have also further investigated the previously known pulsarsin both clusters. The searches for
planets around the isolated MSP NGC 6440C show evidence for signi cant unmodelled variations
but they cannot be well modelled as planets nor as part of a power-law red-noise process. Studies
of the eclipse properties of the redback (RB) pulsars NGC 6440D and M62B, and the BW M62E at
di erent frequency bands, reveal a frequency dependence in the eclipse duration, with longer and
asymmetric eclipses at lower frequencies. We also present 23-yr-long timing solutions obtained
using data from the Parkes Murriyang , E elsberg, and MeerKAT telescopes for the six previously
known pulsars in M62. For all these pulsars we measured, for the rsttime, the second spin-period
derivatives and the rate of change of orbital period caused by the gravitational eld of the cluster,
and their proper motions. From these measurements, we conclude that the pulsars' maximum
accelerations are consistent with the maximum cluster acceleration assuming a core-collapsed mas
distribution. While the observed pulsar population in NGC 6440 follows the model predictions
that suggest around the same number of isolated and binary pulsars for intermecliadters,
the presence of only binary MSPs in M62 challenges models which suggest that core-collapsed
clusters should primarily host isolated MSPs. These results open the door for further investigation
of the relation between the dynamical properties and history of GCs and the characteristics of their
pulsar populations.

Lastly, we present a comprehensive timing analysis using over 18yr of data of the young
( ¢ =112kyr,P = 114ms) relativistic binary pulsar PSR J1906+0746 from six radio telescopes:
Arecibo, FAST, Green Bank, Lovell, MeerKAT and Nancay. Assuming general relativity and using
our coherent timing solution that covers the whole data span, we obtain more precise parameters of
the masses of the system than previous results: 1.294(6jd the pulsar and..3196) M for
the companion, giving a total mass #61331) M . Moreover, we present the detection of a
large glitch which occurred around 2014 January 7, when the pulsar underwent an increase in the
rotation rate ofD = 4.0948) 10 °Hz. The modelling of the timing noise present in this
pulsar reveals a quasi-periodic behaviour with a periodicity &yr that cannot be modelled as
part of the noise model. A quasi-periodic behaviour is also seen in the variatiombkse results
suggest that a better modelling of the timing noise for this pulsar would help to con rm or refute
the presence of the planet-like periodicity found in this work.



16

Declaration of Authorship

I, Laila Vleeschower Calas, declare that this thesis titled, Searching for Pulsars for testing gravity
with the SKA precursor telescope MeerKAT and the work presented in it are my own. | con rm
that:

" This work was done wholly or mainly while in candidature for a research degree at this
University.

" Where any part of this thesis has previously been submitted for a degree or any other
guali cation at this University or any other institution, this has been clearly stated.

Where | have consulted the published work of others, this is always clearly attributed.

" Where | have quoted from the work of others, the source is always given. With the exception
of such quotations, this thesis is entirely my own work.

~ | have acknowledged all main sources of help.

~ Where the thesis is based on work done by myself jointly with others, | have made clear
exactly what was done by others and what | have contributed myself.



17

Copyright Statement

(i) The author of this thesis (including any appendices and/or schedules to this thesis) owns

(ii)

certain copyright or related rights in it (the Copyright) and s/he has given The University
of Manchester certain rights to use such Copyright, including for administrative purposes.

Copies of this thesis, either in full or in extracts and whether in hard or electronic copy, may
be made only in accordance with the Copyright, Designs and Patents Act 1988 (as amended)
and regulations issued under it or, where appropriate, in accordance with licensing agree-
ments which the University has from time to time. This page must form part of any such
copies made.

(i) The ownership of certain Copyright, patents, designs, trademarks and other intellectual prop-

(iv)

erty (the Intellectual Property ) and any reproductions of copyright works in the thesis,
for example graphs and tables ( Reproductions ), which may be described in this thesis,
may not be owned by the author and may be owned by third parties. Such Intellectual
Property and Reproductions cannot and must not be made available for use without the prior
written permission of the owner(s) of the relevant Intellectual Property and/or Reproductions.

Further information on the conditions under which disclosure, publication and commer-
cialisation of this thesis, the Copyright and any Intellectual Property and/or Reproductions
described in it may take place is available in the University IP Policy (g&&

), in any relevant The-
sis restriction declarations deposited in the University Library, The University Library's reg-
ulations (seé )andin
The University's policy on Presentation of Theses.



18

Publications List

~ Eight new millisecond pulsars from the rst MeerKAT globular cluster census.
Ridol, A.; Gautam, T.; Freire, P. C. C.; Ransom, S. M.; Buchner, S. J.; Possenti, A.;
Venkatraman Krishnan, V.; Bailes, M.; Kramer, M.; Stappers, B. W.; Abbate, F.; Barr, E.
D.; Burgay, M.; Camilo, F.; Corongiu, A.; Jameson, A. ; Padmanabh, Rlseschower, L,
Champion, D. J.; Chen, W.; Geyer, M.; Karastergiou, A.; Karuppusamy, R.; Parthasarathy,
A.; Reardon, D. J.; Serylak, M.; Shannon, R. M. ; and Spiewakyiéhthly Notices of the
Royal Astronomical Societ$04 (1), 1407 1426 (2021).

Two New Black Widow Millisecond Pulsars in M28.

Douglas, A.; Padmanabh, P. V.; Ransom, S. M.; Ridol, Freire, Paulo; Krishnan, Vivek
Venkatraman; Barr, Ewan D.; Pallanca, Cristina; Cadelano, Mario; Possenti, Andrea; Stairs,
Ingrid; Hessels, Jason W. T.; DeCesar, Megan E.; Lynch, Ryan S.; Bailes, Matthew; Burgay,
Marta; Champion, David J.; Karuppusamy, Ramesh; Kramer, Michael; Stappers, Benjamin;
Vleeschower, Laila The Astrophysical Journ®27 (1), id.126, 8 pp.

Discoveries and timing of pulsars in NGC 6440.

L. Vleeschower Stappers, B. W.; Bailes, M.; Barr, E. D.; Kramer, M.; Ransom, S.; Ridol ,
A.; Venkatraman Krishnan, V.; Possenti, A.; Keith, M. J.; Burgay, M.; Freire, P. C. C.;
Spiewak, R.; Champion, D. J.; Bezuidenhout, M. C.; Nipu, I. C.; Chen, W.; Parthasarathy,
A.; DeCesar, M. E.; Buchner, S.; Stairs, |. H.; Hessels, J. WIdnthly Notices of the Royal
Astronomical Societyg13 (1), 1386 1399 (2022).

" TRAPUM discovery of 13 new pulsars in NGC 1851 using MeerKAT.
Ridol, A.; Freire, P. C. C.; Gautam, T.; Ransom, S. M.; Barr, E. D.; Buchner, S.; Burgay,
M.; Abbate, F.; Venkatraman Krishnan, Wileeschower, L; Possenti, A.; Stappers, B.
W.; Kramer, M.; Chen, W.; Padmanabh, P. V.; Champion, D. J.; Bailes, M.; Levin, L.;
Keane, E. F.; Breton, R. P.; Bezuidenhout, M.; Griessmeier, J.-M.; Kuenkel, L.; Men, Y.;
Camilo, F.; Geyer, M.; Hugo, B. V.; Jameson, A.; Parthasarathy, A.; Serylaksivonomy
& Astrophysics664, id.A27, 12 pp.

A MeerKAT look at the polarization of 47 Tucanae pulsars: magnetic eld implications.
Abbate, F.; Possenti, A.; Ridol, A.; Venkatraman Krishnan, V.; Buchner, S.; Barr, E. D.;
Bailes, M.; Kramer, M.; Cameron, A.; Parthasarathy, A.; van Straten, W.; Chen, W.; Camilo,
F.; Padmanabh, P. V.; Mao, S. A.; Freire, P. C. C.; Ransom, SVMeschower, L; Geyer,

M.; Zhang, L.Monthly Notices of the Royal Astronomical Sociéty (2), 1642 1655.



19

" The TRAPUM L-band survey for pulsars in Fermi-LAT gamma-ray sources.
Clark, C. J.; Breton, R. P.; Barr, E. D.; Burgay, M.; Thongmeearkom, T.; Nieder, L.;
Buchner, S.; Stappers, B.; Kramer, M.; Becker, W.; Mayer, M.; Phosrisom, A.; Ashok, A.;
Bezuidenhout, M. C.; Calore, F.; Cognard, I.; Freire, P. C. C.; Geyer, M.; Grieymeier, J.
-M.; Karuppusamy, R.; Levin, L.; Padmanabh, P. V.; Possenti, A.; Ransom, S.; Serylak,
M.; Venkatraman Krishnan, V¥leeschower, L; Behrend, J.; Champion, D. J.; Chen, W.;
Horn, D.; Keane, E. F.; Klnkel, L.; Men, Y.; Ridol , A.; Dhillon, V. S.; Marsh, T. R.; Papa,
M. A. Monthly Notices of the Royal Astronomical Sociéi® (4), 5590 5606.

MeerKAT discovery of 13 new pulsars in Omega Centauri.

Chen, W.; Freire, P. C. C.; Ridol, A.; Barr, E. D.; Stappers, B.; Kramer, M.; Possenti, A.;
Ransom, S. M.; Levin, L.; Breton, R. P.; Burgay, M.; Camilo, F.; Buchner, S.; Champion, D.
J.; Abbate, F.; Venkatraman Krishnan, V.; Padmanabh, P. V.; GautaMig&schower, L;
Geyer, M.; Grieymeier, J. -M.; Men, Y. P.; Balakrishnan, V.; Bezuidenhout, Mi@hthly
Notices of the Royal Astronomical Socjéif20 (3), 3847 3856.



20

Acknowledgements

These four years have undoubtedly been one of the most challenging stages of my life. However, |
would have not been able to accept and enjoy the challenge if it were not for the wonderful people
| shared it with, and whom, without a doubt, this thesis work would not have been possible. | want
to thank to all of them.

First, | want to thank to the Instituto de Ciencia, Teconolgia e Inovacion del Estado de Chiapas
for the nancial support which helped me with the relocation costs that brought me to Manchester.

| consider myself very fortunate to have been able to pursue my PhD under the supervision of
Prof. Ben Stappers at JBCA. Ben, the best supervisor | could have ever asked for. Despite being a
very busy person, he always makes time for his students and he is an in nite source of great ideas.
Thank you, Ben, for your time, for your patience, and for imparting your knowledge to me through
long hours of work. But also, thank you for giving me the motivation, optimism, and support |
needed mainly during the pandemic, but during the whole journey really, you have been always
there. Above all, thank you for believing in me when | did not even believe in myself!. | also want
to thank Mike, my co-supervisor, for sharing with me all his TEMPOZ2 tricks and teaching me all |
know aboutrednoise

JBCA, for me, was very di erent before and after the pandemic well, | believe the whole world
never returned to being the same, but let's continue. When the lockdown started, | had only been in
Manchester for a few months, and when we returned to the o ce, all o ce mates | knew had gone,
except for luliana, we still had to nish our PhDs. | also consider myself very fortunate to had
great colleagues to share the o ce with, who | can not thank enough the Manchester pulsar gang:
Adipol, Emma, James, Tinn, Oli, | not only consider you my friends but you were there to discuss
work and occasionally party and travel together. These are parts of my PhD that | will cherish
in my memory forever and that undoubtedly made this stage more enjoyable. | want to specially
thank Emma, who organised my farewell party, one of the funniest days of my PhD without any
doubts, and to Tinn, who shared with me l@beller code which was very helpful to visually
inspect thousands of pulsar candidates. Avishek, the only post-doc in the o ce, thank you for
always answering all my questions, and Yang, thanks for all the discussions about glitches you had
with me. Outside the o ce, all the people from the Manchester pulsar group, thanks to each one
of you and all the JBCA people in general, the IT team, the friends from the other o ces, it was a
pleasure to meet you all.

| was also really lucky to work with incredible people from the TRAPUM globular cluster
working group, with whom | had meetings at least two times per month, and from whom |
learnt tons about pulsars, globular clusters, MeerKAT and radio astronomy in general: Alessandro
Ridol , Vivek Venkatraman Krishnan, Paulo Freire, Scott Ransom, Andrea Possenti, Marta Burgay,
Michael Kramer, Matthew Bailes, Ewan Barr, Federico Abbate, Prajwal Voraganti Padmanabh,
Weiwei Chen, Tasha Gautam, Arunima Dutta, Vishnu Balakrishnan, who have also read parts of
this thesis and were always available to discuss any parts of the work.

| also want to thank to the 1906 working group, with whom | discussed and learnt a lot about
relativistic binaries and working with data from several di erent telescopes: Joeri van Leeuwen,



21

Gregory Desvignes, Michael Kramer, Mike Keith, Andrew Lyne, Ingrid Stairs, Lina Levin Presto,
Vivek Venkatraman Krishnan and Yuyang Wang.

Another aspect of my life | consider myself lucky is my family and my friends. My mom, my
biggest source of strength, my inspiration and my best friend, who | can spend hours talking to
and who would always make all of her e ort to understand what | do. My dad, whom | lost in
the middle of the way, but | know he would be very proud. He was always there to cheer me up
and tell me just one phrase that would change everything, | miss you every single day. My brother
who has also been there and believed in me. My grandma Lila, another of my biggest sources
of inspiration, a tireless woman. They have always supported me in all my decisions even if that
means living thousands of kilometres away to study my PhD in astrophysics, a path no one in my
town has ever followed. My dearest friend, Iza, thanks for being there to listen and to spend hours
with me on the phone, to complain each other about our PhDs but also share our happiest moments
and achievements. And my friends in Mexico, | would probably not mention names in case | forget
someone.

Felipe, who not only pushed me to continue my studies doing a PhD abroad, he has always
motivated to not to give up and has always been patient to share his coding abilities with me. We
shared our times both being in di erent countries while doing our PhDs, both being very busy, but
we have always been able to nd the time to spend together. | love going through life with you by
my side. | am so lucky to have you!

| consider myself very fortunate and humbled to have the freedom to pursue my chosen career
path. This journey has proven to be rewarding, despite the sleepless nights and all the e orts
dedicated to this thesis work. At the same time, | am aware that many individuals, not only in my
country but in the whole world, face challenges that rely more on surviving day-to-day life than
with understanding how a very far away object works. | carry you all in my thoughts, and | aspire
to contribute my part through my endeavours.



22

To my mom, dad, and to all those we lost during the COVID-19 pandemic.



23

Preface

Laila Vleeschower Calas was born and raised in Villafores, Chiapas, Mexico. She graduated
with a Bachelor of Science from the Universidad Auténoma de Chiapas with a Honorable Mention.
During her undergraduate studies, she spent a semester as an exchange student at the Universidad
Oviedo. Inthe summer of 2016, she completed a summer studentship at the Deutsches Elektronen
Synchrotron (DESY) in Harmburg, Germany, where she worked with Dr. Hannes Jung on studies
of charged patrticle spectra using simulations of the Compact Moun Solenoid (CMS). However, her
passion for astronomy, which she had held since childhood, led her to return to Mexico to pursue
a master's degree with a focus on this eld at the Universidad Auténoma de Chiapas. During this
time, she worked on studies of Pulsar Wind Nebulae, and unidenti ed (UNID) sources of tera-
electron volts using data from X-ray and gamma-ray telescopes such as Chandra, XMM-Newton,
and Fermi-LAT. Her research was conducted under the guidance of Dr. Omar Tibolla, Dr. Sarah
Kaufmann and Dr. César Alvarez. As part of her master's project, she spent a month at the Goddard
Space Flight Center, NASA (GSFC/NASA) collaborating with Dr. Liz Hays on the detection of
the UNID source HESS J1626 490 using Fermi-LAT data. Afterwards, she joined the University
of Manchester to study a PhD degree focused on pulsars at Jodrell Bank Centre for Astrophysics,
under the supervision of Prof. dr. Ben Stappers and Dr. Michael Keith.



24

Chapter 1

Introduction to Radio Pulsars

1.1 Predictions and Discovery of Pulsars

A couple of years after neutrons were discovered in the laboratory by ( ), Baade and
Zwicky proposed the existence of compact objects, for which Zwicky coined the term “neutron
stars' ( , ). These predictions paved the way for the development of theoretical
models for these objects. The rst theoretical calculations of the structure of neutron stars were
performed by ( ). They demonstrated that the equation of state of a
neutron star depends on the density and pressure, but not on its temperature. ( )
later revisited these calculations, incorporating interactions between neutrons that Oppenheimer
and Volko had not considered. Fowler's work provided a mass estimate of 1.4 solar masses,

M , for neutron stars. A couple of years later, ( ) predicted that neutron
stars would possess intense magnetic elds and very high spin frequencies, ranging from tens to
hundreds of Hz. ( ) further suggested that a neutron star could be the power source of

the Crab Nebula, laying theoretical groundwork for the interpretation of the ultimate identi cation
of pulsars.

In 1967, Jocelyn Bell, while working with her PhD supervisor Antony Hewish, discovered an
extremely regular pulsed signal (now known as PSR B1919+21) using the Interplanetary Scin-
tillation Array at the Cambridge Cavendish Laboratory ( , ). Shortly thereafter,
more sources with similar characteristics were discovered ( , ). ( )
proposed that these pulses originated from a rotating neutron star (NS). This discovery captured
the attention of astronomers worldwide, leading to the subsequent identi cation of other pulsars

such as the Vela ( : ) and the Crab ( : ) pulsars, so named
for their association with well known supernova remnants. To date, almost 3400 pulsars have
been found (visit for up-to-date

information), with numerous surveys conducted by radio telescopes all over the world in search of
pulsars (see for a list of the major pulsar sufyeysgure 1.1 shows the major
pulsar surveys that have been done to date and the number of pulsars that have been discovered

1
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by them. Despite all the e orts and remarkable achievements, studies suggest (see e.g.
) that there may be around 100,000 observable radio-emitting pulsars in the
Milky Way, indicating the existence of many more yet to be discovered.

Figure 1.1: Histogram of major pulsar surveys that have been carried out to date, nding almost 3400
pulsars.

1.2 Pulsar properties

1.2.1 Formation

Stars spend the majority of their lifetimes on the main sequence (MS), with masses ranging from
0.1 to 100M ). During this phase, the star can sustain itself against its own gravity thanks to
the radiative pressure generated by nuclear fusion, which also fuels the star's luminosity. This is
initially due to the fusion of hydrogen into helium in the core of the star. When the core runs out of
hydrogen fuel, it will contract under the weight of gravity, leading to increased core temperatures
and can then start the fusion of helium. Nevertheless, some hydrogen fusion still occurs in the
upper layers. The substantial energy released during this process causes the outer layers to expan
resulting in an increase in the star's radius and entering a phase known as the giant phase.

After the helium fuel is depleted, the cycle is repeated in a series of shell burning stages, where
fusion occurs in concentric shells of di erent elements as the star alternates between expanding
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and contracting. If the star is less massive tha®M , it would not have su cient mass to
generate the core temperatures required to fuse heavier elements and an inert core will form. The
star then sheds its outer layers and forms a planetary nebula, leaving behind a white dwarf. The
type of white dwarf formed depends on the star's mass: stars with similar masses to the Sun, will
form a carbon-oxygen white dwarf.

For more massive stars, subsequent fusion stages involve elements like carbon, neon, oxygen,
culminating in the formation of an iron core. Fusion of iron is an endothermic process and
does not release energy. Consequently, the pressure from the hot gas can no longer counteract
the star's weight, resulting in an event known as a core-collapse supernova (CCSN or Type II).
During this explosion, the core implodes. If the core is more massive than the Chandrasekhar
limit (Mg, 1.44M , ), the star will not reach the stability of a white
dwarf because the weight is too much to be supported by degenerate electrons. The collapse of
the nucleus persists, until a radius ofl0km ( , ), reaching densities of

10" gcm 2. In such conditions, the protons and electrons fuse together, giving rise to neutrons
through a process called electron captype: e ! n+ . This process generates an intense
ow of neutrinos that accompanies the collapse. As the outer layers of material fall towards
the core, they encounter timeutrinospherethe front of the neutrino ow. The neutrinosphere
imparts its momentum to the shell, ejecting the layers and triggering the supernova explosion. This
explosion causes a signi cant, but relatively short, increase in luminosity seen as a supernova, with
the core remaining behind as a NS.

1.2.2 Radio Emission

This thesis is centred on the study of these neutron stars, speci cally focusing on radio pulsars. A
pulsar is a highly magnetised and rapid rotating neutron star that emits a beam of electromagnetic
radiation. These characteristics are the result of the energy and angular momentum conservation
during the supernova (SN) explosion that created the NS.
The radio pulsar phenomenon can be explained by a simple model in which the acceleration of
charged particles along the eld lines of the highly magnetised rotating NSs ( , ; ,
) results in radio emission. The detailed mechanism of how pulsars emit is, however, not yet
fully understood and several models have been proposed since that rst developed by
( ). Many observed characteristics can be explained by considering the NS, placed
initially in vacuum, with a dipolar magnetic eld, whose magnetic momemt, is misaligned by
an angle, m, with respect to the pulsar spin ax&(see Figure 1.2). The rotation of the magnetic
eld induces an electric eld, extracting plasma from the NS surface, which will create the pulsar
‘magnetosphere’, a plasma- lled region dominated by the magnetic eld. The plasma outside the
pulsar co-rotates with the NS as long as its velocity is below the speed ofdjgineating what is
known as the “light cylinder', whose boundary is set by the radius where the plasma rotates at the
speed of light:

Ric = ¢/ W' 4.77 10°km % , (1.1)
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Figure 1.2: Cartoon pulsar diagram. It shows a rotating neutron star with a magnetic eld misaligned

with respect to the rotation axis by an anglg. The pulsar magnetosphere is con ned to the last

closed line of the dipolar magnetic eld, which is in turn determined by the light cylinder, with a radius

R_c. At this distance, the corotation speed equals the speed of light. Radio emission from the pulsar
is expected to originate from the polar cap region.

whereP is the spin period of the pulsar. The existence of the light cylinder, separates two types of
dipolar magnetic eld lines: the closed magnetic eld lines within the light cylinder, and the open
magnetic eld lines that are centred on the magnetic pole of the pulsar.

The open eld line region de nes the “polar cap' on the NS surface, centred on the magnetic
pole. Plasma is trapped on the closed eld lines, destined to co-rotate with the pulsar, while on
the open eld lines, the plasma can escape the magnetosphere and leave the polar region, forming
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two voltage gaps. The region above the magnetic poles is depleted ( rst gap) and new plasma is
extracted from the surface of the pulsar, accelerating particles to relativistic energies due to the
presence of the large electric elds ( , ), and the whole plasma streams
along the open eld lines. This plasma is the one which is believed to create the radio emission
via secondary or tertiary pair plasma through inverse Compton scattering at some distance above
the pulsar surface ( , ). Whenever the pulsar beam is directed towards us,
we can register a pulse. The second gap is an extension of the rst gap, where there is areturn ow
of charged particles to balance the charge that ows out. It is known as the “outer gap', and the
high-energy radiation observed from pulsars is believed to come from this region (see e.g.

: ). Furthermore, there are models that suggest the existence of the “slot gap', a region
between the last open eld lines and the boundary of the pair plasma column that is expected
to develop above the bulk of the polar cap, which emission is supposed to take place along the
last-open eld lines (see , , and references therein).

1.2.3 Dipole radiation, spin-down and braking index

Over time, the pulsar loses rotational kinetic energy, and this is its ultimate source of energy for
electromagnetic radiation. For a pulsar spinning with angular frequéhey2 / P, its rotational
kinetic energy can be related to its rate of change of peRqdby:

dErt . d(IWA/2)
dt dt

which is the rate of energy loss, also referred to as spin-down luminasiy,l = kM pR2 is

the moment of inertia of the NS, typically assumed tdlb& gcm 2 for a spherically symmetric

NS, with canonical mass and radius of 1.4 Mnd 10 km, respectively. Only a small portion of

this energy ( 10 ®> 10 9)is lost in the form of radio emission. Assuming the NS as a rotating

magnetic dipole with magnetic momemt rotating with angular frequendy, the energy loss in

E ot IWW= 4 2|PP 3, (1.2)

the form of electromagnetic waves can be given as ( , ):
2jmj?W* sin?
Edipole = éJJTm (1.3)

Assuming that all the pulsar rotational kinetic energy is lost only via magnetic dipole radiation,
we can equate Eq. 1.2 and Eq. 1.3 to derive the pulsar's expected change in the angular rotational
frequency, or pulsar spin-dow:

!
2imjsin®

W=
3lc3

(1.4)

Since the dipole radiation is not the only process involved, Eq. 1.4 can be written in a more
general form in terms of the rotational frequency of the pulsar, 1/ P:
= K n, (15)

whereK is a constant, and is referred to as thbraking index By di erentiating Eq. 1.5 with
respect to time, we eliminate the constintand then:
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n= (1.6)

>
We can measure, , and” through radio timing (see Chapter 2). However, measuricgn be
particularly challenging (see e.g. , ) for a few reasons. The primary challenge arises
from the inherently low spin-down rates of pulsars, resulting in very small valu€s fassuming

n = 3, the youngest pulsars can have 10 2°Hz s 2, and this limit rapidly becomes smaller for

older pulsars. A second challenge stems from the potential contaminatidsyaiming noise and
glitches as discussed by and . These irregularities and sudden
changes in a pulsar's rotation can obscure the precise determinatior-afthermore, according

to ( ) the braking index value for young pulsars is smaller than 3, indicating that
then = 3 assumption is generally not correct and additional contributions are needed to explain
the spin down.

1.2.4 Emission spectra

Whether a pulsar can be detected depends on its intrinsic characteristics such as its location, its

brightness, its pulse period and the observational set up. Pulsars have been shown to produce

pulsations over a large range of frequencies, extending from 10 MHz ( , ), to the

current record for the highest-frequency detection of a pulsar at 138 GHz (pulsar PSR B0355+54
, ), requiring a very broad emission process. The mean ux density (averaged over one

rotation period) of pulsarSmean at a certain observing frequencyys is found to be generally

well approximated by simple power-law relation:

Smean( obs)/ ( obs) ) (1-7)
in a frequency range of 0.1 10GHz, where is the spectral index, which is in the range
4> < 0,where mean = 1.4 at lower frequencies than 0.1 GHz, anglean = 1.8 at
higher frequencies ( , ). However, some pulsar spectra have been seen to show &

turn-over at low frequencies (around 100 MHz), which is usually attributed to either synchrotron
self-absorption or thermal free-free absorption, and others show a high-frequency cut-o in the
form of a spectral steepening or a break in the spectrum ( : ).

Pulsars are weak radio sources. To detect them, pulse pro les are summed over many rotation
periods to obtain an integrated pulse pro le, which is unique for each pulsar and can help us to
di erentiate them, somewhat like a ngerprint. However, before reaching the Earth, the electro-
magnetic waves produced by the pulsar must travel through the interstellar medium (ISM), mostly
ionised gas, which can be also inhomogeneous and turbulent. Pulsar radio signals can then su er
modulation (possibly making them indistinguishable from the background noise) through di erent
e ects: dispersion, Faraday rotation, scintillation, and scattering, which are discussed in Section
1.4.
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1.2.5 Characteristic age

The ages of pulsars can be estimated by integrating equation 1.5 expressed in terms of the current
periodP and the rate of change of periéd

" i
P Po " *

T= — 1 2 ,
(n 1P P

(1.8)

wherePg is the spin period at birth. For a pulsar with= 3, and consideringy, P, we get to
the characteristic age of the pulsar

10 ) (1.9)

this quantity is generally considered an order-of-magnitude estimate or an upper limit of the real
age of the pulsar, since pulsars do not rotate like simple vacuum dipoles (see e.g. , ).
Moreover, pulsars may undergo magnetic eld decay, which can signi cantly a ect their spin-down
behaviour (see below), and in this model, the rotation period of newly born pulsars is also not taken
into account.

1.2.6 Surface magnetic eld

The strength of a dipolar magnetic eld scales with the distantem the magnetic moment as
B(r) /j mj/ r3, assuming that the magnetic braking is the only spin-down mechanism3),
and solving Eq. 1.3 fomj, we nd an expression for the magnetic eld strength at the surfage
of a NS of radiusR:
s P

5 BG=R)= PP
Assuming the typical values for a neutron star, as in Section 1.2.3iand, = 1, we then have
that

(1.10)

p
Bs= 3.2 10'°%G PP. (1.11)

1.3 Pulsar Population

The rotation periodP, and its rate of change in timd?, serve as the two key observable
characteristics of pulsars, and they o er valuable insights into various other properties. By plotting
pulsars on & -P diagram as shown in Figure 1.3, we can categorise them and gain an idea of their
evolutionary pathways. This diagram also enables us to draw constant lines of age (dashed lines),
surface magnetic strength (dash-dotted lines) and spin-down luminosity (dotted lines) based on
equations 1.11 and 1.2, respectively, as well as the death line (solid line). The death line delimits
pulsars capable of supporting pair production in the inner magnetosphere from those that cannot,
and is de ned by setting the potential drop across the accele2¥grequal to the maximum value

(DV =F max, ) )-
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Figure 1.3: Pulsars with known period and period derivative from the ATNF catalogtip<(

) are shown in the diagram. The pulsars known
to be members of binary systems are highlighted by a red circle, and the ones found in globular clusters
are surrounded by a yellow circle. pulsar-supernova remnant associations are indicated by green stars,
while associations with pulsar wind nebulae (PWNe) are shown with a cyan cross. Radio-quiet pulsars
can be identi ed by a blue square, and the Fermi gamma-ray pulsars by a magenta diamond. Lines of
constant characteristic ageand magnetic eldB are also shown. The death line divides the region

from where pulsars are not predicted to exist (see e.g. , ).

Pulsars naturally fall into discernible categories based on the&indP values, resulting in
their congregation within speci c regions of the diagram. It is important to acknowledge that these
categories do not possess well de ned boundaries, allowing for overlaps, and should therefore be
regarded as general guidelines rather than rigid classi cations. Below we present a more detailed
discussion about the speci c categories relevant for the research presented in this thesis.
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1.3.1 Young Pulsars

Young pulsars (. . 100kyr) are often found within the con nes of a supernova remnant (SNR,

e.g. the Crab pulsar; ) and are located in the Galactic Plane (GP),
consistent with the idea that these are formed in supernovae, as can be seen on Figure 1.4. When
born, pulsars are predicted to have periods in the range @01 1 s and very large spin period
derivatives P & 10 1%). Consequently, they have very high spin-down luminosities and strong
inferred magnetic eldsBs 102 4G).

Figure 1.4: Pulsar distribution of the 3390 pulsars known to date in Galactic coordinates. The same
symbols are used as in tReP diagram.

The presence of pulsars at latitudes outside of the GP (the plane on which the majority of a
disc-shaped Galaxy's mass lies), suggest that they are born with high velocities ( ,
) that could be the result of an asymmetry in the SN giving it a “kick' velocity (

, ). Many young pulsars exhibit timing noise, characterised by slow quasi-random
changes in their rotation rates, thought to stem from magnetospheric instabilities ( , ).
Additionally, these pulsars occasionally experience sudden spin-up events often followed by some
associated transient behaviour. These phenomena are called glitches and were rst observed in
the Vela pulsar ( , ). Glitches are believed to originate within
the interior of the neutron star (see Section 2.5.3 for further discussion). These young pulsars are
located in the upper-left region of the-P diagram.

1.3.2 Normal pulsars

As young pulsars lose their energy, as previously discussed, they will slow down to periods of
one-tenth of a second to a few seconds and have high-spin down Pates 0 7 10 1?)

with strong magnetic eldsBs 10° 10 G). Pulsars in this category undergo evolutionary
changes over extended timescales, and their characteristic ages span from 300 kyr to 1 Gyr. These
pulsars are situated in the central region of k@ diagram.
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For a normal pulsar that experiences no signi cant perturbations of other phenomena (see
below), its spin-down will continue until the physical processes acting in the pulsar magnetosphere
are too weak to produce radio emission (e.g. , ), becoming undetectable
and nally crossing the death-line (see Figure 1.3). The grey region situated in the bottom-right
corner of theP-P diagram is commonly referred to as the graveyard since it denotes the zone
where we do not expect any radio emission from pulsars. The exact location of this line varies
among di erent theoretical predictions since some pulsars have been found even beyond this line

( , ; : )-

1.3.3 Binary pulsars

While the majority of normal pulsars are isolated NSs, approximately 10% are part of binary
systems (red circles in Figure 1.3). This can be attributed to the violent nature of SN explosions,
the process through which pulsars are formed. If the kinetic energy imparted by the SN explosion,
i.e. the kick, is strong enough, it can disrupt the existing binary system (e.g. , )
Pulsars that are part of a system in which the pulsar and its companion are gravitationally
bound to each other, orbiting around a common centre of mass, are known as binary pulsars. The
companion star can be of various types, including a main sequence star (e.g. PSR J1740 3052,
), a white dwarf (e.g. PSR J1141 6545, ), a neutron star (e.g.
PSR J1518+4904, ) or a black hole (though such systems are yet to be discovered)
This orbital motion can be used to study the masses, orbits, and other properties of the stars in
the system. Below we discuss the di erent formation scenarios. yo Binary pulsars are generally
born in systems consisting of two MS stars where at least one of the two stars is massive enough to
ultimately evolve into a NS following a SN explosion. Alternatively, if the primary star (the most
massive of the two) is only massive enough to form a heavy white dwarf (WD) at the end of its life,
a binary pulsar can still be formed through a process known as accretion induced collapse (AIC;
: ). In AIC, mass transfer from the secondary star can trigger the massive WD to
overcome electron degeneracy pressure, leading to a collapse and the formation of a NS.
Regardless of the pathway, the primary star will evolve faster than the secondary and the pair
must remain gravitationally bound throughout the violent transformation phase, be ita SN or AIC,
in order to survive as a pulsar binary system. Subsequently, as the secondary star then evolves
further interaction between the two stars can take place, thus further shaping the evolution of both
celestial bodies.

1.3.4 Recycled Pulsars

Pulsars undergo an increase in their rotational velocity potentially reaching periods of upts,
accompanied by a decrease in their magnetic eld strength as a result of transfer of matter from
a binary companion ( , ; , ). This mass transfer
process generally occurs due to Roche bneer ow, where the companion star evolution leads it

2t is an approximately tear-drop shape region surrounding a star in a binary system in which orbiting material is
gravitationally bound to the star.
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to expand beyond its Roche lobe radius, leaving the outer material only loosely bound to the donor,
thus allowing it to transfer to the primary star through the inner Lagrangian point L1.

Furthermore, during the accretion phase, the infalling material experiences the gravitational
potential energy of the neutron star resulting in the emission of X-rays (

, ) and the system is observed as an X-ray binary. It is believed that the absence of
radio emission during this phase is attributable to the presence of ionised material within the light
cylinder of the pulsar. Depending on the mass of the NS's companion, we can obtain what we call
mildly recycled or fully recycled pulsars (see below).

The radio emission from the resultant recycled pulsar, is thought to be reactivated when the
infalling matter is stopped by the magnetic pressure of the neutron star magnetic eld to impede
the inward movement of material beyond the light cylinder. Consequently, the electromagnetic
radiation and particle wind emitted by the pulsar irradiate the accretion disc and its companion,
driving the expulsion of mass from the system.

The discovery of transitional millisecond pulsars (tMSPs) has served as the missing link in our

understanding ( : ). For tMSPs, the most likely scenario is that the infalling
matter does not reach the NS surface butinstead undergoes the so-called propeller-mode accretion
( : ):

Pulsars with a combination of short periods and low magnetic elds are knowecgsled
pulsars, and they appear in the bottom-left region ofRhRB diagram. The rst recycled pulsar
with these characteristics was the Hulse-Taylor binary pulsar ( , ). It was found
with a spin period of 59 ms and a magnetic eld of10'° G, which suggested a young and an old
pulsar at the same time, suggesting a di erent mechanism of pulsar's formation.

Mildly Recycled Pulsars

When a pulsar forms within a system where the companion star has a mass of about M

1.5 10M ,i.eanIntermediate-Mass X-ray Binary (IMXB) ord/& 10M , suggesting a High-

Mass X-ray Binary (HMXB), the rapid evolution of the MS star leads to a short-lasting accretion
phase. Consequently, the pulsar undergoes only partial spin-up and thus becomes a mildly recycled
pulsar.

Mildly recycled pulsars typically have spin periods in the rangd0 200ms and surface
magnetic elds of 10° 10 G. These pulsars lie towards the central-left region ofRRE
diagram, below the normal pulsars and above the millisecond pulsars (MSPs; see below).

If the companion star eventually explodes in a SN event, a second NS can be formed, potentially
remaining gravitationally bound to the pulsar, thus forming a double neutron star system (DNS).
Since these systems do not experience another accretion phase, they can have large eccentricities,
induced by asymmetrical forces during the SN explosion. Examples of mildly recycled pulsars
in a DNS are the Hulse-Taylor pulsar ( , ) and PSR J0737 3039A/B (

: ; , ):

Alternatively, the companion star can end its life by ejecting its outer layers in the form of
a planetary nebula, leaving a massive carbon-oxygen WD (CO WD) or oxygen-neon-magnesium
WD (ONeMg WD) as a companion ( : : , ). Binary systems formed
through this evolutionary path, are characterised by low orbital eccentricities, but generally not as
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low as the results of low-mass X-ray Binary (LMXB) evolution, following the eccentricity-orbital
period relation of unperturbed systenes (1.5 10 4(P,/ 100day9; , ).

Millisecond Pulsars or Fully Recycled Pulsars

MSPs are characterised by their extremely short rotational periods, with periods smaller than 30 ms
(de nition is loose and varies in the literature), the fastest being PSR J1748-2446ad (a.k.a. Terzan
5ad) with a period of 1.39ms ( , ). They are located in the bottom-left corner of
theP-P diagram, setting them apart from the rest of the pulsar population by their rapid rotation
and surface magnetic elds typically on the order of arodG8G. They are the result of a binary
system consisting of a pulsar and a MS star of mass smaller tHeElM i.e. a LMXB. Because

of the low mass of the companion star, the duration of its evolved giant phase, and consequently
the length of the accretion process onto the pulsar, can extend over approxif@tgtly This
extended accretion phase plays a crucial role in the transformation of the pulsar into an MSP.

In LMXBs, mass transfer typically takes the form of an accretion disc surrounding the NS due
to Roche lobe over ow of the evolving companion, ultimately leading to pulsars being spun-up to
very fast millisecond periods and potentially acquiring higher masses ( , ).
The evolutionary path of an LMXB depends on the duration of its orbital period relative to a
bifurcation period® Py . Binaries with orbital period®qr, < P i will converge and form ultra-
compact binaries with low-mass WDs or planetary mass companions. Conversely, binary systems
with Py, > P i will become relatively wide binaries and steadily diverge to form non-contact
binaries with helium WDs ( , ). The initial orbital period at which this
bifurcation occurs typically falls in the range of approximatel9.5 1 days. However, this value
can be signi cantly in uenced by the strength of magnetic braking models (see e.g. , ;

: )-

Considering the circularisation driven by the tidal interaction during the mass transfer, it is
expected that most MSPs should be located in binary systems with highly circularised orbits
( : ), except for those MSPs in globular clusters, which may form via some dynamical
processes (see Section 1.3.5). However, around 40% of the MSPs are found to be isolated (at the
time of writing).

Isolated MSPs are probably related to the objects called spiders, which are pulsars charac-
terised by very short orbital periods (few hours) and very low-mass companions, undergoing mass
loss and sometimes showing eclipses in its radio signal (see e.g. , ). Spider pulsars ca
be classi ed into Black Widows (BWs) or Redbacks (RBs) according mainly to the masses of their
companions. BWs have companion madges< 0.1M and are typically being ablated by the
pulsar wind, which can make them completely stripped stars; while RBs have heavier companions
M: 0.1 0.5M and their mass loss occurs via Roche lobe over ow. RBs generally show
longer eclipses (which can obscure the pulsar signal for up to 60% of the orbit) and a much stronger
orbital variability than BWs (see Chapter 4), very likely due to the gravitational in uence of the
matter out owing from the companion.

To attempt to explain the formation of these isolated MSPs a number of theories have been
developed. ( ) rst proposed that the merging of a NS and a

3tis the initial period which separates the formation of converging systems from diverging systems.
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massive WD could produce an isolated MSP. Another proposed scenario by
( ) suggested isolated MSPs might originate from HMXBs when such binaries
were disrupted by a SN explosion form their companions. Yet another possible scenario, proposed
by , suggested that MSPs can be ejected from triple star systems due to the
dynamic instability inherent in such systems. Finally, and particularly relevant to the work in this
thesis, it may be possible that isolated MSPs could be produced through ablation of the companion
star by the pulsar wind in tight binary systems. Possible evidence for this hypothesis is provided
by observations of MSPs with planetary mass companions ( , ) suggesting that
signi cant ablation of the companion star may have indeed occurred.
However, mass loss rates inferred from observations and modelling of such systems have thus
far suggested that ablation alone is unlikely to form isolated MSPs within a Hubble time (see e.qg.
, ). The uncertainty surrounding these theories, with none convincingly being
able to account for the observed isolated MSP population, leaves this as an active area of research.

1.3.5 Pulsars in Globular Clusters

The previous sections have o ered explanations for the evolution and properties of binary pulsars
in the Galactic eld. However, the evolution of binaries in globular clusters (GCs) can be di erent,
resulting in an observed population of pulsars which show di erences with respect to that of the
Galaxy. Moreover, a large number of MSPs per unit stellar mass are located in GCs compared with
the Galactic plane ( , ), making GCs of signi cant interest.

Globular clusters

Globular Clusters are gravitationally bound systems of up to millions of stars, con ned in volumes
of afew parsecs across, which are found orbiting the halo and bulge of the host galaxy. Observations

show that these are very old systems with typical agesi# Gyr ( : ) and
metallicites between 2.0 and 1.0 dex, but up to solar values for the systems in the Galactic
bulge (e.g. Terzan 5; , ).

The process of globular cluster formation is poorly understood. Over the last few decades,
observations have shown that nearly all GCs contain multiple populations of stars with di erent
chemical compositions (see e.g. : ; , , and references therein).
This suggests that globular clusters may have formed through complex processes involving the
successive formation of stars from the gas enriched by earlier generations of stars. This scenario
could involve multiple episodes of star formation within a cluster. Alternative scenarios assume
that the chemical variations are due to mass accreted onto existing low-mass stars ( ,

; : )-

GCs have spherical symmetry and high central densitie3® ®M pc 3; e.g.

, ) due to the gravitational forces of the ensemble of stars. In their cores, they can
reach 16-10° stars per cubic parsec, exceeding those of the Galactic eld by several orders of
magnitude. Moreover, GCs exhibit di erent structural, morphological and kinematic properties
and can be classi ed as core-collapsed and non-core collapsed. About 20% of the GCs have
undergone the process termed core collapse . Core collapse arises from the complex dynamics
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of GCs. As individual stars tend to migrate from the centre of the cluster towards the relatively
sparser outskirts, dynamical perturbations come into play. These perturbations can lead to the
increase of the core's temperature, increasing the ow of energy to the halo in a runaway process.
This gravothermal instability results in the central cluster region becoming densely populated with
stars, manifesting as a central cusp in their density pro les, described by a power-law function.

The structure of GCs can be described by its core radiushich is the distance from the core
at which the cluster surface brightness is half of its central value; its half-mass radaes ned
as the radius at which half of the mass of the cluster is contained; and its tidal radiasied
as the radius beyond which the gravitational pull of the host galaxy becomes higher than that of
the cluster itself. In the context of the classi cation proposed by , Clusters
with high concentratiort = log(r¢/ r.) parameter values(> 2) may be considered as either
collapsed or on the verge of collapsing.

The high central densities of GCs are high enough that interactions between stars can occur on
timescales shorter than the stellar ages. Therefore, stars in the cluster experience a large numbe
of dynamical interactions, resulting in the production of a large number of exotic objects such as
blue stragglers, cataclysmic variables or LMXBs where a NS can be recycled by a companion
star during one or multiple events. Various types of stellar interactions contribute to the formation
of NS binaries within GCs: exchange interactions, tidal captures, and direct collisions. Exchange
interactions occur when a single star interacts with a binary system consisting of a neutron star and
a low-mass companion star, typically a helium white dwarf (He WD). If the incoming perturbing
star is more massive than the existing companion, it can eject the lighter companion, leading
to the creation of a new binary system containing a NS and a high-mass star. This process is
characterised by a relatively large cross-section for encounters, making it the dominant type of
interaction observed in GCs.

On the other hand, tidal capture occurs when an isolated NS passes close to a MS star, anc
gravitational forces bind the NS to the main-sequence star, resulting in the formation of a binary
system, as suggested by ( ). Direct collisions occur when a NS collides head-
on with an existing binary system. This collision can result in the formation of a new binary
system containing a NS. However, direct collisions are relatively rare, with only around 5% of
NSs expected to form binaries through this process, as indicated by ( ). The
various types of stellar interactions can play essential roles in populating GCs with NS binaries,
contributing to our understanding of the dynamics and evolution of these celestial environments.

Currently, 293 pulsars have been found associated with 38 di erent clusters (up to the begin-
ning of October 2023) of which 56% are in binary systems and 93% are MSPs, compared to

7% of binary systems and 7% of MSPs in the Galactic plane. A full-sky map showing the
number of pulsars per GC can be found in Figure 1.5. These repre8dto of the total currently
known pulsar populatidh However, there are studies that suggest that there might be more than a
few thousand potentially observable pulsars in GCs ( , ).

( ) noted that the properties of the pulsar population of a GC are strongly
related to the encounter rate per binary= (C ¥ 2)/ r¢, whereC is a constant and, is the

4
SSee
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Figure 1.5: Distribution in Galactic coordinates of the 293 pulsars known in Globular Clusters to
date. The size of the circle indicates the number of pulsars that have been found on each GC, while the
black dots point out the centre of the cluster. Data taken finaim

. The two GCs of interest for this thesis are highlighted in pink colour.

density of the core. They concluded that higlelusters, indicative of core-collapse, are more
likely to hold more single than binary pulsars, and conversely, clusters with low valueteofi
to host more binary than isolated pulsars (see Chapters 3 and 4 for a discussion).

Furthermore, in GCs with low values, the binaries that are formed have a low probability
of being perturbed, thus they are likely to follow a standard evolutionary path. This may include
a complete mass-transfer phase in which the NS can be fully recycled. In contrast, clusters with
higher values are more likely to have exotic objects. Examples of this case are PSR B2127+11C
in M15 (in an orbit with eccentricity of 0.68; , ), and J1807-2459B in NGC 6544
(in an orbit with eccentricity of 0.75; , ), which are clearly products of one or
multiple exchange encounter events.

Pulsars in GCs can be used to perform studies of fundamental physics: e.g. to constrain the
various equations of state or to study the link between LMXBs and MSPs, or also to study physical
properties of the host cluster (see Chapter 4).

1.3.6 Relativistic Binaries

In GCs, around 8% of MSPs are found in binaries with eccentriciges, 0.2. This contrast

to the highly circularised orbits typically observed in MSP binaries within the GP which form
as a consequence of the evolution paths previously introduced. The primordial binaries and
the interactions inside GCs are key for producing large numbers of relativistic binaries in GCs

( , ).
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We refer to relativistic binaries, to systems containing two stellar mass degenerate or collapsed
objects and with orbital period such that they will be brought into contact within a Hubble time.
Outside of dense stellar clusters, most relativistic binary systems originate from primordial binary
systems whose evolution drives them to tight, ultracompact orbits. In contrast, dynamical processes
in GCs can drive wide binary systems toward short orbital periods and can also introduce degenerate
or collapsed stars into relativistic orbits with other stars.

The high eccentricities found in relativistic binary pulsars greatly help the measurement of the
pulsar masses. In such systems, the relativistic precession of periastron becomes much easier t
measure in comparison to the highly circular systems. Consequently, this precession of periastron
serves as a post-keplerian (PK) parameter that gives immediate access to the total mass of the
binary (see Chapter 5).

Estimation of the masses of the components of a binary system can be done by measuring a
second PK parameter. By detecting the relativistic e ects through at least two PK parameters in
the orbits of binary pulsars and the propagation of radiation in their vicinity, we can constrain both
the pulsar and the companion's mass. Measurements of NS masses are very valuable to constrail
the various equation of states proposed for the structure of NSs. Furthermore, measuring three or
more PK parameters will over-determine the system of equations, thus providing one or more tests
of the theory of gravity.

The rst test of gravity was possible with the Hulse-Taylor pulsar ( : ) by
measuring three PK parameters. This provided the rst evidence for the existence of gravitational
waves ( , , ). To date, the most precise test of general relativity (GR)
through pulsar timing has been presented by ( ). They were able to measure
seven PK parameters using the long-term timing of the PSR J0737 3039 ( , ),
yielding seven independent tests that GR passed. We present the study of the relativistic binary
pulsar PSR J1906+0746 in Chapter 5.

1.4 E ects of the interstellar medium

The electromagnetic waves produced by pulsars travel long distances within our Galaxy before we
can detect them with our telescopes. The radio waves pass through the interstellar medium (ISM),
which is mainly ionised gas and often inhomogeneous and turbulent. This interaction between
the pulsar's radiation and the free electrons within the ISM leads to several physical e ects that
introduce signi cant alterations to the original signal. To obtain an accurate representation of the
pulsar's emission, these e ects must be considered and corrected for (where possible).

One such e ect is dispersion, which inevitably arises in the presence of a uniform plasma.
Faraday rotation occurs in the presence of the additional condition of magnetised plasma. Two
other e ects, namely scattering and scintillation, manifest their in uence only when the plasma
exhibits irregularities and/or turbulence. These e ects are discussed in the remainder of this
section.
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1.4.1 Dispersion

The radio emission produced by the pulsar interacts with charged particles (free electrons and
protons) on its way through the ISM and, in such a dispersive medium, the higher frequency
electromagnetic waves propagate faster, causing a frequency dependent delay to the arrival of the
signal here on Earth: higher frequencies arrive earlier than the lower frequencies (

: ). This is called “dispersion', resulting in a smearing of the observed integrated pulse
pro le, and reducing the Signal to Noise (S/N) ratio of the detection.

As electromagnetic waves of any frequencgnd angular wave numb&rpropagate through

a medium, this radiation travels with a group velooity and its speed would be a ected by a
refractive indexn( ), as:

vg( )=n() c= g—k (1.12)

This refractive index is always smaller than 1, and its value depends on the physical properties of
the medium. We can then obtain the refractive index of the ionised ISM, using the phase velocity
of the wavev, = / k, the dispersion relatioc’k? = 2 2, by neglecting higher order terms,

and including the appropriate corrections due to the presence of a magnetic eld as

s
n( ): 1 _P , (113)

where  is the plasma frequency de ned as

S

1/ 2
o= Mo gz e
m

e
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Here,e andmg are the charge and the mass of an the electron, respectively,nylid¢he electron
number density of the plasma.

We can calculate the time del®t, with which an electromagnetic wave of frequencyat a
distanced, would reach the Earth with respect to a signal of in nite frequency,

z
Dt = ¢ d 9. (1.15)
o vg( ) c

Since for typical pulsar observations we have that ,, we can expand Eq. 1.13 as a Taylor
series and substitute in Eq. 1.15
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The constant term in this equation is called the dispersion constant, where

e?

—(4.148808 0.000003 103|\/|HZ pc ~cm"s. (1.17)
2m ¢C
e

We note that the dispersion e ect has a quadratic dependence on the frequency of the signal
and a dependence on the integrated column density of the free electrons along the line of sight, the
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amount of delay of a signal is then proportional to what is known as the "Dispersion Measure'(DM),
de ned as
Zy

DM = nedl, (1.18)
0

usually expressed in pccrd. As we shall see, the knowledge of the DM is of fundamental
importance in all pulsar observations and data analyses. By knowing the DM, we can estimate the
distance to a pulsar by integrating Equation 1.18 using a model for the Galactic electron energy
distributionne. Although the latter is usually not accurately known, there exist a few models
that give a reasonably good estimate of the Galactic electron distribution. The most used are
the NE2001 model developed by ( ) and the YMW2016 model ( ,
). Given the spatial variability of the ISM, the measured DM value can uctuate with time.

Thus, a careful understanding of variations in DM is also important for precision pulsar timing
experiments ( , ). We can correct for dispersion through a process called
de-dispersion which is explained in Section 2.1.1.

We can calculate the delay between two frequencieend » both in MHz, by

Dt' 415 10°ms ( ;%2 ,%) DM. (1.19)

If this delay is not corrected, this e ect leads to smearing, and hence loss of S/N of the received
radio pulses, or in the case of MSPs whBte> P , it can make the observed MSP completely
undetectable. The S/N is given by

S/N = Dsional (1.20)

noise
with Psignal being the average power of the signal, @Pdise the average power of the noise
background. The ratio provides us with an indication of whether or not it is a real signal.

1.4.2 Faraday Rotation

Faraday rotation is the phenomenon that a ects the polarised radio emission produced by the pulsar
as it propagates through the magneto-ionised ISM. During this_propagation, the plane of linear
polarisation undergoes rotation by an angle that is proportionalto Bnedl ( , ).
This e ect can be intuitively understood by the fact that the free electrons, oscillating inside the
magnetic eld are subject to a Lorentz force, causing them to move circularly in a preferred rotation
direction. This circular motion will induce an additional local magnetic eld that superimposes on
the external eld. Consequently, the two circular polarisation states of light experience di erent
refractive index, and they thus have di erent propagation speeds.

Since a linearly polarised wave can be seen as the superposition of two circularly polarised
waves, the di erent propagation speeds of the latter two will cause a change in the relative phase,
yielding a change in the angle of the linear polarisation.
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1.4.3 Scintillation

In addition to temporal variations, the inhomogeneities in the ISM, where the electron density
varies in concentration on a wide range of length scales, cause distortion and scatter the pulse
shape. Scintillation results in the variations of the intensity on various times&alethat depend

upon the relative velocity and on bandwidths, due to the relative motion between the pulsar, the
scattered medium and the observer. This generates a pattern of intensity variation both in frequency
and time ( : ). In fact, the distorted wavefronts produce constructive or
destructive interference at the location of the observer, within a typical bandwidth, known as the
scintillation bandwidth of siz® . Interference can occur under the necessary condition

2D s 1, (1.21)

where sis a characteristic timescale. Hence, the scintillation bandwidth is related to the frequency
of the waves and the distance to the pulsar from Eartbby 1/ s/ 4. The inhomogeneities
that are the origin of scintillation are also responsible for the scattering, as rst noted by

(1968).

1.4.4 Scattering

The turbulent/inhomogeneous nature of the ISM distort the radio waves, shifting the phases of
the propagating wave due to the changes in the refractive index. The phase di erence can be
seen as a bending of the wave front, and therefore, the observer sees a scatter-broadened image
as a di use disc centred around the pulsar. The di erent rays have di erent non-straight optical
paths, translating into longer propagation times. Subsequently, for any given frequency, part of the
observation will arrive later in time, forming a tail in the observed pulse pro le.

( ) proposed the simplest way to describe the scattering phenomenon, making use
of the so-calledhin-screen model In this model, the inhomogeneities are assumed to follow a
Kolmogorov spectrum and to be con ned within a thin layer located somewhere between the pulsar
and the observer. With these simple assumptions, it can be shown that the observed intensity of a
pulse as a function of time results:

1(t)/ e PV s, (1.22)

whereDt is the time delay due to the longer optical path. The pulse is then broadened by a time

s/ Ad? (1.23)

Therefore, for observations at low frequencies.( 1 GHz), the scattering can be severe and
could cause a complete smearing of the pulsed signal. Furthermore, due to the dependency on
the distribution of particles along the line of sight and the amount of scattering, there is a strong
correlation with DM, and therefore, the scattering determines the maximum distance at which a
pulsar can be detected, a ecting the number of possible observable pulsars in a survey ( :

).
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1.5 Thesis Outline

This thesis is dedicated to the investigation of pulsars within GCs, speci cally focusing on the
clusters NGC 6440 and M62, and to the study of the relativistic binary pulsar PSR J1906+0746.
Below is a concise outline of the thesis:

Chapter 2: o ers a detailed discussion of the two data analysis techniques we use in this
thesis: {) pulsar searchingneeded to discover new pulsars and/or re-detect the previously
known ones, andiij pulsar timing which is the main tool to extract information from
pulsars.

Chapter 3: describes the discovery of new two pulsars in the GC NGC 6440, namely NGC
6440G and NGC 6440H, and the timing analysis of two previously known pulsars in the
cluster: NGC 6440C and NGC 6440D.

Chapter 4: describes the long-term analysis of all previously known pulsars in the GC M62,
and the discovery of three new binary systems in the cluster, namely M62H, M621 and M62J.

Chapter 5: presents the results of the long-term timing analysis of the relativistic binary
pulsar PSR J1906+0746.

Chapter 6: summarises the results obtained as a result of this thesis and discuss possible
future prospects.
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Chapter 2

Pulsar Searching and Timing

Given the vast variety of applications associated with pulsars, spanning elds such as neutron star
physics, nuclear physics, particle and planetary physics, gravity and cosmology, the study of these
celestial objects stands as a versatile tool for astronomers to gain insights into a wide spectrum
of physical processes within our Universe. The discovery of new pulsars not only contributes
to our understanding of the population of these objects within our Milky Way and even to our
local neighbour galaxies, but also allows us to characterise intrinsic parameters and, as a side
consequence, to discover new objects that extend the parameter space over which we know they
exist. The new discoveries, such as pulsars in binary systems ( , ) or pulsars
in globular clusters ( , ) drive designs for the development of enhanced survey
techniques to maximise the use of available resources.

In this chapter we rst describe the techniques we use for searching for pulsars and the main
telescope we used in this work. Next, we describe the process of pulsar timing, a fundamental
aspect essential for unveiling the true nature of the pulsars we nd.

2.1 Searches of pulsars

An essential part of pulsar astronomy is to search and discover new pulsars, driving the whole
eld. When we are looking for pulsars, we are normally looking for radio waves, since most of
them are visible only in the radio region of the electromagnetic spectrum. The data from the radio
telescopes is searched for periodic signals, since pulsars have very stable periods. Moreover, these
objects also have unique DMs, so the data are searched over a large range of possible DM values.

However, there are several reasons why nding new pulsars is not easy. Individual pulsar pulses
are characterised by their inherent faintness. Compounding this challenge is the threat of noise and
radio frequency interference, which can a ect or, in extreme cases, completely hide these pulsar
signals. In addition, the constraints imposed by our electronic instruments further compound the
di culty. Consequently, a variety of techniques must be employed when analysing observational
data gathered from survey telescopes to detect these elusive signals.

Pulsar searches can be done in two di erent modes, targeted and blind surveys. For the latter,
the sky is surveyed (or a part of it) uniformly by doing a sequence of pointings. For targeted
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searches, the telescope will be directed towards speci ¢ objects or regions of the sky, where one
or more radio pulsars are likely to be found (e.g. gamma-ray sources, globular clusters).

2.1.1 Data acquisition

Astronomers primarily study pulsars through observations conducted using radio telescopes. These
telescopes come in two main con gurations: single-dish instruments and arrays of antennas, such
as interferometers. The process of acquiring pulsar data using radio telescopes typically involves
three primary instrumental components: the re ecting surface, which can be either a single dish
or an array of antennas; the front-end, responsible for collecting and amplifying the radio signal;
and the back-end, which converts the ampli ed signal into a format suitable for further processing.
These three instruments are brie y described below.

Re ectors

Re ectors, also known as antennas or dishes, are responsible for collecting the electromagnetic
waves (in radio frequency) and focus the radiation towards the primary or secondary focus of the
antenna, where a variety of interchangeable receivers sensitive to di erent wavelengths can be
positioned. The design of these instruments depends on the observing frequency. For instance
telescopes operating at 300MHz often utilise arrays of dipoles, exempli ed by instruments like
LOFAR ( : ). Whereas telescopes observing at higher frequencies, such as
1 GHz and above, are typically designed with parabolic re ectors.

Given that pulsars emit relatively weak radio signals, with ux densities ranging from aJgw
to mJy, the use of a large collecting area is essential to improve their detection sensitivity. This is
achieved by either using single-dish telescopes with large diameters, such as the 100-m Green Banl
Telescope (GBT) in the United States ( , ) or the new Five-hundred-meter Aperture
Spherical Telescope (FAST) in China ( , ), or by using interferometers with antennas
spread across a large area to ensure large total collecting areas, such as the Giant Meterwav
Radio Telescope (GMRT; , ) in India, and the more Karoo Array Telescope
(MeerKAT; , ) in South Africa. In the scope of this thesis, we worked with data
from six di erent telescopes. However, we only used MeerKAT for both searching and timing, so
we describe this telescope in more detail in Section 2.2.

Front-end

In the Front-end component of a radio telescope, also called the receiver, the incident wavefront
undergoes transformation into a voltage signal at the feed point. The feed system is usually equipped
to record two orthogonal polarisation modes, that measures either the linear or circular polarisation
of the incoming signal. Subsequently, the signal from each polarisation is then ampli ed by a Low-
Noise Ampli er (LNA). These LNAs are often maintained at cryogenic temperatures (a few degrees
Kelvin) to minimise the impact of thermal noise.

Following ampli cation, a band-pass lter around the central frequency of interest is applied
to remove any unwanted frequencies lying outside the range of interest, which might include
ltering out the terrestrial signals. Subsequently, an additional ampli cation of the signal is often
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performed. The ampli ed radio signal can then be converted to a higher or lower frequency while
retaining the same information content. This conversion is achieved using a mixer that combines
the incoming radio frequency signalg) with a monochromatic signal from a Local Oscillator
(LO, Lo). As aresult, two new intermediate carrier frequencies= rr Lo, are produced.
Modern telescopes like MeerKAT select the frequency range of interest by using Nyquist zones
(see below). The signal is then transmitted to the back-end.

Back-end

The back-end of a telescope comprises a combination of both hardware and software components
responsible for task s of signal digitisation and conversion into a format suitable for scienti c appli-
cations. Inthe back-end, the analogue signals of the two polarisations are sampled and digitised by
two analogue-to-digital converters (ADCs). According to the Nyquist-Shannon theorem ( ,

; , ) the sampling frequency must be at least two times larger than the maximum
frequency of the analogue signal, to retain all the information.

Subsequently, the digitised data is then channelised in frequency, facilitated by a polyphase
lterbank (PFB). The PFB performs a fast Fourier transform (FFT) on the data taking a total of
N samples and translating them inty 2 frequency channels. For pulsar data, it is essential
to channelise the signal into narrow frequency channels. This enables subsequent correction for
the e ects of ISM dispersion smearing, as detailed in Section 1.4.1. Depending on the specic
requirements of the user or scienti ¢ objectives, these channelised data, are further processed and
stored in various formats.

Incoherent and coherent dedispersion

The main purpose of the data channelisation is to enable the removal of the e ects of dispersion,
such a correction is known as de-dispersion. There are two di erent de-dispersion methods:
incoherent and coherent.

For the incoherent (or post-detection) method, a time shift needs to be applied to each frequency
channel so that the received pulses arrive at the output of each channel at the same time. In
incoherent de-dispersion, the dispersive delay across a frequency channel oDwidtn be
calculated as

tom ' 83 10°ms DM D 3 (2.1)

and cannot be corrected for. Therefore, the bandwidths of the channels need to be carefully chosen
to ensure that thgyy is not a signi cant fraction of the pulse period.

Coherent de-dispersion ( , ) tries to overcome the problem of the smearing within
each frequency channel. In this method, a FFT is applied to the Nyquist-sampled signal and
converted into a series of complex voltages (i.e. a sequence of amplitudes and phases) representing
the harmonic content of the electromagnetic wave. Then, the relative phase of each component of
the Fourier spectrum is rotated by an amount that is proportional to the DM of the pulsar. This
is equivalent to applying a time shift to the dispersive delay relative to the particular frequency
considered. To recover the original pulsar signal, now de-dispersed, an inverse FT is applied. So
all the dispersive delays within each frequency channel have been corrected.
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This method is mostly used on targeted searches, but is not used in wide-area pulsar searching
as it is computationally intensive, since it involves several FFT operations. Nowadays, modern
back-ends perform real-time coherent de-dispersion, over a large bandwidth, by implementing it
over multiple Graphics Processing Units (GPUs; , ).

Search and timing mode

The choice of signal processing and recording format depends on the selected observing
mode. Modern digital pulsar back-ends typically o er three distinct modes of operation: search,
timing/folding and baseband mode, each tailored to speci ¢ scienti ¢ applications. Here we brie y
discuss the two di erent modes used for the purposes of this thesis:

~ Search modeln this mode the recorded data is in a format speci cally for pulsar searches.
The available bandwidth is rst divided into a number of channels. Typically, no de-
dispersion is applied because, when searching for pulsars, the DM is not known beforehand.
However, this is done di erently when conducting targeted surveys of GCs where at least
one pulsar is previously known (see below). In the time domain, sets of samples are added
together to get the desired time resolution, usually at a scale of a few tens of microseconds.
There is generally no need for polarisation information. Therefore, the two polarisation
components can be combined, and only the total intensity needs to be recorded. These data
are typically stored in formats such as lterbank or PSRFITS. They are in the form of a 2-D
arrays, with time-samples along one axis and frequency channels (corresponding to each
time bin) along the other. One key advantage of employing search-mode data for analysis is
that it can be easily folded over time and frequency once the pulsar parameters are known,
making it also useful for timing purposes. Utilising search data from GCs, we can not only
search for new pulsars but also time any previously known pulsars of the cluster.

Timing/Fold mode:This mode is employed for observing pulsars whose characteristics are
previously known, and the data is recorded in a format suitable for pulsar timing. Inthis mode,
the incoming signal undergoes real-time processing through a technique known as folding .
During this procedure, the observing band is rst divided into a number of channels and
coherent de-dispersion is performed at the known value of the DM. Subsequently, the
time series of each channel is divided into segments of chosen length, referred to as sub-
integrations. Each sub-integration is further divided into intervals of exactly the length of
the pulsar spin period at that time, according to the pulsar timing solution also known as its
ephemeris . In this way, hundreds or thousands of individual pulses are added together to
form an integrated pro le for each sub-integration and frequency channel pair. The resulting
data les generated in this format are called folded archives, essentially constituting a
collection of integrated pro les.

2.1.2 RFIremoval

When looking at the radio emission we receive, we can nd a large number of "sources’, however,
not all of them are astronomical or pulsars. We live in a world full of other sources of radio waves,
so we de ne as Radio Frequency Interference (RFI), all the unwanted non-astrophysical signals
that are received in the telescope observing band of interest. These can be produced by di erent
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devices and can show up in either the time domain (appears for a small fraction of time), in the
frequency domain (which appears either in a narrow range of frequencies or across some portion
of the band) or as periodic signals that appears in the data as regular bursts. RFI is particularly
harmful for pulsar searching, since pulsars are week radio sources, and any amount of moderately
strong RFI can greatly a ect the search sensitivity. So, we rst need to nd the RFI and remove

it. In the work of this thesis, we used thigind  routine from thePRESTOPulsaR Exploration

and Search TOolKit; , ) software packdif;nd  generates time-frequency masks

and applies it to the data. These masks remove certain frequency channels during speci ¢ time
intervals when either the maximum Fourier power, standard deviation, or mean of the data surpass
statistically determined thresholds. In this way we can remove strong narrow-band and transient
RFI from the data before searchindifind  also identi es interference by taking advantage of
their terrestrial origin, and noticing that they are not dispersed. This can be done by de-dispersing
at DM=0pc cm 2 and looking for strong periodic signals both in the time and frequency domain
(e.0. : ).

Another type of noise that appears in the radio data and can a ect the detection of a pulsar
is referred ased noise(see Section 2.5.4). It occurs as long-term variations in the power levels
produced by RFI or instrumentation, and thus become important for longer observations. Since
this noise appears in the low-frequency end of the power spectra (hence the name ‘red' noise) it
can reduce the detection sensitivity for long-period pulsars in the Fourier domain. To correct for
this e ect, we use theednoise routine fromPRESTQ@ : ), which normalise the
power spectrum.

2.1.3 De-dispersion

Following RFI excision, the subsequent step is to correct for the dispersion sweep of pulses present
across the frequency bandwidth due to the ISM (as presented in Section 1.4.1). In most cases we
do not know a priori the associated DM of a new pulsar. Consequently, many DM trial values need
to be considered within a certain range of interest (using equation 1.19), depending on the type of
the survey, data characteristics, and available computational resources.

In the context of blind surveys, the number of DM trials can be as extensive as the computational
capacity at our disposal. Conversely, in targeted surveys, such as those focused on GCs with at
least one known pulsar, the nominal DM of the cluster is pre-established, substantially narrowing
down the range of DM trials to a small range centred around the cluster's DM value.

Furthermore, the selection of an optimal DM step size during the creation of the time series
is crucial for pulsar discovery. A larger step size can compromise sensitivity to pulsars with DM
values signi cantly deviating from the central DM of each step, as pulses may become smeared in
the frequency-integrated time-series. On the contrary, an excessively small step size can lead to
longer computational times without any gain in sensitivity. For the pulsar searches carried out as
part of this thesis, the to@Dplan2, a part of PREST,Qvas employed to compute the optimal step
size.

1
ttps://github.com/scottransom/presto/blob/master/bin/DDplan.py
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To calculate thdath-trial DM value as a function of the observing frequencythe total
observing bandwidtl® and the sampling tim&amp We can use:

DM; = 1.205 10 ‘pcem 3(i  L)tsamp( 3/ D ). (2.2)

Here,tsamp is expressed in ms, whileandD are measured in MHz. This process yields a "de-
dispersed' time series for each frequency channel, which are subsequently combined to produce
a single RFI-free de-dispersed time series for each trial. Each of these time series can then be
independently searched for the presence of periodic signals.

To summarise, using the scheme fr@bplan the data are rst de-dispersed over a range
of DM values, then scrunched or integrated in frequency, nally obtaining a number of time-
series. This is done collectively for a range of DMs using a routine knowpregssubband or
mpiprepsubband, the parallelised version of the former.

The next step is to Fourier transform the data, but before attempting a periodicity search, we
have to make sure our time series are corrected for the e ects of the Earth's rotation and orbital
motion. This can be safely ignored if the pulsar search data are relatively sh@® (min).
However, the standard approach is to refer the observed (topocentric) data from the telescope to
the Solar System barycentre (SSB).

2.1.4 Periodicity search

An individual pulse is almost always too weak to be detected in the time series even after de-
dispersion is applied. Therefore, a Fourier transform is then applied to the time series. Fourier
transforms allow us to search for the periodic signals in the frequency domain, as a pulsar signal
would manifest as a spike in power at a frequency value corresponding to the intrinsic spin period
of the pulsar and its harmonics.

The data from the telescope consist of discrete time samples, so a discrete Fourier transform
(DFT; , ) is applied to the de-dispersed time series. Assuming an uniformly
sampled time serias; , thekth Fourier component is:

1
Fi = X nje (@I )/N (2.3)
j=0
wheren; is thej th de-dispersed time serigss P ~ 1, N is the number of elements in the time
series and is the equivalent Fourier frequency. However, the DFT of the power spectrum is
calculated as:

Pk = Re(Fk)?+ Im(Fy)2. (2.4)

In pulsar analysis, we use the more computationally e cientimplementation FFT to transform
the time series into the Fourier series. This algorithm reduces the number of operations performed
on a single time-series fro@(N 2) to O(N logN). For the purposes of this thesis, we use the
realfft  routine fromPRESTQo apply FFTs to our de-dispersed time series. The next step is
adding the amplitudes of harmonically related frequencies to their corresponding fundamentals,
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which is necessary since in the Fourier domain the power signal from a narrow pulse is distributed
between its fundamental frequency and its harmonics (i.e. integer multiples of the fundamental
frequency). This process is known as "harmonic summing' and is used to correctly recover all the
pulsar signal power. A common technique used for this purpose is given by

( ). Possible harmonically related peaks are added together increasing the power of the pulsar
signal over the noise level. The number of harmonics is approximately dependent on the pulse
width by N / P/ 2W. Looking only for fundamentals, we would lose sensitivity to the pulsed
signal.

Searching in the Fourier series we can then nd our candidates as strong peaks, those periodic
detections with large Fourier amplitudes above a threshold level ( : ). However, Fourier
series are a discrete set of points with central frequepcy k/ T and widthD = 1/ T, so
for a signal with true frequency in the middle between two adjacent bins, the Fourier amplitude
and power are reduced by 36% and 60%, respectively. The main methods to recuperate the
loss in sensitivity are zero padding, Fourier domain interpolation and interbinning (see

: , for further details).

2.1.5 Acceleration and jerk searches

The procedure previously discussed is enough to identify isolated pulsars or those that are not
accelerated from their local environment. However, for pulsars in binary systems, the NS experi-
ences a time-varying acceleration due to its motion around the orbit, resulting in a time-varying
observed spin perioB and period derivative®:

vi(t) a(t)

Pobs(t) = Pint 1+ e i Pobs(t) = Pint c (2.5)

wherePi; andPjy; are the intrinsic spin period and intrinsic period derivative, respectively, while
v|(t) anda(t) are the pulsar velocity and acceleration component along the line of sight. The
rotation frequency of the pulsar undergoes an apparent change due to the Doppler shift of the
component of pulsar velocity in the line of sight. The binary motion alters the pulse frequency
during the integration, spreading the emitted signal power over a number of neighbouring Fourier
bins, adjacent to all the harmonics. This results in a sensitivity reduction in the frequency domain
analysis of searching for pulsars of tight-binary systems thanks to the changing velocity of the
pulsar ( : ).

A number of methods (see e.g. : , for a review) have been developed to
improve the sensitivity of pulsar searching software for binary systems. Here we discuss the two
methods used as part of the work of this thesis: acceleration and jerk searches.

The most commonly used is usually calledceleration searcl : ). This
method assumes that the pulsar experiences a constant radial accekgrétimughout the ob-
serving timeDtps. This acceleration can then be translated into a maximum number of adjacent
Fourier binszhax across which the power of the pulsar signal will be distributed:

q

Zmax = Dtgbsc—P. (2.6)
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Considering a Fourier bin size bBf i, , the range of frequency bins up to which the smeared power
will be recovered around a given frequenegyis givenby] 0 ZmaxD bin» 0+ ZmaxD bin]- Since
the orbital solution is not known for a new pulsar, several trial values afe executed in a pulsar

search.
The assumption of a constant acceleration is only valid if the observing time is less than
about 10% of the orbital period ( , ), which means that for shorter

observation lengths we are sensitive to much smaller orbital periods (thus larger acceleration
values). To improve sensitivity to small orbits, we then split a given observation length into
multiple segments where each segment could be searched separately (hence the term partially
coherent). The smaller the segment, the more compact a binary system for which an acceleration-
only approximation holds true. This technique, known as segmented acceleration, can be useful
in detecting tight binaries that do not lose signi cant sensitivity with smaller integration times.
Acceleration searches, nonetheless, are limited to discovering only the brightest binary pulsars
since sensitivity is reduced for shorter observing durationsBps.

Jerk searches ( , ) are more sensitive to relatively faint and tight
binaries, consisting of highly accelerating pulsars, however, it is more computationally expensive
than the common acceleration searches. The jerk searches account for the smeared power due to
linearly varying acceleration, and it is implementedRREST@hrough the use of a term:

aq
w= Dt3 . —,
obscp

wherewmax = Z = "Dtgps is the Fourier jerk or the number of frequency derivative bins that the
signal drifts through over the course of the observation, arid the acceleration derivative. In

the search analysis presented in this thesis, we have carried out both acceleration and jerk searche
in the Fourier domain using theeccelsearch routine included iPRESTO

2.7)

2.1.6 Candidate selection, folding and con rmation

The result of the de-dispersion and Fourier transform stages described previously is a list of
candidate periods and S/N ratios for all harmonic folds and DMs. This list can easily contain
thousands of candidates, and modern pulsar surveys can generate millions of candidates. A rea
pulsar usually appears many times in the list at di erent S/N values, ideally, the maximum S/N
detection will be the closest to the real DM value. To re ne this list, a sifting process (

: ) is applied to the suspects. This process removes duplicate detections, including
those with related harmonics, at slightly di erent DMs or acceleration trial values. In the analysis
conducted for this thesis, we employed tieeel_sift.py  routine fromPREST,Qvhich Iters
out the least signi cant candidates-those with a S/N lower than a chosen threshold and those who
are not signi cant in at least three adjacent DM trial values. It also removes the candidates which
do not have a peak in the S/N vs DM curve, which typically represents a characteristic dispersion
sweep from the ISM and thus are most likely RFI. After this sifting process, we obtain a shorter,
sorted list of candidates based on their S/N, and we subsequently fold the candidates in this re ned
list.
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Figure 2.1: Discovery observation of NGC 6440G. The left panel shows the time series and the pulse
pro le at top, where two pulses are shown for clarity. A pulsar will typically have sharp, narrow peaks
with possibly an extended scattering tail. The grey-scale plot shows twice the pulse phase on the x-axis
across equal sized bins. Time, plotted on the y-axis, tells us how the strength of our signal varies during
the course of the observation. Every time the pulsar beam passes in front of us, we see an increase
in the strength of the signal and it will be at the same point in the pulsar's rotation. These vertical
lines should align with the peaks in the pulse pro le plot above. Adjoined to this plot is the reduced

2 (measure of S/N). This shows how the power changes during the observation. The top-middle gray
scale panel shows the signal strength as a function of pulse phase and observing frequency (sub-band).
The bottom-middle plot is the reduced as a function of DM. The top-right and top-middle panels
show the reduced? as a function of trial period derivative and period at the best period and period
derivative, respectively. Finally, the bottom-right panel shows the reduée@epresented by the
di erent colours) over a range of trial periods and period derivatives. During the folding, a range of
DMs, periods, and period derivatives is searched to produce the highest redudeially, a sharp

peak in reduced ? indicates that the Period or Period derivative have been well measured.

The folding consists of taking the time domain data, de-dispersing it at the candidate DM and
then dividing the Iterbank le into pieces that are each as long as the period of the candidate
pulsar. The small pieces are then summed coherently in phase, creating an integrated pulse pro le
that represents the average emission as a function of the rotational phase. All the above steps
are done usinREST®routine prepfold that outputs a nal diagnostic plot. This plot (which
contains useful information, such as the integrated pulse pro le, the pulse amplitude as a function
of pulse phase and time, and as a function of pulse phase and frequency, etc.) is produced for each
candidate to decide whether or not it is a real pulsar.

Figure 2.1 shows an example of a diagnostic plot and a detailed explanation of it. The decision
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of whether this is a real pulsar or not, can be made by inspection by the astronomer or we can make
use of the Machine Learning techniques (see e.g. , ). Only visual inspection was
used in this thesis work. The nal con rmation can be done by re-observing the candidate at a
later time or by using archival data.

2.1.7 Determination of the binary orbit

The discovery of a pulsar which shows signi cant changes in its period during the observation
could indicate thatitis in a binary system. Then, itis important to determine its orbital parameters.
There are two main ways to do so and these can also be done consecutively. The rst method,
proposed by ( ), is particularly suitable when we have detections of the pulsar
which are not close in time, i.e. sparse detections. It consists of plotting accelerations against
barycentric spin periods of each of the detections, removing the time dependence. This can be
done by measuring the barycentric observed spin pdtiggdand observed spin period derivative

Pobs from the search detections. TRg,s can be then converted into the line-of-sight acceleration

a = c(P/ P)ops.

Figure 2.2: Period-acceleration diagram for the binary pulsar NGC 6440H. The blue cross points out
the centre of the ellipse, while the grey lines indicates the uncertainties in the best t (blue line). The
t returned an orbital period oPg ' 8.64 hours and a projected semi-major axigef 0.025 It-s

for the pulsar orbit.

A circular binary orbit will manifest itself in the diagram as a perfect ellipse (an eccentric
binary will exhibit more complex shapes), centred on the pdtgt 0) and having as semi-major
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and semi-minor axis the valuéy andA; respectively, with the pulsar moving in a clockwise
directior3 We can then obtain an estimation of the perig, and the projected semi-major axis
x of the orbit from the best ellipseBy, P1 andA1 using the following equations:

Pi2c

P - _ = , 28

B~ Py A (2.8)
Py 2 C

= = —, 2.9

An example of a determination of an orbit using this method is shown in Figure 2.2. These values
can be used as initial guesses for the second method. The latter consists of doing a tof the observed
spin periods as a function of tim@4ys(t)) since we expect the period will change because of the
varying Doppler e ect due to the orbital motiorPqps(t) will be a sinusoidal function with the

period of the binary and with an amplitude corresponding to the projected size of the orbit in the
case of a circular orbit. More complicated shapes will show ugPfgg(t) when the pulsar is in

an eccentric system that will also depend on the orientation of the orbit. Cod€dRKeORBI,
ORBITFITandFITORBITandfit_circular_orbit.py 5from PREST®ave been developed to
obtain the orbital parameters through a least-squares tting procedure.

2.2 Pulsar Searching with MeerK AT

The largest telescope in the Southern hemisphere is the MeerKAT tel€sedpere meer is
the Afrikaans word for more . It will hold this distinction until the SKA-mid (Square Kilometre
Array mid-frequency telescope) becomes operational ( , ). Located
in the Karoo region of the Northern Cape Province in South Africa, MeerKAT consists of 64
antennas, with a diameter of 13.5m each with an o set Gregorian con guration. A MeerKAT
receptor consists of the primary re ector and subre ector, the feed horns, three cryogenic receivers
and digitisers mounted on the feed indexer, as well as associated support structures and drive
systems, all mounted on a pedestal ( , ). Figure 2.3 shows a schematic diagram of
the MeerKAT dish structure showing the major elements of the design. The cryogenic receivers
cover a total frequency range of 544-3400 MHz, operating in three frequency bands: UHF (544
1088 MHz), L-band (856 1712 MHz), and S-band (1750 3400 MHz), each with bandwidths of
544 MHz, 856 MHz, and 1600 MHz, respectively. The telescope is capable of observing objects
with declinations smaller than +44n the sky. It also posses a large Field of View, FoV=
1.27deq? at 1250 MHz. MeerKAT's sensitivity was a key requirement, aiming to achieve an
e ective collecting area per unit receiver temperatureAef / T = 220m?/K, at L-band and

UHF-band ( , ). Remarkably, it achieved 350-48Q depending
upon radio frequency ( , ). The telescope has the following con guration: 42
Jisit for further details
ACIRCORBITORBITFITand FITORBITare part of a suite of codes originally developed at Jodrell Bank, whose
list can be found at . The CIRCORBITode can be

downloaded froni
5
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of the antennas are located within 1Lkm diameter circle (inner dishes), and the remaining
dishes are spaced much further apart with the longest baseline being 8 km. Each dish features ar
o0 set-Gregorian design to prevent aperture blockage.

Figure 2.3: A schematic diagram of the MeerKAT dish structure showing the major elements of the
design.

2.3 System description

The process of scheduling an observation with MeerKAT to eventually producing a diagnostic plot
involves a series of techniques for robust data reduction and accelerated computation. Describec
below are the steps and corresponding ancillary systems that reduce the data for implementation
of pulsar searching pipelines.

As the radio signal arrives to the MeerKAT antennas, the signal travels through the feed,
receiver, cable, Iter and then is sampled by the ADCs. At each antenna, the input voltages are
sampled at the Nyquist rate after passing through an analogue lter for the selected band. The
L-band receiver, for example, digitises the data at exactly 1712 MHz (real samples) and passes the
second Nyquist zone (i.e., top half of the band 856-1712 MHz) to the correlator/beamformer via
optical bre Ethernet. The correlator/Beamformer is described below.
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2.3.1 Correlator/Beamformer

Beamforming is a processing technigue that combines the analogue signals from all the dishes,
resulting in an enhanced sensitivity in a particular direction. The correlator/beamformer (CBF)
receives digitised streams of data from each individual antenna and is capable of producing di erent
data products. Additionally, the CBF provides a network to enable e cient cross communication
between di erent systems. The CBF consists of F-engines, X-engines and B-engines.

The F-engine system behaves as a spectrometer, providing frequency resolution across the
observation bandwidth. It employs a 16-tap Hann window PFB design to divide the digitised
bandwidth into channels. This channeliser runs on a SKARAR#rd and is divided into two
subsystems based on the desired size output bandwidth. The wide-band F-engine is used for
science cases requiring the full receiver bandwidth, such as time-domain and continuum studies.
In contrast, the narrow-band F-engine is employed for science cases requiring higher spectral
resolution, like spectral line studies. The F-engine can produce 1k, 4k, and 32k channels for both
narrow-band and wide-band modes. The F-engine outputs are multiplexed to ensure that blocks of
frequency data from all antennas are available simultaneously.

The X-engine's primary function is to perform cross-correlation on signals received from each
antenna. Much like the F-engine, the X-engine is segmented into two components: X-engine
narrow and X-engine wide, tasked with processing data streams from the narrow and wide F-
engines, respectively. While the current setup operates on SKARAB, ongoing tests are exploring
the possibility of employing a GPU-based replacement for enhanced performance ( ,

).

Finally, the B-engines serve as the beamformer responsible for creating a phased array beam
by combining the channelised complex voltages from all antennas, a process facilitated by the
F-engines. This involves 64 custom SKARAB boards, each handling channels within a specic
frequency subband of the entire bandwidth. The B-engines have the capability to produce up to
four tied-array beams, corresponding to up to four distinct sub-array con gurations amongst the
64 dishes.

The CBF network currently supports several user-supplied equipment (USE) for various astro-
nomical projects, which are connected by a Folded-Clos or fat-tree network. The data published by
one instrument can be subscribed to any other instrument within the apparatus. Further information
about the network can be found in ( ). One of these setups, BLUSE (Break-
through Listen User Supplied Equipment), supports the Breakthrough Listen project by utilising
channelised voltage data from the F-engine narrow as input for dedicated GPU-equipped hardware
( , ). This hardware performs beamforming and runs processing pipelines to search
for signals of interest. FBFUSE (see Section 2.3.2) is a multibeam beamformer used in the TRA-
PUM project. APSUSE serves as a dedicated pulsar searching cluster and acts as the processing
hub for the TRAPUM project, with its speci cations and functionalities detailed in Section 2.3.3.
TUSE (Transient User Supplied Equipment), a transient search cluster deployed for MeerTRAP
(more TRANSsients and Pulsars) ( , ), processes beamformed products from
FBFUSE in real-time, recording voltage data when interesting transients are detected. Finally,

7
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PTUSE (see Section 2.3.4), another backend, is part of the MeerTime project and processes fold
and search-mode data from the B-engines. It coherently de-disperses the data and writes it out
in PSRFITS format using known pulsar parameters. These diverse USE setups enable the CBF
network to support a wide range of scienti c investigations. Below, we provide further details on
the USE setups used for this work.

2.3.2 FBFUSE

The Filterbanking Beamformer User Supplied Equipment (FBFUSE; , ) is a high-
performance multi-beam beamformer that has an input data rate of up to 1.8 Th/s for the entire
cluster while o ering an output data rate of 280 Gbh/s. FBFUSE is con gured to handle the full
data rate from the F-engine wide machines and performs multiple real-time beamforming opera-
tions. It combines the channelised data from the dishes into the requested number of total intensity
tied-array beams which are placed at the desired locations within the primary beam of the array.
It can form up to 960 beams for 856 MHz bandwidth and use of all 64 antennas at 85% real time.
Once the number of beams is xed, the shape and tiling pattern of the beams are estimated using
the Mosai® software ( , ), which calculates the delays required for forming each
coherent beam. These computations, combined with the transformed data stream, serve as input
for a GPU processing pipeline. The processing job is executed in 64 simultaneous instances, with
each instance handling 1/64th of the total bandwidth. The data corresponding to each frequency
subband from all the beams, are dispatched to ensure the recombination of all frequencies within
a single beam. These stitched Iterbank products are then readily available for consumption by
APSUSE and TUSE. An example of a TRAPUM beamforming tiling for the GC M62 is shown in
Figure 2.4.

Beyond its beamforming role, FBFUSE o ers valuable support for various o ine operations
since the transient bu er setup is capable of storing up to 50 s of data ingested from the F-engine.
Similar to the X-engines and B-engines, FBFUSE's transient bu er data can be used to produce
correlated and beamformed products, respectively, ensuring compatibility with the requirements of
other science cases, as previously discussed. Furthermore, this bu er data facilitates coherent de-
dispersion and polarisation-based analysis, making it a great resource for following up on transient
search triggers.

2.3.3 APSUSE

The Acceleration Pulsar Search User Supplied Equipment (APSUSE) is a dedicated high-performan
cluster with an input data rate of 280 Gb/s, providing ample storage capacity and serving as a ver-
satile platform for deploying optimised software pipelines to accelerate computational tasks. It
is primarily used for pulsar searching. Comprising 8 nodes for data capture, APSUSE e ciently
captures the data products from the CBF network using the SPEAD® PSRDADALOibraries.

These captured data are then redistributed across an internal in niband network for storage. Ad-
ditionally, the cluster consists of 60 processing nodes, each with 24 CPU cores, and is further

8
9
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Figure 2.4: Tiling of the M62 observation done on November 2020 where 56 antennas were used to

synthesize 288 beams, with an overlap fraction of 70%, around the position of M62D (see Chapter 4).

The light-grey ellipses show the contours of the TRAPUM beams at their 42% level of power of their
boresights at 1284 MHz.

equipped with 2 Nvidia GTX 1080Ti GPUs per node. This impressive hardware con guration
facilitates the seamless implementation of both CPU and GPU-based software pipelines.

With a total storage capacity of 3.5 petabytes, APSUSE is capable of uninterrupted recording
for up to 20 consecutive hours, assuming the maximum number of tied-array beams is recorded.
The cluster employs the BeeGEHlistributed le system, delivering read/write speeds of up to
50 Gb/s. This performance matches the demanding requirements for capturing data from FBFUSE,
making APSUSE a formidable resource for high-speed data processing and storage.

1BeeGFS is a parallel le system, developed and optimised for high-performance computing.
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2.3.4 PTUSE

The Pulsar Timing User Supplied Equipment (PTUSE; , ) receives the channelised
voltage time series from a maximum of four tied-array beams produced by the B-engines. Each
tied-array beam is received on separate high-end server-class machines and processed to produc
partially reduced data products which are then transferred to the MeerKAT data archive for long-
term storage and subsequent processing. The data are then split into two equal sub-bands whicl
are independently processed in parallel by the pipelines irDBESK ,

) software libraryDSPSRoherently de-disperses it, and writes it out as fold-mode and/or
search-mode archive les using known pulsar parameters. For the case of MeerTime search mode
observations (see Chapter 3), the coherent de-dispersion is done on already channelised data.

2.4 MeerTime and TRAPUM Large Survey Projects

The MeerKAT telescope carries out a number of large-scale survey projects, including MeerTime
and TRAPUM, both of which are focused on pulsars and are part of this thesis work. A brief
description of these projects is provided below.

2.4.1 MeerTime

MeerTimelds a ve-year program with the aim of regularly timing over 1000 pulsars for a range of
scienti ¢ goals including tests of general relativity and alternative theories of gravity, explore the
origin and evolution of binary pulsars, monitor pulsars in GCs and monitor radio magnetars, among

others ( , ), which are investigated under its four major sub-projects: Relativistic and
Binary Pulsars ( , ), the Thousand Pulsar Array ( , ), Globular
Clusters ( , ), and the MeerKAT Pulsar Timing Array ( , ). The

work of this project is complementary to the TRAPUM project and performs the timing of pulsars
discovered by the latter.

2.4.2 TRAPUM

TRAPUM (TRansients and PUlsars with MeerKAT) is a Large Survey Project that uses the
MeerKAT sensitivity (5-7 times better than the Parkes Murriyang radio telescope
) to study radio sources which emit on timescales ranging from microseconds to
seconds with a signi cant discovery potential of many new (millisecond) pulsars, radio emitting
magnetars, active binaries, to mention a few.
TRAPUM undertakes targeted pulsar searches of SNRs, Pulsar Wind Nebulae and other TeV
sources where we potentially can nd young pulsars similar to the Crab, unassdesated -ray

sources where we can mainly nd rapid MSPs ( : ), GCs searches, which are hosts
of exotic radio pulsars (see Section 1.3.5), on the Galactic centre ( : ) and alsc
carry out blind searches of nearby galaxies ( , ), contributing to our understanding

of the physics of extreme environments and the dynamics of our galaxies and the local group of
galaxies. Visit for more information.

12
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2.5 Timing of pulsars

After a pulsar is discovered, we employ pulsar timing techniques for further study. Even though
pulsars have very stable and predictable spin periods, pulsars are not constant; they lose energy
through relativistic particle winds and magnetic dipole radiation, causing their rotational kinetic
energy to decrease over time. The rate of slowdonand other pulsar parameters, can be
determined using pulse time-of-arrival (Ta¥@measurements over long periods of time. Pulsar
timing is the technique used to monitor the rotation of the NS by measuring the ToAs of the
radio pulses and constructing a model. This model accounts for all the possible e ects that
in uence the propagation time of the signal from the NS to the observer and typically includes
rotational, astrometric and ISM related e ects, and, inthe case of binary systems, orbital parameters
describing the orbital motion. A brief introduction of the basics concepts of timing is described in
the following subsections.

2.5.1 Extraction of the topocentric TOAs

ToAs are typically calculated by measuring the arrival time of a pulse with respect to a certain
standard reference. For the case of a newly discovered pulsar, we usually have information about
its position with usually modest precision, DM and period. Once we have an estimate of the
pulse period, we can fold the new observations using this information. After that, we will have
time-stamped data folded archives (which is essentially a matrix containing an integrated pro le
for each sub-integration / frequency-channel pair) with the start time of the observation according
to the local standard of time, measured usually by a hydrogen maser clock.

However, in order to study the intrinsic rotation of the pulsar and any e ects of its orbital
motion with a companion(s), we need to apply corrections to the observed ToAs to give times that
would have been observed at the barycentre of the solar system, so they do not have the e ects
arising from the Earth's motion. So, the local standard of time (SAT) is calibrated using Global
Positioning System (GPS) satellites to a standard set of caesium clocks, and converted to the GPS-
based Universal Coordinated Time, UTC(GPS), as measured by the National Institute of Standards
and Technology (NIST), and then to the normal Universal Coordinated Time, UTC. The di erence
between UTC(GPS) and UTC is that the latter takes into account the ever-decreasing rotation rate
of the Earth, whereas the former does not. UTC is then referred to the International Atomic Time
(TAI) realisation, TT(TAI), of the Terrestrial Time (TT). TT is a theoretical time standard, whose
real clocks are only approximations, that is based on the de nition of second by the International
System of Units (SI). TAI, on the other hand, is the most precise real time standard available, as it
is based on an ensemble of hundreds of atomic clocks spread across the Earth surface.

In order to keep UTC, which is derived from TAI, in agreement with the Earth's rotation rate,

a number ofleap secondsr o sets are added to UTC every few years. The current di erence
between UTC and TAl is 37s as of October 2023. However, once published, TAI is never
corrected. For this reason, TT(TAI) is in turn converted to the TT(BIPM) time standard, a
retroactively corrected version of the former provided every year by the Bureau International des
Poids e Mesures (BIPM), and then nally referred to the SSB through either the Barycentric

13 he ToA is usually de ned as the arrival time of the nearest pulse to the mid-point of the observation
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Dynamic Time (TDB) or Barycentric Coordinate Time (TCB), see ( ) for a more
comprehensive discussion about pulsar time-scales.

To each integrated pro I® (t) an epochy; is assigned, referring to a speci ducial point
on the pro le. ToAs are then measured from the cross-correlation between the integrated pro les
of the data and a standard template that serves as a reference pro le. While individual pulse shapes
may vary considerably, the shape of the average pro le remains relatively stable for most pulsars. A
standard template can be created by folding radio data modulo the pulse period or pulse frequency
f = /P = d /dt, or by using a high S/N pro le or a noiseless pro le created by tting an
analytical function to the integrated pro le or applying a wavelet transform for smoothing. In our
work, we use thepaas routine to t a von Mises function to the pulse pro le. Each integrated
prole P(t) is then a scaled and shifted version of the templa(¢), with some noiseN (t)
superimposed ( , ):

P(t)= a+ bT(t )+ N(t), (2.10)

wherea is an arbitrary o set andis a scaling factor. To obtain a ToA, the integrated pro les are
cross-correlated with the standard template, serving as a reference pro le, to determine a phase
o set. This phase o set can then be multiplied by the period to get a time o sbetween the

ducial point of the template and the integrated pro le. By adding this o set to a high-precision
reference point on the pro leti; ), we can create the ToA a®A = tj; + . The precision

with which a ToA is able to be measured is proportional to the width of the pulse fedtlréis

units of period) and the perid@ and inversely proportional to the signal-to-noise ratio S/N of the
average pro le such that

; WP
ToA (g N)'

Therefore, narrow pulse pro les of fast pulsars with strong detections provide the most accurate
arrival times.

(2.11)

2.5.2 The timing formula

Fixing a reference frame centred on the pulsar and co-moving with it, the number of rotdtions
made by the NS from a reference titeto any given time, are be described by:

1

<D Pt )t (2.12)

1 X
N(t)= No+ ot to)+ = o(t to)?+ = No+
2 kol

where o = (tp) is the spin frequency andy = (tp) and "o = “(to) its time derivatives at

some reference epodh. For most pulsars, the series can be truncated at the second tefm, as

is usually not measurable. To measure these rotational parameters, many corrections need to b
made since the observations taken are subject to deviations in arrival times due to the rotation of
the Earth and its motion around the Sun. ToAs are transferred to the SSB, which can be considered
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as an inertial frame to a very good approximation. The ToA, measured at an observatory clock on
Earth,tt can be corrected to an SSB tirnedy applying a number of corrections:

t=tr to+ Dck Dpw+ Dr + Dg + Dg + Dr+ Dg + Deg, (213)

Dcik is the correction that accounts for di erences between the observatory clock and the Earth
time standardsDpy is the dispersion delay caused by the ionised component of the ISM. The
Roemer delayDr corrects for the light travel time across the Earth's orbit (with a magnitude
of 500cos , where is the ecliptic latitude of the pulsar) as pulses appear early when the
Earth is closest to the pulsar and are delayed when farthest, and allows one to precisely determine
the pulsar's position on the sky. Similarlpr is the corresponding delay across the orbit of a
non-isolated pulsar. The subscriptrelates to the Solar System and similar terms without the
subscript are used in relation to the orbits of binary systems. The @gmapresents the Einstein
delay and corrects for any time dilation e ects due to the motion of the pulsar relative to the Earth
and the gravitational redshift caused by the presence of other objects in the system. Binally,

the Shapiro delay which is a delay in light travel time due to the curvature of the space-time near
massive bodies (Sun/planets/companions).

We then compare the ToAs to the predicted timing model that includes all the possible e ects
that in uence the propagation time of the signal from the NS to the observer. The di erences
between the ToAs and the model are referred to as timing residuals, which are the di erences
between the observed ToAs and the predicted ToAs based on the current model parameters. Since
pulsars (especially MSPs) are extremely stable rotators, it is possible to create a timing model that
can predict every single rotation of the pulsar (in the data-set) to a high precision, such a model
is referred to as a phase-connected timing solution. However, sometimes pulsars show remaining
structures in the residuals revealed in long-term monitoring, suggesting an error in the modelling
of the parameters or the presence of additional physical process that needs to be taken into account.
These unmodeled variations are sometimes caused by the so called timing irregularities. There are
two broad classes of irregularities, namely glitches and timing noise (see below). The former is
seen as sudden jumps in the spin frequency, sometimes followed by an exponential recovery, while
the latter is aed noiseprocess a ecting the pulsar's spin, and itis perhaps an intrinsic phenomenon
of the pulsar often seen as correlated noise on long timescales.

For the purposes of this thesis, we useRISRCHIVE : ) software package for
data reduction and ToA derivation afé&EMPOg , ) for the analysis of the ToAs
and derivation of the timing solutions.

2.5.3 Gilitches

A glitch is an abrupt increase in the spin frequency of the pulsar that can be seen as a discontinuous
downward change in slope of its timing residuals. The fractional change in spin frequ2ngy (

can range froml0 1 10 5 ( , ; , ), and the occurrence and
the size of glitches is variable, both between di erent pulsars and even within individuals sources.
However, glitches have been seen to occur more frequently in younger pulsars (low-characteristic
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ages), with almost a quarter of all glitches that have been observed so far have been in the Crab,
Vela and PSR J0537 6910, which have experienced 30, 24 and 53 glitches, respédtively

Glitches are typically identi ed by manual inspection of the timing residuals and modelled
in the timing solution through an additional set of epoch-speci ¢ spin parameters, usually the
post-glitch spin frequency and spin-down rate. Furthermore, glitches are sometimes followed by
an exponential and/or transient recovery. The sudden jump in the frequency and the exponential
recovery afterwards indicate that the NS is not a rigid body and it consists of a super uid interior
and a solid crust. The crust, to which the magnetic eld and the radio beam are thought to be
attached, is slowed down by magnetic dipole radiation, while the decoupled internal super uid
rotates at a constant faster rate. A glitch corresponds to a sudden transfer of angular momenturr
between the interior to the solid crust, which happens as a result of an increasing coupling between
the two components caused by the di erential rotation. After the glitch, the discrepancy in rotation
rates of the interior and the crust is reduced. The exponential decay after the glitch is a gradual
relaxation process to the pre-glitch state (see e.g. , ).

So far, only two small glitches have been seen from MSPs: a micro-dht¢h = 8(1)
10 2in PSRB1821 24 ( : ), and asmaller glidchi = 2.5(1) 10 ?
in PSR J0613 0200 ( , ). The rarity and small sizes of glitches in MSPs has led
to speculation that MSPs could have di erent interior structures to the general population (see e.g.

: ).

2.5.4 Timing noise

As previously stated, timing noise is observed as structures remaining in the residuals revealed in
long-term monitoring of pulsars after full consideration of all known astrometric and spin factors. In
some cases, timing noise has been explained by the presence of unmodelled planetary companion
(seee.g. : ), asteroids ( , ), or unmodelled small glitches (

, ). Apart from components introduced by the receiver, timing noise originates
both in the pulsar itself and in propagation through the ISM. Timing noise originating in the star
itself is referred to aspin noise It is observed on a wide range of time scales but is usually
characterised agd noise In general, timing noise is more pronounced in young pulsars than in
MSPs (e.g. : , see Chapter 5).

2.5.5 Timing of Binary Pulsars

Due to the periodic variation of the pulse arrival time for pulsars in binary systems, timing models
need to consider the parameters to describe the orbital motion. In the cases of purely Keplerian
orbits, the orbit can be described by the so called s&epierian parameters

"~ theorbital period, Pg;
" theprojected semi-major axisy;

" theepoch of periastron passagey;

14
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theorbital eccentricity €;
" theorbital inclination, i;

thelongitude of periastron! ;

A~

thelongitude of the ascending nodé&f*c,

where the rst four parameters determine the position of the pulsar along the orbit as a function
of time, whereas the later three specify the orientation of the orbit in the sky. Kepler's third law
relates the motion of the pulsar and that of its companion by

p2 4 2
a% = oM, + My’ (2.14)
whereM, andM¢ are the masses of the pulsar and its companion, respectivelg, ana, + ac

is the sum of the semi-major axis of the pulsar odgitand the semi-major axis of the companion
orbit ac, that is the orbital separation. The size of the pulsar orbit around the common centre of

massa,, can be then obtained by:

M

And the semi-major axis of the orbit of the companion by:
ac = _Mp (2.16)

= a :
Mp+ Mg
The motion of the pulsar in its orbit can be described in a Cartesian reference frame (i,j,k) with
the origin coinciding with the binary barycentre. Then we can nd that the trajectory of the pulsar
can be described by the radial distance of the pulsaand the angle measured anti-clockwise
from the i direction to the pulsar position vectgy.

ap(l €

rn =
P~ a+ ecogAr !p)

whereAr is thetrue anomalywhich is the angle used to identify the pulsar orbital phase measured
exactly like p, butin this case starting from the periastron direction. This angle is used to identify
the pulsar orbital phase and with the aid of two auxiliary angles, its dependence with time can be
obtained: In the purely Keplerian case, thean anomal/ is de ned as

2
M = 5-(t To). (2.18)

While its dependence on E is given by:

S

At at e E
tan — = tan — . 2.19
2 a e 2 ( )
M can be related to the eccentric anomialythrough Kepler's equation (see : ):

M = E esinE, (2.20)
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which needs to be solved numerically. Using these equations we will be able to express the
trajectory of the pulsar (Equation 2.17) as a function of time.

In the majority of cases, only ve of the orbital parameters are usually measured using timing.
These aréPg, €, ! 5, To andxp = ap sini, which is the projected semi-major axis of the pulsar
orbit along the line of sight. However, information on the masses and the inclination of the
system is missing. This can be compensated by obtaining a relation of these three parameters by
combining Kepler's third law equation (Equation 2.14) with the equations of the semi-major axes
of the components of the system (Equations 2.16 and 2.15):

(Mcsini)® 4 2x3

M+ M2~ T P2 (2.21)
p B

f(Mp) =

where the constarf = GM /¢® = 4.925 s is used to express the masses in solar units and
f (Mp) is known as thenass functiomf the pulsar, which can be used to constrain the companion
mass.

For pulsars in tight binary orbits, relativistic e ects due to strong gravitational elds and high
orbital velocities will produce observable signatures in the timing residuals. To know whether
relativistic e ects are likely to be important we can measure the orbital velocity of the pulsar at
periastron using the following:

Vo _ s 2 U3 14 V2 M, |
c Ps 1 e (Mp+ M)%3

For pulsars with orbital velocities of a high fraction@fthe relativistic e ects are then important.

So, considering the relativistic e ects from general relativity (GR) we can obtain the so-called

post-Keplerian (PK) parameters. The ve most important PK parameters are the rate of advance

of periastron] ; the time dilation and gravitational redshift parameterthe orbital decayPg;

the ranger, and the shape, of the Shapiro delay. These can be expressed in GR as:

(2.22)

PB 5/ 3

1

!:3T2/3 5 1 ez(Mp+ MC)Z/S,

_ 723 Ps M7 Mo(Mp + 2Mo)
2 (Mp+ M¢)¥ 3" 4

b= 192 g3 Ps 3 1+ (73 24)€? + (37 96)¢* MpM (2.23)

® 5 2 (1 )72 (Mp+ M) V3’

r=T M,

/
s sini=T Y3 e 23x —(MP+MC)2/3.

2 P M,

The ve PK parameters are functions only of the masses of the sydtggmafd M) and
the standard Keplerian parameters, so we can obtaiass-mass diagranThis can be done by
plotting theM , versusM ¢ and drawing a line for each measured PK parameter that corresponds to
a certain total massly: = Mp + M indicating all possible combinations of values kg and
M, that add up tM ot . Thus, if any two of these PK parameters are measured, the masses of the
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pulsar and its companion can be determined with the intersection of the two corresponding lines
in the diagram. Measuring three or more, each additional PK parameter yields a di erent test of
gravitational theory. The theory can be considered as legitimate if all the lines intersect, within the
uncertainties, at one speci c point.
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Chapter 3

Discoveries and Timing of pulsars in
NGC 6440

The work presented in this chapter was previously published in the Monthly Notices of the
Royal Astronomical Society: Accepted 2022 March 28. Received 2022 March 15; in original
form 2022 February 4.

Abstract

Using the MeerKAT radio telescope, a series of observations have been conducted to time the
known pulsars and search for new pulsars in the globular cluster NGC 6440. As a result, two
pulsars have been discovered, NGC 6440G and NGC 6440H, one of which is isolated and the
other a non-eclipsing (at frequencies above 962 MHz) Black Widow , with a very low mass
companion (M > 0.006 M ). It joins the other binary pulsars discovered so far in this cluster
which all have low companion massesd{M0.30 M ). We present the results of long-term timing
solutions obtained using data from both Green Bank and MeerKAT telescopes for these two new
pulsars and an analysis of the pulsars NGC 6440C and NGC 6440D. For the isolated pulsar NGC
6440C, we searched for planets using a Markov Chain Monte Carlo technique. We nd evidence
for signi cant unmodelled variations but they cannot be well modelled as planets nor as part of a
power-law red-noise process. Studies of the eclipses of the Redback pulsar NGC 6440D at two
di erent frequency bands reveal a frequency dependence with longer and asymmetric eclipses at
lower frequencies (962-1283 MHz).
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Keywords

Pulsars: individual: PSR J1742021C, PSR J17482021D, PSR J17482021G,
PSR J1748 2021H.

3.1 Introduction

Globular clusters (GCs) are known to be ideal places for the production of exotic compact objects
and binaries due to the high stellar densities in their cores® ®M pc 3, e.g.

, ), which result in dynamical interactions between the stars. The exchange interactions
and collisions which result in the creation or disruption of binary systems, enable the formation of,
for example, cataclysmic variables or low-mass X-ray binaries (LMXBSs). In fact, early observations
showed that the population of LMXBs per unit mass in GCs is orders of magnitude higher than
in the Galactic disk ( , ; , ). LMXBs are the progenitors of millisecond pulsars
(MSPs) through the recycling model ( , ; , ), in
which accretion on to the neutron star (NS) spins it up to millisecond periods.

The large number of LMXBs in GCs, and the detection of radio sources in the imaging of the
latter, motivated surveys for radio millisecond pulsars. After the rst discovery in 1987, M28A
(PSR B1821 24A) by ( ), 34 pulsars were soon discovered in 13 GCs which was
followed by a second burst of discoveries in the 2000's thanks primarily to the Arecibo, Green Bank
and Parkes telescopes (see Figure 1 in ) and 150 pulsars were known in 28 clusters
by 2018. We have now entered a new phase. After the rst searches in 2019 by the Five-hundred-
meter Aperture Spherical Telescope (FAST, e.g. , ) and the high gain/low system
temperature MeerKAT telescope ( , ), the number of GC pulsars has increased to
236 in at least 36 di erent GClaup to the end of February 2022. Thirty-two of those new pulsars
have been discovered with FA3Te.g. , ; , : , ).

Both FAST and MeerKAT, one in the northern hemisphere and the other in the southern
hemisphere, respectively, have higher sensitivity than other telescopes that have previously been
used for pulsars searches in GCs. FAST, in ttb to + 65 declination range of the sky, has
been providing a factor of 2 to 3 times better raw sensitivity than the 305m Arecibo radio telescope

( , ), while MeerKAT, the precursor of the Square Kilometre Array - SKA1-mid
( , ), with a declination limit &f44 ( , ) is at least 3 times
more sensitive than the systems used by the Parkes 64 m telescope ( : ;
, 2020).

A number of GCs are being searched using MeerKAT under the two Large Survey Projects:

MeerTime3( , )and TRAPUM(TRAnRNsients and PUIsars with MeerK AT,
); both projects collaborate together to time and search for pulsars in GCs. These

1See for the most up-to-date GC pulsar

catalogue.

Visit the FAST GC survey https://fast.bao.ac.cn/cms/article/65/
3
4
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searches have proven to be fruitful with the discovery of 38 new pulsars in 11 di erent GC$so far

(eg 1 1 L] L] L )

NGC 6440 is a GC located at= 17'48M52.84, = 20 2187 ( , ),
in the direction towards the bulge of the Galaxy &t 7.729 andb = 3.800 in the constellation
of Sagittarius. It is situated at a distance of 8.8.4 kpc from the Sun ( , ) and

is moderately concentrated (with a central concentratisn1.86, wherec = log(r¢/ r¢), ry and
r¢ are the tidal and core radii of the cluster, respectively) but apparently has no post-collapse core
( , ). Integrated photometry suggests that this GC was among the most metal-rich
GCsin the Galaxy ( : ), with its metallicity comparable to that of the Sun ([Fe/H]
0.56, ), and it has a reddeningeofB V) = 1.15( , ).
NGC 6440 is particularly massivéi(> 4.42 10°PM ) and dense
with a core and half-mass radiusgf = 0.26pc andr, = 2.02pc, respectively ( ,
), which corresponds tg = 0.11larcmin and, = 0.84arcmin.
NGC 6440 is one of the richest X-ray clusters studied so far, only surpassed by Terzan 5
( , ), with 25 X-ray sources within two core radii from its centre, identi ed by
( ) and ( ) using Chandra images. One of them (CX1) was later
identi ed as a transient luminous LMXB (SAX J1748.2021) with a rotation frequency of 442
Hz ( , , ). Three years later, a second transient LMXB (NGC 644) X
was discovered in the cluster with coherent 206 Hz pulsations ( : ), identi ed
afterwards as an ultracompact accreting millisecond X-ray pulsar (AMXP, :
). Furthermore, the cluster is known to host six pulsars (three isolated and three binaries),
with dispersion measures (DMs) between 219.4 and 227.0 pé ¢mi , ). Because
of these characteristics, this cluster was selected as one of the high-priority targets in the Large
Survey Proposals of MeerTime and TRAPUM.

The six previously known pulsars are NGC 6440A ( , ) and NGC 6440B-F
( , ). NGC 6440A was found to be an isolated pulsar with a period of 289 ms,
which is unusually long for a pulsar in a GC ( , ) as onk%b of the pulsars in

GCs have periodB > 100ms. Almost 20 years later, 5 more pulsars were discovered using the

S-band receiver (1650 2250 MHz) of the Green Bank Telescope (GBT). The other two isolated

pulsars NGC 6440C and NGC 6440E have periods of 6.22 ms and 16.26 ms, respectively. NGC

6440B is a 16.7 ms pulsar in an eccentric binary systers (0.57) with an orbital period of

Py, = 20.5days. NGC 6440D is a Redback pulsar, i.e. an eclipsing low-mass binary, with a spin

periodP = 13.49 ms and an orbital perid®}, = 0.28days. It is the farthest from the GC centre

as projected on the plane of the sky probably due to the formation in an exchange encounter (see
, ). Finally, NGC 6440F with a spin period of 3.79 ms, is at the lower end of the

spin period distribution of the GC. It has an orbital perlg = 9.8days and has a white dwarf

companion.

One of the most important results from ( ) was the measurement of the rate
of advance of periastron for NGC 6440B:= 0.0039118) degyr ®. Assuming that the latter
is fully due to general relativity, this implies a total mas2d2 0.20M ( : ).

5See
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For an edge-on inclinatior®Q ) of the orbit this gives a mass of the pulsalf, = 2.3M . If
the high inclination were con rmed, it would make it the most massive NS known so far.

In this paper we present the discovery of two more pulsars in this cluster and a study of pulsars
NGC 6440C and NGC 6440D. It is structured as follows: the observations and data reduction are
described in Section 3.2. We report the discoveries in Section 3.3. The timing solutions of the
pulsars discussed in this work are presented in Section 3.4. In Section 3.5 the results and their
implications are summarised. Finally, the conclusions are presented in Section 3.6.

3.2 Observations and Data Reduction

The possibility of a very massive NS for NGC 6440B was one of the motivations for its subsequent
timing (see , ). Previous observations of this pulsar made with the GBT greatly
improved the precision of the measurement of However, it has not been possible to obtain

a signi cant detection of the Shapiro delay in the binary system, which suggests either a low
orbital inclination or that the timing precision obtained with the GBT data was not high enough
for a detection. This means that, using the GBT data alone, it was not possible to determine the
individual masses of the components of the system.

Making use of the superior sensitivity of MeerKAT, a dense orbital campaign was mounted
for this system with the main aim of detecting the Shapiro delay of NGC 6440B. This campaign
consisted of 33 observations using the L-band (856-1712 MHz) receivers of the MeerKAT telescope
(with a central frequency. = 1284MHz) under the MeerTime project pointing towards NGC
6440B to densely sample the 20.5day orbit for two full revolutions. The number of antennas
used for the observations depended on the orbital phase of the pulsar, with observations close
to superior conjunction and periastron performed with the full array while other observations
used just the central core of the array (see Table 3.1). This was to make sure that a number of
observations had wide enough eld-of-view (FOV) to cover a signi cant fraction of the cluster for
commensal science, given the massive time investment. Each semi-axis of the single tied-array
beam (using the full array of the telescope) has a minimum size 6flarcmin at the central
frequencyf . = 1284MHz, covering the core radius of the GC.

We used the Pulsar Timing User Supplied Equipment (PTUSE, , ) for data
acquisition. Most observations had simultaneous data acquisition on two machines, one folding
NGC 6440B at the topocentric period of the pulsar and recording pulsar timing archives, while
the other recording full Stokes, PSRFITS format ( , ) search mode Iterbank
data, coherently dedispersed at a DM of 220.922 pctwith 768  0.42MHz-wide frequency
channels, and a time resolution 0f9.5 s. The fold mode data were used for the timing campaign
whose results will be reported elsewhere (Venkatraman Krishnan et al., in prep.). The results
presented in this paper used the search mode data to investigate two of the known pulsars in the
GC and also to search for new pulsars. Apart from the observations performed for the timing
campaign, we also analysed two other 30-minute test observations taken in April 2019 with a
similar set-up as above. Table 3.1 shows the list of observations employed in the present work
and includes the observing dates, the central observing frequdgcibe bandwidths (BW), the
observation length$g,s, the known pulsars found in the search, and the number of antennas used
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for each of the observations. It also includes information about the detections of the two new
pulsars discovered as a result of this work.

Around 75% of the PTUSE data were initially analysed using the full frequency resolution
and a time resolution of 76s (HFR). Part way through the analysis it was realised that the data
volume and processing could be sped up by reducing the number of channels to 384 (LFR). This
resulted in no increase in dispersion smearing because of the initial coherent dedispersion of the
data described above. The analysis was completed with the LFR data set.

All the HFR data were analysed following a typical acceleration search method. We rst used
therfifind  routine fromPREST(® , ) software suite to generate time-frequency
masks and remove strong narrow-band and transient RFI from the data before searching. Around

15% of the data were masked for most of the observations. We thenpuepdubband to
generate 26 de-dispersed time series from a DM of 217.00 pé émsteps of 0.5 pccn?. The
DM range was determined by considering.5pc cm 2 beyond the minimum and maximum DMs
of the known pulsars in the cluster, while the DM step size was determined in order to have small
DM smearing caused by an incorrect DM and sensible requirements for the processing.

A Fast Fourier Transform (FFT) was applied to each of the de-dispersed time series to obtain
the power spectra; the red noise was removed from each of themnesingise . Finally, the
searches were carried out usiagcelsearch on the spectra, rst without acceleration search
(zmax = 0) and then with &z« value of 200 (up to 8 harmonics), wheze= Tgbsa|/ (cP)
is the number of Fourier bins drifted in the power spectrum (i.e. due to orbital motion) over
the course of the observatioa, is the line-of-sight acceleration due to an orbital motion, and
is the speed of light. The initial candidates were sifted using the aodel_sift.py 6. The
initial parameters resulting from the search for each of the candidates were used to re-fold the
raw data usingrepfold . The results were then visually inspected. We will refer to this as the
PREST®&earch.

The PULSAR_MINHKRoeline7 (v.1.5, see further details in ) was later
implemented for the searches of all the LFR observatiéHdLSAR_MINEBRtomates and wraps
all the processes frolRREST®accelsearch together to facilitate the tracking of all the processes
and results of the system processing, with the help of GPU accelerBfREESTO_ON_ 5P This
allowed us to include a more re ned search, using a DM step size of 0.05 pt cwie will refer
to this as thePULSAR_MINERarch.

The acceleration search performedRREST@ssumes that during an observation the pulsar
has a constant acceleration along the line of sight. For this reason, the algorithm might fail to nd
pulsars with binary orbital period$f) shorter than 10 times the duration of the observation,
assuming a circular orbit ( , ). To be sensitive to orbital periods as short as

2.5hrs, we performed a segmented search, splitting all the observations (where possible) into
sections of 60, 30 and 15 minutes, each of them searched individually.

The discoveries presented below motivated us to observe the cluster as part of more extensive
TRAPUM searches, as the latter is capable of generating more coherent beams and so can cove
more of the cluster with the full MeerKAT sensitivity. These data enabled us to better localise

6
7
8
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Table 3.1: Summary of the MeerKAT observations used in this analysis.

Date Start MJD § BW Tobs Known PSR G Detected H Detected Number of
(yy-MM-dd-HH:mm) (MHz) (MHz) (min) YIN Y/N Antennas
19-03-04-03:10 58576.13 1283 321 30 B N N
19-03-04-03:10 58576.13 1444 321 30 AB N N
19-07-18-18:32 58682.77 1284 642 120 ABCEF Y Y 57
19-07-18-20:47 58682.86 1284 642 25 ABCDE N Y 57
19-07-26-17:38 58690.73 1284 642 112 ABDEF Y Y 41
19-07-28-17:02 58692.70 1284 642 120 ABCDEF Y Y 59
19-07-28-19:17 58692.80 1284 642 120 ABCDEF Y Y 59
19-07-30-16:42 58694.69 1284 642 164 ABCDEF Y Y 59
19-07-30-20:30 58694.85 1284 642 163 ABCDEF Y Y 59
19-08-01-15:46 58696.65 1284 642 120 ABCDEF Y Y 58
19-08-01-18:14 58696.75 1284 642 120 ABCDEF Y Y 58
19-08-03-16:53 58698.70 1284 642 120 ABCDEF Y Y 58
19-08-03-19:12 58698.80 1284 642 120 ABCDEF sy Y 58
19-08-05-20:46 58700.86 1284 642 120 ABCDEF Y Y 58
19-08-05-22:59 58700.95 1284 642 120 ABCDEF Y SY 58
19-08-07-18:26 58702.76 1284 642 120 ABCDEF Y SY 42
19-08-09-17:18 58704.72 1284 642 94 ABCDEF Y Y 41
19-08-09-19:47 58704.82 1284 642 19 ABCDEF N Y 41
19-08-11-16:48 58706.70 1284 642 120 ABCDEF Y Y 41
19-08-11-19:22 58706.80 1284 642 120 ABCDEF sy Y 41
19-08-15-14:20 58710.59 1284 642 120 ABCDEF Y Y 38
19-08-15-16:41 58710.69 1284 642 120 ABCDEF Y SY 38
19-08-17-16:39 58712.69 1284 642 120 ABCDEF Y Y 60
19-08-17-19:11 58712.79 1284 642 120 ABCDEF Y Y 59
19-08-19-15:52 58714.66 1284 642 120 ABCDEF Y SY 63
19-08-19-18:11 58714.66 1284 642 120 ABCDEF Y Y 63
19-08-20-13:13 58715.55 1284 642 120 ABCDEF Sy YS 63
19-08-20-15:13 58715.63 1284 642 120 ABCDEF Y SY 60
19-08-20-17:37 58715.73 1284 642 120 ABCDEF SY Y 60
19-08-20-19:37 58715.81 1284 642 120 ABCDEF SY Y 60
19-08-21-16:52 58716.70 1284 642 120 ABCDEF Y Y 59
19-08-25-16:43 58720.69 1284 642 180 ABCDEF Sy Y 61
19-09-06-12:14 58732.50 1284 642 120 ABCDEF Y SY 60
19-09-06-14:38 58732.61 1284 642 120 ABCDEF Y Y 59
20-11-14-14:05 59167.58 1284 856 90 ABCDEF Y Y 60
20-11-14-15:42 59167.65 1284 856 143 ABCDEF Y Y 60
20-12-01-13:06 59184.54 1284 856 240 ABCDEF Y Y 56

test observation.
S pulsar found in the search.
! TRAPUM observations that were used for the timing analysis of both discovered pulsars.

the two newly discovered pulsars using a close tiling of the TRAPUM beams. Covering an area
of  2arcmin in radius, 288 coherent beams were synthesised, centred on the nominal cluster
centre and using 60 antennas with & 0% overlap of the synthesised beams at 1284 MHz (

, ). The observations had an integration time of 4 hrs and the data were recorded
as lterbanks, with a central frequency of 1284 MHz and total intensity formed from the two
orthogonal polarisations, 856 MHz of bandwidth divided into 4096 frequency channels, with
a time resolution of 76s. The search of these data for new pulsars is still ongoing and will be
presented in a future publication. Additionally, GBT data from both the Spigot ( , )
and GUPPI ( , ) backends with the L-band and S-band receivers, respectively,
were used to detect the newly discovered pulsars and, hence, to obtain a long-term timing solution
(see Section 3.4). Full details of this GBT data set can be found in Ransom et al. (in prep).
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3.3 Discoveries

The two new MSPs discovered in NGC 6440 are described in the remainder of this section.

3.3.1 NGC 6440G

NGC 6440G (PSR J1748 2021G) is an isolated pulsar, with a spin period of 5.22 ms that was
rst found in the HFR data from UTC 2019-08-25-16:43 in tRREST@Qearch at a DM of
219.719 pccm?® and with no acceleratiorz(= 0). Making use of thePULSAR_MINERarch,
the pulsar was subsequently found in ve more observations (see Table 3.1). We used the best
estimated period from the discoveries to fold all 33 MeerTime observations DSR&&and then
optimised the period and DM usii@DMBrom the PSRCHIVEBpackage ( : ;

, ). This resulted in the detection of the pulsar in 30 out of the 33 observations
that were used for the searching in this work. The nondetections are due to the short duration of
the remaining observations (see Table 3.1).

3.3.2 NGC 6440H

NGC 6440H (PSR J1748 2021H) was identi ed as a 2.85ms candidate in the HFR data set in
the observation on 2019-08-05-22:59, but was not con rmed until we made detections in the
LFR data. The non-zero acceleration and some pulse smearing observed in the diagnostic plots
indicated the possibility of binary motion. We used the Period-Acceleration Diagram method (see
, ) to obtain starting estimates of the orbital parameters. First, we measured the

barycentric observed spin peridt,s and observed spin period derivati?g,s from the initial
search detections. The observations with high-signal-to-noise (S/N) detections were split into two,
giving us a total of six di erent measurementskf,s andPyns. ThePgps was then converted into
the line-of-sight acceleratiom = c(P/ P)gps. The Pops, &) points followed an elliptical curve
indicating a circular orbit with orbital period ¢f, ' 8.64hours and a projected semi-major axis
ofonlya, ' 0.025lt-s11

Since we have closely-spaced detections, wefilsaircular_orbit.py 12romPREST®
improve the rstguess values from the Period-Acceleration method. This code tsthe observed spin
period as a function of timé4ps(t), returning improved orbital parameters. The results from this
t were an orbital period oPy, ' 8.66hours and a projected semi-major axigef 0.02541lt-s.
Those values were then further re ned by phase-connecting the pulse times of arrival (TOA). The
results of the timing are presented in the next section.

3.4 Timing

In this section we report the results of the timing analysis of the newly discovered pulsars as
well as of NGC 6440C and NGC 6440D using data from both MeerKAT and GBT. For the case

9
10
1Values obtained using the cod&
12
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of the previously known pulsars, the MeerKAT search mode data were foldedDSRER
, ) using the then best ephemeris obtained from the analysis of several years

of data from the GBT. For the new discoveries we initially used an ephemeris that included the
barycentric spin period and DM of the best detection obtained pri¢éipfold , and in the case
of NGC 6440H, the orbital parameters frdin circular_orbit.py . We then useghat from
the PSRCHIVIpackage to extract the topocentric ToAs (from every archive where we detected
the pulsar) by cross-correlating the pulse pro les against a noise-less template, built by tting
von Mises functions (usingaas from PSRCHIV)Bo the best-detection pro le or one formed
by adding the observations with detections, to form a mean pulse pro le with higher S/N ratio.
The ToAs were then referred to the Solar System Barycentre and tted for several timing model
parameters (e.g. celestial coordinates, spin parameters and the orbital parameters in the case of
the binary systems) usinBEMPQ2( , ). The initial timing solutions for the two
newly discovered pulsars were then used to fold data from the GBT to potentially extend the timing
baseline to more than 14 years.

Before 2009, the GBT data included timing observations taken using the Spigot backend

( , ) using the S-band receiver (with usable badd-2.2GHz). More details
about these early observations can be found in ( ). NGC 6440 was later observed
using the Green Bank Ultimate Pulsar Processing Instrument (GUPPI; , ).

These observations were made with both the L-band (i.e. 1.1-1.9 GHz) and S-band (i.e. 1.6-2.4
GHz, with approximately the top 0.7 GHz usable) receivers.

Folding the GBT data with the best ephemeris obtained from the MeerKAT data resulted in
79 detections of NGC 6440G and 77 detections of NGC 6440H. As a result, we could obtain a
phase-connected timing solution extending over more than 14 years (see Figures 3.1 and 3.2). For
the case of NGC 6440G, the long-term timing solution bene tted from the localisation obtained
using SeeKAT (see Section 3.4.2). All the timing properties (position, proper motions, binary
parameters where applicable, etc.) for the two new pulsars are presented in Table 3.2.

Furthermore, the GBT ToAs for NGC 6440C were combined with those from MeerKAT for
further analysis and we used only MeerKAT TOAs for NGC 6440D. More details for each of the
pulsars is provided in the next subsections.

3.4.1 NGC 6440H

To build the timing solution for NGC 6440H we rst obtained two ToAs from each of the MeerTime
observations where the pulsar was detected. The ToAs were then tted with a pulsar model
containing spin (frequency and rst derivative) and orbital parametgysH, andTp). The initial

binary parameters were derived usfitgcircular_orbit.py as described above.

We could fold and detect the pulsar in a number of archival GBT observations of the cluster
using the initial orbital model obtained with the MeerTime observations. We then used those GBT
detections to generate the ToAs that were later used to obtain the long-term timing solution. For
this, we rst made use of the so-called jumpglbetween di erent epochs. This produced more

13
14n arbitrary phase o set needed to take into account possible delays between the two di erent instruments.
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Table 3.2: Timing parameters for the two new pulsars discovered in NGC 6440, as obtained from tting tt
observed ToAs with TEMPO2. The companion mass is calculated assuming a pulsar mass of 1FbM
both solutions, the time units are TDB, the adopted terrestrial time standard is TT(TAI) and the Solar Sys

ephemeris used is JPL DE421 (

). Numbers in parentheses represeceitainties in the
last digit.

Pulsar

NGC 6440G

NGC6440H

R.A. (J2000)
DEC. (J2000)

Proper Motion in ,
Proper Motion in ,
Spin Frequencyf, (s 1)

(masyr 1)
(masyr 1)

1st Spin Frequency derivative,(Hz s h
2nd Spin Frequency derivative,(Hz's ?)

17:48:52.6460(4)
20:21:40.63(1)
1.8(1.2)
51(32)
191.742146888623(1)
5.8649(3) 10 1°

17:48:53.1995(1)
20:21:35.31(5)

0.9(3)

11(8)
351.06360053871(4)
2.3413(1) 10
2.04(2) 10

3rd Spin Frequency derivative,(Hz s 3) 1.8(9) 10 34
Reference Epoch (MJD) ................ 56668.558 56565.826
Start of Timing Data (MJD) ............. 54050.705 54010.821
End of Timing Data (MJD) ............. 59325.504 59184.670
Dispersion Measure (pccm) .......... 219.601(2) 222.584(7)
Numberof TOAS ...t 111 111
Weighted rms residual €) ............. 68.9 17.8
S1300 (mJy) ........................... 0.51 0.060
L1300 (MIYKPS) ..o, 3.52 4.15
Binary Parameters
BinaryModel ......................... BTX
Orbital PeriodPy, (days) ............... 0.360787526(5)
Projected Semi-major Axisp (It-s) ..... 0.025324(3)

Epoch of Ascending Nod& 55 (MJD) . ..

Orbital Frequency (Hz)

58702.909365(1)
3.208002860(1p 5

Derived Parameters

Spin PeriodP (ms)
1st Spin Period derivativé® (ss 1)
Mass Functionf (M) (M )

Minimum companion mas$/ ¢ min (M )
Median companion mash¥| ¢ meq (M ) ..

Surface Magnetic FieldB, (G)
Characteristic Agé ¢ (Gyr)

5.2153374530685(4)
1.59523(7) 10 1°

2.8484867085778(3)
1.89976(9) 10 °
1.3394) 107

0.0063

0.0072

7.4 10°
2.4

Y The frequency derivatives could be a ected by the cluster potential and therefore a ect the vaRigamd .
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Figure 3.1: Timing residuals of NGC 6440H as a function of time (top) and orbital phase (bottom)
obtained using GBT and MeerKAT data. The blue points indicate times of arrival from the GBT, while
the green and red points show the times of arrival from MeerTime and TRAPUM, respectively.
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Figure 3.2: Timing residuals of NGC 6440G as a function of time (MJD) for the GBT and MeerKAT
data.

re ned orbital parameters, but we still needed to remove as many arbitrary jumps as possible by
trying to estimate the exact number of rotations between the ToAs.

We obtained a full timing solution after a few iterations of the same procedure. The minimum,
median and maximum companion mass obtained fronTE&PO2 were: 0.0063, 0.0072 and
0.0144 M respectively, indicating that the companion is one of the lightest known. However,
there is no evidence for eclipses in any of the observations, indicating that this pulsar is likely
a non-eclipsing Black Widow. We were able to measure the pulsar astrometric and kinematic
parameters thanks to the long timing baseline. NGC 6440H is located atRT48"53°.1995(1),

Dec.= 20 21%35°81(5) which places it 0.09 arcmin west of the cluster centre as shown in Figure
3.1, which is near the edge of the core radius. The in uence of the cluster on this pulsar appears
to be small as the frequency derivative is about the right magnitude for an MSP (see Table 3.2)
indicating no signi cant additional acceleration. The proper motion is loosely constrained, with
measured values of = 09 0.3masyrtand = 11 8masyr?, these values are
consistent within errors with the values reported in ( ). Fitting for the orbital period
derivative,Py, we found that the uncertainty is greater than the tted value. We also tried tting
higher orbital period derivatives but no signi cant values were obtained.

3.4.2 NGC 6440G

GBT archival data from both the GUPPI and Spigot backends from both the L-band and S-band
receivers were also folded using the initial timing solution for NGC 6440G obtained with the
MeerTime data. We could not phase-connect the GBT and MeerKAT data at this point. The weak
nature of the pulsar emission meant that an accurate localisation was therefore needed. We ther
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Figure 3.3: Positions of all the known pulsars in NGC 6440, plotted with respect to the centre of the

GC. The localisation of NGC 6440G is highlighted in green, the size of the symbol represent the 2

uncertainty. The angular core radiug & 0.10arcmin) is indicated by the dashed circle. We show

the size of the beam for 63 (inner ellipse) and 41 (outer ellipse) antennas at their 50 per cent power
level. The two transient LMXBs known in the cluster are indicated with stars.
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localised the pulsar using SeeKAT as described below. This allowed us to obtain a good enough
ephemeris to fold the GBT data. After that, we obtained a timing solution d# years using the
combined GBT and MeerKAT data set (see Figure 3.3) which resulted in a precise pulsar position.

Localisation

To obtain an accurate position for the source, we used a pipeline that applies the Tied Array Beam
Localisation (TABL0) method, known as the SeeKAT multibeam locali§@&ezuidenhout et al.
in prep.). This pipeline uses software called Mo4&{c , ) to simulate the coherent
beam tiling pattern and the Point Spread Function (PSF) of the telescope depending on the date.
time and frequency of the observation, the location where the telescopes are pointing, the number
of antennas used for the beamforming and the overlap fraction for placing the beams. SeeKAT uses
the PSF, the coordinates (Right Ascension and Declination) and the S/N of the beams in which
detections were made to determine the most likely position of the source.
In the rst follow up TRAPUM observations we pointed beam number 006 (of the 288 beams

in total) towards the coordinates of the MeerTime beam (which was pointed at NGC 6440B,;
R.A. = 17'48"52.95 and Dec. = 20 21138°90). However, the pulsar was detected with
the highest S/N in TRAPUM beam number 008, with coordinates R.A8'23"415.150 and
Dec= 30 21%88°%0, which is nearer the GC centre. To get a more accurate localisation of the
pulsar we used SeeKAT with both the long 2020 November observation and the 2020 December
observation (see Table 3.1). These long observations used antennas outside of the core of the
telescope and thus resulted in high-spatial resolution and good S/N. The source was detected in
4 and 7 beams in each of the observations, respectively, and the beams overlapped at 70% of
the maximum sensitivity. Combining all the S/Ns from all the beams with detections from both
epochs, the maximum likelihood localisation SeeKAT nds is RsA17'48"525.76 0.17s, and
Dec.= 20 2113845 298 as shown in Figure 3.4. The reported errors are obtained from the
2 region, shown in lime in Figure 3.4, and the maximum likelihood position is highlighted with
the cyan cross. This position places the pulsar closer to the centre of the. GO0 02arcmin).
The long-term timing solution gives a position of R.A. 17'48"525.646(0(4), and Dec. =

20 21%0°83(1) which is consistent with the SeeKAT results but places the pulsar a bit further
from the cluster centre, af = 0.07arcmin.

Proper Motion

The 14 year timing baseline provided by the GBT data allowed low-precision estimates of

the proper motion of NGC 6440G, = 1.8(1.2) masyr! and = 51(32) masyr!. By
comparison, the proper motion of NGC 6440 has been estimated using Bayesian statistics by
as = 1.182)masyrland = 3.97(2) masyr !, for a total proper motion of

4.14(2) masyrl. Therefore, the proper motion of NGC 6440G is unlikely to be real since the
source is located within the core of the GC and such a large proper motion suggests it would have

15
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Figure 3.4: The localisation region of NGC 6440G obtained with SeeKAT. Thedror region is

shown in blue, and the maximum likelihood position is highlighted by the cyan cross. Tlané-3-

error regions are shown by the green and magenta contours, respectively. Its timing position is also
shown as a dot with the letter G .

left the cluster within about 130 years. One possibility is that it recently underwent some sort of
dynamical interaction, but it is unlikely given the relative time scale.

Period Derivative

The intrinsic period derivative of pulsars in GCs can be contaminated primarily by the acceleration
of the pulsar in the gravitational eld of the cluster, modifying Ags. In order to account for the
e ects that contribute to the observed period derivafigs we can use the following equation:
! !
acc T ag t az + apwm

P
5t - , (3.1)

P
P =

obs int
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wherePj; is the pulsar's intrinsic period derivative. The various types of acceleration that con-
tribute are: the line-of-sight component of the acceleration of the pulsar caused by the gravitational
eld of the clusteragc, the radial acceleration due to the Galactic potemtialthe acceleration
towards the Galactic plare/ c, and the centrifugal acceleration due to the transverse Doppler
eect ( : ) associated with the proper motion of the puls@py = 2D, where
D is the GC's distance from the Earth). The radial acceleration due to the Galactic potential is
calculated using equation 2.3 in (198, c  1.99 10 s 1 Then, using equation
4 from ( ), we derive the acceleration towards the Galactic dahe, 1.62
10 ¥s 1. We estimatapy/ ¢ 3.44 10 °s ! using the reported proper motion of NGC

6440 in ( ) and the cluster distance (see also , ). The measured value
of (P/P)ops = 1.49 10 s ! is much larger than the Galactic and Shklovskii terms and so
the dominant contribution must be due to the cluster.

In order to estimate the contribution from the GC potential, we consider a spherically symmetric
cluster

acc _ lGM (<7 psr)
c c r3sr

. (3.2)

whereG is the gravitational constant,s, = | R% + 12, is the distance from the pulsar to the
centre of the clusteR, is the projected distance on the sky plane between the cluster centre and
the pulsar andl is the distance between the pulsar and the plane of the sky passing through the
cluster centre. The mass within the radius of the pulsar is given by

Z I psr
M(<rps)=  4R2 (R)IR, (3.3)
0
where the volume mass density distribution is

1%rds(r) 1

(R) = x ar P Wdr. (3.4)
We use a two-parameter King model ( , ) to describe the surface mass density
1
S(r)=S (3.5)

03
1+ (r/ re)?
in this case . = 0.26pc. We can then use the cluster's total mlsg; to make an estimate of the

central surface mass densBy given by

So = Ry Mzt?tdr ' (3.6)
0 1+(r/re)?
Equations 3.2 to 3.6 were developed in more detail in the appendix of ( ).
The values. = 0.26pc andr; = 19.4pc were obtained from the most recent measurement
of the basic parameters for NGC 6440 by ( Wagd = 4.42 10°M
from ( ). The resultin§y 2.41 10°M pc 2 is then substituted

to Equation 3.5 to give us the surface mass density. The resulting variation of the volume mass
density (R) as a function of the distaneeto the centre of the cluster is shown in Figure 3.5.
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Figure 3.5: The surface mass densiByas a function of the distance to the cluster centi®shown
as a blue solid line and enumerated on the left-hand side of the y-axis. The red dashed line shows the
variation of the volume mass density distribution as a function of the distaracel uses the right-hand

side of the y-axis.
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Figure 3.6: The line of sight acceleration due to the potential of the cluster as a function of the
distance between the pulsar and the plane of the sky passing through the clustdrfoeatreeasured
R-.

We can use the volume mass density to calculate the mass within the radius of the pulsar
(Equation 3.3). However, sinags, cannot be directly measured, we udeel = 0.16pc (see
Table 3.4) as an approximation. We estimate the mass within the radius of NGC 6440G to be
M(<rps) 6.6 10°M . We use this value to determiagc/ ¢ as a function of (see Figure
3.6).

Since we do not know the exact value lpfwe can calculate the maximum acceleration
expected near the GC centi@A < 2r¢, within  50%) by using equation 2.7 from
( ). Since we do not have an accurate value of the line-of-sight velocity dispersion at the
pulsar positionv?(R-» ), we use the value of the velocity dispersion of the cluster eg(6)
assuming that the dispersion does not change signi cantly at our small distance from the core.
We take the value/,(0) = 13.0lkms ! from ( ), and as a result we estimate
jagcj/ c= 8.94 10 17s 1. This value is of the same order of magnitude to the observed value
ofjP/ Pj= 3.05 10 '"s ! which agrees with our assertion that the observed period derivative
is dominated by acceleration in the cluster. The negative value ¢Pth®) s indicates that it is
on the back side of the cluster, but close to the centre (see Figure 3.6). For comparison we calculate
the absolute upper limit on the accelerat&t max and the maximum intrinsic period derivative
Pin¢ for all the pulsars studied in this work (see Table 3.3).

3.4.3 Possible counterparts and location in the cluster

Figure 3.3 shows the positions of all the known pulsars in the cluster relative to its centre. We also
show the positions of the known X-ray sources in this GC as grey dots, and the grey circles show
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Table 3.3: Limits for derived parameters of the pulsars in NGC 6440 studied in this paper.

Pulsar P Pobs Ap,max aGc,max Pint,max B max ¢,min
(ms) (10 *8) (10 °ms? @0 °ms? (0 ¥ @o’G) (Gyr)

C 6.2269328180(7) -0.062(2) -2.89 6.99 0.08 0.74 1.15

D 13.495818491(3) 0.558678(16) 13.03 5.83 0.85 3.43 0.25

G 5.2153374530685(4)  -1.59523(7) -9.17 26.80 0.31 1.28 0.27

H 2.8484867085591(7) 1.89958(3) 20.00 24.15 0.42 1.10 0.10

Table 3.4: Pulsar o sets from the centre of NGC 6440.

?
* *

[ >

Pulsar (arcmin) (arcmin) (arcmin) ()  (pc)

A -0.0354  -0.0366 0.05 0.48 0.12
B 0.0262 -0.0226 0.03 0.33 0.08
C -0.3907 -0.2718 0.48 446 1.15
D -0.2799 0.5015 0.57 5.38 1.39
E -0.0093 0.1353 0.14 1.27 0.33
F -0.1188  -0.0305 0.12 1.15 0.30
G -0.0454  -0.0522 0.07 0.65 0.17
H 0.0842 0.0395 0.09 0.87 0.22

* The uncertainties are much smaller than the uncertainty of the GC's
centre, assumed to be exactly where indicated in Figure 3.3, except
for the case of NGC 6440G. The 1lerror for the latter are =
0.021arcminand = 0.019arcmin.

their positional uncertainty (from ). Using our best position we nd that NGC
6440G is potentially associated with source CX 7 in ( ). The positional o set
is 0.32 arcsec and the uncertaintyli8arcsec. CX 7 has an X-ray luminosity bf = 2.0
10%2 ( 21%)ergs 1. Using the observed relatidny 10 3Lgy, whereLsy 1(2 )2P/ P3
is the spin-down luminosity of the pulsar ( , ), this impllegyga 10%%ergs 1.
Then if the sources are associated, the period derivative of the pulsar should be of the order
10 ¥ss 1,

In Table 3.4, we report the angular o sets of all the pulsar positions relative to the centre of

the GC. The projected distancd®,() were calculated using the most recent GC parameters from
( ). The positions of the known pulsars were obtained from ( ).

We note that the two pulsars discovered in this work are located within the core radius of the GC.

3.4.4 Flux Densities

The ux densities at 1300MHz (Si1300) of the new pulsars and their pseudo-luminosities

(L1zo0  Si1300D?) are calculated using the radiometer equation (
the cluster distance from (

, ) and using
). To calculate the system equivalent ux density
at 1300 MHz, we used a system temperafliga = 26 K, which includes the atmosphere plus
the ground spillover temperatuligim +spin ( 4.5K at 45 elevatiori}, the receiver temperature

17
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Trec (18K), the cold sky temperaturBs,y, ( 3.5K at 1.3 GHz), and the gain of the telescope

G = 2.59KJy 1 (for the MeerKAT array observations using 59 antennas). To account for the
various sensitivity losses due to signal processing and digitisation, we assumed a correction factor
of 1.1.

NGC 6440G has an estimated mean ux denS§itygs = 0.012mJy and a pseudo-luminosity
L 1284 = 0.83mJy kp&, whereas for NGC 6440H512g4 = 0.020 mJy andl 1084 = 1.43mJy kp&

(see Table 3.2). The results were determined using the integrated pulse pro les shown in the top
panels from Figure 3.7, obtained by summing together (without including weights) a total of 58 hrs
of observation for both NGC 6440G and NGC 6440H, equivalent to all MeerTime observations
which resulted in a detection.

For comparison, the 1950-MHz ux densities and their pseudo-luminosities were also obtained
using the GBT data and thigys, the gain of the telescope, the bandwidth and the correction factor
speci ed in ( ). The average pulse pro les used in this case are shown in the
bottom panels from Figure 3.7, obtained by adding all observations made with Spigot, equivalent
to 20 hrs of observation for NGC 6440G. In the case of NGC 6440H, we summed together all the
GUPPI observations dedispersed at 1950 MHz, summing a total of 40 hrs. We did not include
weights in any of the cases. The estimated mean ux density of NGC 6440G at 1950 MHz
Si950 = 0.006mJy and the pseudoluminosityigsg = 0.40mJy kp&, whereas for NGC 6440H,

S1950 = 0.009mJy andL 1950 = 0.60mJy kp&.

Pro le Widths

To measure the observed pulse width at 50% of the peak intensity (W50) we again used the template
we formed to perform the timing analysis. Using the concentration parameter from the best t
combination of von Mises functions one can determine the pulse width usirfgubeMises

function fromPSRSALSE , ). To calculate the error on the width, we generated
1000 simulated noise pro les using the o -pulse noise statistics of the average pro le and repeated
the von Mises tting, and determined the width in each case. The error was then estimated from
the distribution of width values. The resultant widths are, at 1284 MHz, for NGC 6440G W50 =
(6.31 0.36) 10 “s, while for NGC 6440H W50 = (2.85 0.10) 10 “s, which corresponds

to a duty cycle of 12% and 10%, respectively. Whereas at 1950 MHz, for NGC 6440G W50 =
(3.05 0.76) 10 “s while for NGC 6440H W50 = (1.40 0.04) 10 “s, which corresponds

to a duty cycle of 6% and 5%, respectively.

3.4.5 High-cadence data analysis for NGC 6440C and NGC 6440D

Previous works (e.g. , ) have presented interesting systematics with
time that could be explained by the presence of unmodelled planetary companions (e.g.

). The high cadence and high sensitivity MeerTime data provided us an opportunity to detect,
or place tight constraints on the presence of planets around NGC 6440C. Similarly, these data and
the wide bandwidth of the L-band receiver allowed us to study the eclipses of NGC 6440D in more
detail. In this section we present the results of these analyses.
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Figure 3.7: Integrated pulse pro les for the newly discovered pulsars presented here using both

L-band (1284 MHz) and S-band (1950 MHz) data from MeerKAT and GBT, respectively. All pro les

show one full rotation of the pulsar with 64 phase bins. Their spin periods are indicated. The width

of the horizontal bar indicates the e ective time resolution of the system, relative to each pulsar's spin
period.
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NGC 6440C

We know that any unmodelled pulsar companions, depending on their mass, may produce orbital
e ects that can be identi ed in the timing residuals. NGC 6440C is an apparently isolated MSP
with a spin period of 6.23 ms. With the aim of investigating the nature of the systematics in the
timing behaviour, we carried out searches for planets using a code which is based on ENTERPRISE
18Enhanced Numerical Toolbox Enabling a Robust PulsaR Inference SuitE, , ). It
uses the Monte Carlo Markov Chains (MCMC) technique to t for the parameters of planets, such
as their period, mass, the white noise and the red noise, among others, using the timing solution
of the pulsar ( , ). We tried di erent period and mass ranges that were obtained by
looking for the maximum amplitude sine wave that can be hidden in the residuals and the minimum
amplitude sine wave we might expect based on the ToA errors. These limits are used as input to
the mass function equation:
Mcsini)® 4 2 x3

f(Mp) = (f\/l pc+ MZ)Z = T P2 (3.7)
where the constart = GM /¢ = 4.925 sis used to express the masses in solar units. The
red noise was not included in the t.

We rst use the ephemeris from the timing solution obtained using 1 TOA for each of the 26
MeerTime detections, resulting in a data span of 42 days. We did not initially use the TRAPUM
data since we rst focused on the high-cadence data. For orbital periods ranging between 5 to
35days, and masses betwekn 10 ° to 10M , our analysis does not nd any evidence for
planets.

We then expanded the data set by adding all the GBT and TRAPUM data available for this
source. With this, we obtained a long-term timing solution over 16 years. As an example of what is
seen in the data, we calculated the Generalised Lomb-Scargle periodogram ( : ; ,

) usingcholSpectra from TEMPOZ2From the plot shown in Figure 3.8, we see a peak at
23.84days butitis only 1.3 ;inspection of the residuals shows that there is some structure on
those timescales, but the signal is clearly weak. We note that this is close to the value of 21.627 days
reported by ( ).

We did the same planetary search usElNTERPRIS&nd the dynesty sampler tting for a
planet with period between 5 to 35 days and mass betdeeh0 3 and 10M . This t revealed
the possibility of two planets orbiting NGC 6440C, i.e. two di erent periodicities in the data, so
more investigation was warranted. The GBT data were split into two segments of equal number
of TOAs. The ts for the rst half gave a period of 18.4days, while the second half showed
a period of 36.2days, two periodicities that are not actually harmonically related. Figure 3.9
shows the long-term timing residuals of NGC 6440C as function of time for GBT and MeerKAT
data. If we only consider the infrequent observations over the total observation span, it appears that
there is excess white noise in the data. However, the high cadence observations shown in the inse
panels of Figure 3.9 show that the noise is correlated on timescales of tens of days. Correlated
noise in pulsars typically takes the form of a red noise process, but here we see no long timescale
uctuations. Given that correlated structures in three sessions of high cadence observations with

18
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Figure 3.8: Generalised Lomb-Scargle calculated from the timing residuals from the best t timing
solution to the NGC 6440C 16-year data set, obtained udiotSpectra from TEMPO2

the GBT (panels aand b in Figure 3.9) and MeerKAT (panel c in Figure 3.9) are not consistent with

a purely periodic behaviour, we suggest that this pulsar exhibits some kind of band-limited noise,
or a weekly quasi-periodic process. This might imply association with slow changes in the pulse
pro le, and hence correlated phase jitter, rather than uctuations in the spin down rate typically
associated with timing noise. We leave the study of the pulse shape for future work. We note that
other pulsars in the cluster observed in the same programmes do not show this excess noise and
hence it is unlikely to be related to instrumentation or an artefact of the observing cadence.

NGC 6440D

Taking advantage of the sensitivity and wide band of MeerKAT, we study the eclipses of the
Redback NGC 6440D in more detail than previous works ( , X , ).
Our data set consists of 28 epochs of observations at the central frequency of 1284 MHz. The
timing solution of these observations gave us an orbital pePipe 0.286068574(2) days and a
projected semi-major axis of = 0.397241) It-s. Delays of 1ms in the times of arrival can

be seen before, after, and sometimes through the eclipse. The maximum delay in timing residuals
around eclipse transitions is 2ms at 0.22in phase as visible in the top panel of Figure 3.10.
The variation in the excess DM with orbital phase derived from the best- t timing residuals is
also shown in this Figure. The presence of an additional electron column density in the eclipse
region implied by this dispersive delay, that is, the maximum added electron density near superior
conjunction, is found to bBle max ~ 2.13 10 cm 2. We estimate the corresponding electron
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Figure 3.9: Timing residuals of NGC 6440C as a function of time for GBT and MeerKAT data. The
top panels correspond to zoome-in portions of the rectangles labelled as a, b and c in the main panel.
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density in the eclipse region§{ N¢/ 2a, wherea= a, + ac 2.1R , assuming an inclination
i = 90deg as 8.0 10%cm 3. The eclipse ingress and egress transitions are spread over a range
of orbital phases. The ingress transition starts at orbital pha8el7, while the eclipse egress
ends at 0.29 giving a total span of the eclipse of approximately 12% of the orbit.

Using the mass function from timinig(m,, m¢) = 8.22337) 10 M and assuming a
pulsar massn, = 1.4M and inclination anglé = 90 , we obtain a minimum companion mass
m; = 0.12M . The separation of the binary components corresponds to an eclipsing region
with physical size of R 0.8R , which is larger than the Roche lobe radius of the companion
R. ' 0.5R ,indicating that the eclipsing material is not gravitationally bound to the companion

and that the companion is losing mass ( : ). We also calculate the energy density of
the pulsar wind at the companion distantl, = E/ 4 2ca?, and obtainUg = 2.50ergcm 2
using theP from ( ) since oBr estimation would be biased due to the short-

term solution. In Figure 3.10, we notice that the number of ToAs is signi cantly less around
superior conjunction compared to other orbital phases and an increase of ToAs is seen after inferior
conjunction with a maximum density of ToAs at orbital phases 0.7 - 0.9. We attribute the excess
at inferior conjunction to the way the observations were taken, as they were optimised for studying
NGC 6440B, with 60% of the observations covering the orbital phases among 0.6 and 1.

In order to study the frequency dependence of the eclipse of NGC 6440D we divided the
observed bandwidth (643 MHz) into two sub-bands as seen in the bottom panel of Figure 3.10.
The maximum delay in timing residuals around eclipse transitions2ms at 0.22in phase,
this is seen only at higher frequencies (1284-1605 MHz, pink colour in Figure 3.10). On the
contrary, at lower frequencies (962-1283 MHz, blue colour in Figure 3.10), we see a full eclipse.
We also observe a larger eclipse duration at the lower frequency barid2(times longer for
the 962-1283 MHz band than in the 1284-1605 MHz band). We note a longer egress in the 962-
1283 MHz band compared to the 1284-1605 MHz band in which case the egress is very quick.
The eclipse egress duration at lower frequencies is 23.8554 minutes. Di erent ingress/egress
duration that depend on the frequency have also been observed for other spider pulsars (e.g.

, ; : )-

3.5 Discussion

This paper has presented two new MSPs and an analysis of timing data for two of the known pulsars
in NGC 6440. The following section will discuss the implications of the results obtained for each
of the pulsars studied in this work and examine what the pulsars tell us about the cluster.

NGC 6440G was found to be an isolated pulsar, it has a positional overlap with the X-ray source
CX 7 from ( ) which is proposed as a quiescent LMXB by the authors. The X-ray
luminosity of the possible associated source implies a period derivative of the pulsar of the order
of 10 ¥ss 1 atypical value for the MSP population. It is then consistent with the possibility
of the association of the source CX 7 with NGC 6440G. However, sincBdhe value we have
is contaminated by the gravitational potential of the cluster, we cannot con rm the association
between the sources. If indeed CX 7 is a gLMXB then the two sources cannot be associated.
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