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Fundamental Physics Measurements and the Gamma-Ray

Emission of Pulsars and Globular Clusters

Sheridan James Lloyd

Abstract

Globular clusters (GCs) with high encounter rates and dense cores favour the production
of millisecond pulsars (MSPs) which are gamma-ray sources and are thought to account
for GC emission overall. The evidence for this is largely indirect and no detailed spectral
comparison between GCs and MSPs has been attempted.

I analyse the gamma-ray emission of 111 GCs, detecting 34 (100 MeV—10GeV), with
emission from inside the tidal radius. GC luminosity is positively correlated with encounter
rate and mass-encounter rate product as expected for MSP emission but uncorrelated with
metallicity which is at odds with MSPs being the emission source. Most GCs have a
spectrum consistent with MSPs but there are exceptions. I find that GC unresolved diffuse
X-ray emission is correlated with GC gamma-ray emission, possibly due to unresolved
sources or relativistic electron propulation from MSPs.

I exclude a shock front emission mechanism in Terzan 5. I stack the spectrum of 98
MSPs, which is a good fit of one to two-thirds of GCs, but this fit is uncorrelated with GC
characteristics impacting MSP formation. A spectral colour comparison shows GC emission
is harder than the MSP model at 4—8 GeV, suggesting an additional non-MSP component. |
conclude MSPs are important but not the only emission source in GCs.

I derive upper limits to the gamma-ray emission from 17 pulsars, and use a previously
reported axion emissivity model, to determine an upper limit to the mass (m,) of the Axion
of 9.6x 1073 eV which is strongly temperature dependent. I obtain an upper limit m, of
8.05x 107 eV by applying an axion power model to magnetars.

Finally, I show that GCs with hard spectral models up to 100 GeV are prime future targets
for the Cherenkov Telescope Array and such observations will be vital to determine sources

of GC emission.
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Chapter 1

Introduction

1.1 Interesting Properties of Globular Clusters

The 157 known [124, 125] Galactic globular clusters (GCs) are bound, spherical stellar
systems of masses 10*—10° Mg [48]. They are old (of the order of 1010 years), dust-free
satellites of the Milky Way galaxy, characterised by dense cores of 100 to 1000 stars per cubic
parsec and consequently high stellar encounter rates. The GC population has a distribution
as seen in Fig. 1.1, and their dense stellar environment is seen in Hubble Space Telescope
images, such as the well-known GC 47 Tuc (Fig. 1.2). Around two-thirds of the Galactic
GCs are at helio-centric distances of 15 kpc or less and 131 GCs have negative declination.

GCs are very important and interesting objects for a variety of reasons. Due to their
great age and distinct stellar populations, they are probes of galaxy formation and evolution
with two distinct GC populations recognised: the metal-poor, "blue" colour population
(metallicity [Fe/H] peak ~ —1.5), thought to be accreted onto the Milky Way Galaxy from
satellite galaxies and the metal-rich, "red" colour population (metallicity [Fe/H] peak ~ —0.5),
thought to have formed in-situ with the Milky Way [232].

GCs may also have formed within DM sub-halos and N-body modelling can reproduce
some feature of GC systems such as the scaling of GC number with galaxy-halo virial
mass and the highly-clustered nature of GCs today [85]. Some GCs also have tidal tails,
aligned in the direction of the Galactic centre and its gravitational potential [245] while GC
proper-motions allow an estimate of Galactic mass and the mass and shape of the Galactic
dark matter (DM) halo [223].

The dense cores of GCs may also favour the creation of a central intermediate mass
black hole (IMBH) of mass 103—104 Mg, which, if found, would confirm IMBHs as an
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Fig. 1.1 Globular cluster sky-map, in Galactic co-ordinates, showing distribution of GCs
(black dots). The symmetry of the GC distribution, with respect to the Galactic plane, is
shown by points marking minor (red circles), intermediate (green triangles), and major (blue
squares) axes. Figure taken from taken from [34]

Fig. 1.2 HST image of the globular cluster 47 Tuc (centre) showing the self-contained and
dense stellar population. Image taken from hubblesite.org.
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astrophysical class in their own right'. 47 Tuc may have a central IMBH of 2300 M, based
on pulsar acceleration measurements [159] whilst NGC 6624 may have an IMBH of >7500
Mg, [217]. However, this is not a consensus view, as no electromagnetically active IMBH
has been observed in 50 GCs [258] and alternative pulsar models and observations of central
surface brightness and velocity dispersion can also account for the proposed IMBHs in GCs
[144, 50]. Atleast 5 GCs are predicted to have a population of ~ 100 BHs, with total mass
~ 1000 Mg, [269].

GCs can also contain significant numbers of cataclysmic variables (CVs), with 43 CVs
detected in 47 Tuc [237], and 18 in Omega Centauri [128], and the mysterious blue-straggler
stars [230], bluer and more luminous than the older GC stellar populations. As a consequence
of high encounter rates, GCs are noted for hosting low mass X-ray binaries (LMXB) which
are possible progenitors to millisecond pulsars (MSPs) [30], recycled pulsars with periods of
< 30 ms which arise from binary interactions, where the neutron star is spun up by accreting
material from its companion via Roche-lobe overflow. 157 pulsars, 82 of them in binary
systems, and predominantly MSPs (with just 9 pulsars with periods > 30 ms), are resolved
in 30 GCs?, with the GCs Terzan 5 and 47 Tuc having the highest number of phase resolved
MSPs (38 and 25 respectively).

1.2 Millisecond Pulsar Properties and Evolution

The Australia Telescope National Facility Catalogue (ATNF)? lists 389 radio-resolved MSPs
(including those in GCs above) of which 234 have companion stars which range in type
from ultra-light objects of mass < 0.08 M, to main sequence stars, neutron stars or white
dwarves. The MSPs in the ATNF also have weaker magnetic B fields than conventional
pulsars (1011 —10!2 G), with 246 having B fields of (0.45—95.2x 108 G (average 6.5x10%
G)), due to their greater age, but exhibit fast rotation (normally a feature of younger pulsars),
having been spun up by accretion from a companion. Isolated MSPs and MSPs with
companions are as expected from an evolutionary scenario where the secondary companion
in a compact binary (orbital period < 1 d) is of very low mass (< 0.1 M), and is eventually
evaporated by the gamma-ray emission or pulsar wind to leave the primary as an isolated
MSP. A dynamical channel is also possible where isolated MSPs in GCs can acquire new

companions by an encounter process [91].

"During final preparation of this thesis, LIGO and Virgo have observed creation of a 142 M., IMBH [3].
2Catalogue of pulsars in globular clusters at http://www.naic.edu/~pfreire/GCpsr.html
3 ATNF Version 1.63 accessed 2nd Sept 2020 https://www.atnf.csiro.au/research/pulsar/psrcat/
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Fig. 1.3 The distribution of gamma-ray detected pulsars in the 2PC, in Galactic co-ordinates
showing that MSPs are distributed to higher latitudes than other gamma-ray emitting (LAT)
pulsars. Figure taken from [11].

Observations with the Large Area Telescope (LAT) instrument on the space-borne Fermi
gamma-ray observatory, over a decade ago, established that MSPs are strong gamma-ray
sources [6], emitting gamma-rays through curvature radiation and electron / positron pair
production cascades in their compact magnetospheres. The 2013 Second Fermi Large Area
Telescope catalog of Gamma-Ray pulsars, the 2PC [11], based on 3 yrs of observations, lists
40 gamma-ray emitting MSPs, which are spatially distributed off the plane in comparison to
other pulsars. (Fig. 1.3).

1.3 The Gamma-Ray Connection of Millisecond pulsars

and Globular Clusters

About a quarter of the known MSP population are gamma-ray emitters, and so it is not
surprising that Fermi-LAT observations of GCs, with their MSP populations, demonstrate
that GCs are also gamma-ray emitters, beginning with the detection of 47 Tuc [7], followed
by 8 other GCs including Terzan 5, shortly thereafter [10]. The direct connection of MSP and
GC gamma-ray emission is shown by the cases NGC 6624 and NGC 6626, where the pulsed
emission of a single MSP can account for 100 and 25% of the GC emission respectively
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Fig. 1.4 The correlation of millisecond pulsar numbers in globular clusters with encounter
rate. The assumed number of MSPs is based on the globular cluster gamma-ray luminosity.
Figure taken from [10].

[109, 277]. X-ray and radio observations of the MSP and X-ray transient, IGR J18245-2452,
in NGC 6626 also show that it can switch between an X-ray luminous accretion powered
mode and an X-ray quiet but radio loud, rotation powered mode demonstrating a state
transition and the link between LMXBs and MSPs on observation timescales of a few yrs in
GCs. However, more generally, the case for MSPs being sources of GC gamma-ray emission
has relied on long-standing qualitative comparisons such as GCs exhibiting MSP-like spectra
with cut-offs of a few GeV, the positive correlation of GC gamma-ray luminosity with
encounter rate, presumed to encourage MSP formation, and the fact that an average E (based
on the Galactic field MSP population), combined with a canonical gamma-ray efficiency and
the observed GC gamma-ray luminosity, yields MSP numbers in GCs as predicted by other
studies (Fig. 1.4, [10]). To-date no spectral comparison has been attempted between the MSP
and GC population.

Currently the latest Fermi-LAT 4FGL source catalogue lists 30 source associations with
GCs, one source that has an alternative association as a GC and two sources that are very
bright pulsars in GCs (i.e. NGC 6624 and NGC 6626). In this work I will re-analyse the
complete Galactic GC population (whether currently detected in gamma-rays or not) out to
the furthest gamma-ray GC detection, using 10.5 yr of Fermi-LAT data and the most recent
4FGL source catalogue along with its improved background models. This analysis will be the
most up to-date GC gamma-ray survey, yet attempted, and produce the most refined spectra
for comparison with MSPs.
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1.4 Generic Models of Millisecond Pulsar Emission

At the time of this work, 103 gamma-ray emitting MSPs are listed in the Public List of LAT
Detected Gamma-Ray Pulsars*. Of these MSPs, 92 have a defined E in the range (0.14—220)
x 10°* erg 57!, with the distribution skewed towards E of a few x 103 erg s! (Fig 1.5).
This large sample represents a considerable improvement on the 40 MSPs of the 2PC from
which a MSP sample was drawn, analysed and stacked, to construct a representative generic
model of MSP emission by Xing and Wang [278] and McCann [194]. If the gamma-ray
emission from a GC results from the sum of its unresolved MSP population then, (as there is
no evidence to suggest that Galactic field MSPs are different from their GC counterparts), it
seems reasonable to use these model MSP spectra as an analogue of the ensemble emission
of the GC MSP population as a whole, to a first order, and therefore to comment to what
extent MSPs are sources of emission in GCs. Surprisingly, this is an approach that has
received no attention in the literature with the exception of my contribution to understanding
the gamma-ray emission from 47 Tuc [63] in which I used the Xing and Wang model as an
analogue for the combined emission of unresolved MSPs, and, on a more qualitative level,
where I used the spectral cut-off of the McCann model to comment on MSP-like emission in
6 high latitude Galactic GCs [181]. The creation of my own stacked MSP model by analysing
2.5 x the number of MSPs and employing 7.5 yr of additional event data, combined with the
latest 4FGL Fermi source catalogue and background model is likely to improve considerably
on the existing stacked models and it application to GCs at a detailed spectral level, which

has not been attempted previously, is long-overdue.

1.5 Axion and Magnetars

If GCs contain central IMBHs, and reside within DM halos [216], then this could lead to
a higher density of DM around the IMBH and enhanced DM annihilation to gamma-rays
[139].

Although it is not possible, for reasons of time, to consider specific GC DM candidates
or IMBH scenarios in this work, it is natural that given the focus on pulsars elsewhere in
this thesis, that I should consider the case of the axion, which may be produced via nucleon-
nucleon Bremsstrahlung in Aot pulsar cores. The hypothetical axion is a Nambu-Goldstone
boson, that might be very light and coupled only very weakly to Standard-Model particles.

The axion is important in particle-physics as a plausible solution to the strong charge-parity

“https://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray+Pulsars, accessed on 2" April 2019
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Fig. 1.6 The spectral energy distribution of magnetar 4U 0142+61 showing up-turn of
spectrum to 300 keV. Above 300 keV, ULs imply a spectral break. Fluxes and ULs are from
instruments XMM-Newton (black), INTEGRAL-ISGRI (black open square) and SPI (red)
and CGRO-COMPTEL (black ULs above 1 MeV). Figure taken from [97].
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Fig. 1.7 The axion mass (m,) search space with excluded regions from astrophysical and
cosmological hints, and indirect search methods. Figure taken from [113].

(CP) problem of quantum chromodynamics (QCD), where expected CP symmetry violations
are not observed. The preservation of CP symmetry can be measured experimentally to
a high order and to match observations unreasonable fine-tuning of the theory is required.
Axions are also of interest to the Cosmology community as a plausible cold dark matter
candidate through their non-thermal production in the early Universe [215, 272, 98]. In
the current epoch and nearer to home, the axion may also be produced by the Primakoff
scattering of thermal photons, in the core of the Sun and be detectable by the CERN Axion
Solar Telescope (CAST), a "helioscope"”, which sets axion-photon coupling constraints based
on the conversion of these solar axions into X-ray photons inside a 9 T magnet [80].

The properties of the axion, such as mass (Fig 1.7), or the axion-photon coupling constant,
may be constrained through the lifetime of astrophysical phenomena combined with cooling
arguments, hints obtained from cosmology, indirect-detection methods or by considering the
gamma-ray emission produced by axion radiative-decay or by conversion of the axion to
gamma-ray photons in the B field of the star. However, the production of axions in the pulsar
core is exceptionally temperature (7;) dependant (proportional to TC6) and as such the pulsar
core temperature must be realistic in any determination.

These temperature arguments lead me to consider axion emission from magnetars. Mag-

netars are a pulsar class with properties diametrically opposed to those of MSPs. Originally
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classified as two distinct pulsar types; soft-gamma-ray repeaters and anomalous X-ray pul-
sars, but now recognised as the same object class, magnetars display persistent high X-ray
luminosity which exceeds their spin down power by a factor of > 10. This fact, combined
with their slow periods of a few seconds and lack of Doppler modulation of their X-ray pulses,
implying a lack of binary companions, excludes an accretion powered rotation interpretation.
Rather, it is thought they are powered by the dissipation of their super-strong B fields (> 104
G) (For a recent review see [106]). Magnetars exhibit a spectral up-turn to ~300 keV, above
which it is presumed there is a spectral break (e.g. the case of 4U 0142+61 in Fig. 1.6) as
no magnetar has been detected in quiescence above this energy [97, 166]. Flare events have
been detected with the Fermi-Gamma Ray Burst monitor up to 200 keV[82] and magnetars
remain undetected by the Fermi-LAT [177]. Magnetars exhibit a black-body component
flux of 0.3—0.5 keV which is hotter than a typical rotation powered pulsar and implies an
additional heating source. The McGill magnetar catalog lists 23 confirmed magnetars, mostly
in the Galactic plane [212].

Magnetars with their hotter cores and stronger B fields which permit significant axion-to-
photon conversion, should allow strong constraints to be placed on the axion, while other
sources of soft-gamma ray background close to the star are suppressed.

1.6 Structure of this Work

I now describe briefly the structure and content of this thesis. In Chapter 2, I summarise the
relevant techniques and instruments used in gamma-ray analysis. I describe the Fermi-LAT
instrument and show how its angular resolution, sensitivity characteristics, source catalogue
and background models are incorporated into the steps of the likelihood analysis method,
which is the basis of the gamma-ray analysis in this work. I introduce ground based gamma-
ray telescopes (IACTs), which use the atmosphere as a detection medium, and are able to
probe higher energies than are possible with the LAT. I describe the next generation gamma-
ray telescope, the Cherenkov Telescope Array (CTA), which when completed, is expected
to offer an order of magnitude improvement in performance over existing ground-based
instruments and I also introduce its prototype software simulation and analysis chain which I
shall use to determine if GCs can be detected at higher energies by CTA.

In Chapter 3, I describe the main gamma-ray observations of GCs and MSPs using the
Fermi-LAT, which establish MSPs as a plausible source of emission in GCs. I summarise
the state of MSP emission modelling which can use simple physics input to generate MSP
spectra that match observations. I then highlight how the modelling of MSP emission has

allowed the spectra of individual GCs to be reproduced (but not, it must be said, predicted
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a priori). I also summarise the modest number of IACT GC observations in the Fermi era
which yield only one detection, Terzan 5. I discuss how the Galactic plane survey of one
IACT, H.E.S.S., allows me to set constraints on the gamma-ray emission of 22 GCs above
200 GeV.

Next in Chapter 4, I analyse the well known GC, 47 Tuc, as an exemplar of my method.
I produce a refined spectral energy distribution and spectral model for this GC and show
that all gamma-ray sources have been accounted for in the analysis using test statistic and
residual significance maps. I also demonstrate that 47 Tuc has no significant variability or
extended emission.

I then apply the same methods to analyse 111 GCs in Chapter 5 to determine detection
significance and fluxes. For the detected GCs, I produce spectral energy distributions (SEDs),
and show the best fitted spectral models whose goodness-of-fit I assess. I also check for
extended emission and localise the position of the GC emission to determine if the source
is within the GC tidal radius. I also investigate using predicted counts maps, whether GC
emission above 10 GeV could be due to a shock front mechanism. Then, I compare the
gamma-ray luminosity for the detected GCs against GC characteristics which are expected to
increase MSP formation and hence luminosity (i.e. stellar encounter rate, metallicity and
my own quantity, the mass encounter rate product) to derive best fit relationships. Finally, I
also show the connection between diffuse unresolved X-ray emission in GCs and gamma-ray
emission and attempt to account for this.

Next, in Chapter 6, in order to assess the correlation between MSP and GC emission at a
spectral level, I construct a general spectral model for MSPs using my own stacked spectral
analysis of 103 gamma-ray emitting MSPs. I determine if my model is the preferred one in
comparison to the stacked MSP models of Xing and Wang [278], and McCann [194], using
the Akaike Information Criterion (AIC) statistic and test the goodness-of-fit of my derived
MSP model to the stacked flux of the detected MSPs.

In Chapter 7, firstly I consider the spectral shapes of selected GCs to see if they are
consistent with an MSP spectrum and assess if they have other gamma-ray counterparts, apart
from MSPs. Next, I determine if the gamma-ray emission from 47 Tuc can be accounted for,
as arising from its resolved MSP population and using an MSP X-ray / gamma-ray relation. I
then choose the preferred stacked MSP model for the GC spectral models, again using the
AIC statistic, and determine the goodness-of-fit of that preferred model to the GC SEDs and
their spectral models. This allows me to identify two populations of GCs, those that are well
fitted by an MSP model, and those that are not and then to determine if the distribution of
GC characteristics relevant to MSP formation are different in these GC populations. Next I

consider detailed spectral flux characteristics of the individual GCs and stacked MSP model
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by constructing gamma-ray colours and determining if there is any first order correlation
between these colours and GC characteristics relevant to MSP formation. I also use the GC
colours to determine if there any systematic difference between GC SEDs and the preferred
MSP model which might indicate other components of emission apart from MSPs. I predict
through simulations whether the GC spectral models derived in this work will result in CTA
detections, when extrapolated to TeV energies.

I examine axion production from pulsars in Chapter 8§ as an exemplar of setting constraints
on a dark matter candidate through gamma-ray observations. I firstly improve a previously
published analysis which set constraints on the UL axion mass by analysis of UL gamma-ray
emission arising from a radiative axion decay model. I analyse 17 gamma-ray dark pulsars
and determine UL gamma-ray emission which I relate to the radiative decay model and
derive an UL axion mass (m,). I then assess whether the pulsar core temperature assumed
in the model is appropriate and determine the axion emissivity that would result from more
plausible temperatures. I also consider an alternative power model for axion production
and determine the range of UL m, obtained across a range of temperature and axion-to-
photon conversion probabilities. I then apply this power model to the case of magnetars and
through their published soft-gamma ray emission and axion-to-photon conversion probability
obtain a value for UL m,. I briefly list constraints on axion-photon coupling obtained from
a collaborative work and suggest future observations with the Fermi Gamma Ray Burst
Monitor.

Finally, in Chapter 9, I summarise my findings and make suggestions for future work.






Chapter 2

Gamma Ray Observation and Analysis

2.1 Introduction

In this chapter I discuss the detection methods of astrophysical gamma-rays with reference
to Fermi, which is the definitive spaceborne gamma-ray observatory of the last ten years, and
ground-based Cherenkov telescopes which probe higher gamma-ray energies than Fermi by
using the atmosphere as a detection medium. I introduce the mathematics of the likelihood
analysis method which has a long history, ranging from general hypothesis testing to the
evaluation and optimisation of source models and their fitting to the gamma-ray observations,
thus allowing the spectral form of individual sources to be characterised. I describe the
Large Area Telescope or LAT which is the primary science instrument of Fermi and show
how the characteristics and catalogue models of the Fermi-LAT are carried through into the
analysis of gamma-ray observations using methods which form the basis of all Fermi-LAT
analysis in this work. I introduce the Cherenkov Telescope Array (CTA), which is the next
generation ground-based gamma-ray observatory and uses the existing technology set of
current ground-based telescopes on a larger scale to deliver an order of magnitude increase
in sensitivity. Finally I introduce the CTA analysis tools, CTOOLS and GAMMAPY, which

allow observations and detections to be simulated from existing spectral models.

2.2 Fermi Gamma Ray Observatory

The spaceborne Fermi gamma-ray observatory (formerly GLAST), launched 2008 June
11 [5] and still operational at the time of writing, improves on its predecessor EGRET by
a factor 6 increase in sensitivity and has made many groundbreaking discoveries such as
demonstrating that globular clusters are sources of gamma-ray emission [7, 10], initially
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finding a large population of 117 and now 250! gamma-ray emitting pulsars [11] and showing
that diffuse gamma-ray emission is seen from bubble-like structures which extend on kpc
scales above and below the Galactic plane in the eponymous Fermi bubbles [246].

Fermi has two science instruments on board: the first is the large area telescope or LAT
which measures the energy and directionality of gamma-rays of energies 30 MeV—1 TeV in
a sky survey mode?, and the second is the gamma-ray burst monitor (GBM) which measures
transient bright gamma-ray phenomena in the sky in the energy range from 8 keV to 40 MeV
[5].

In this work my new gamma-ray data analysis has been undertaken using the Fermi-LAT
rather than the GBM but I have used published GBM flux measurements of magnetars to
determine an upper limit (UL) axion mass in Chapter 8. I therefore defer the discussion of
the relevant characteristics of the GBM instrument to that point.

A schematic view of the Fermi-LAT is shown in Fig. 2.1 showing the main detector
sub-systems of the tracker (TKR), calorimeter (CAL) and anti-coincidence detector (ACD)
with the TKR/CAL combination arranged in a 4x4 grid to give 16 TKR/CAL stacks. The
Fermi-LAT is fully described in [20] which deals with the LAT detectors, on-orbit calibration
and point spread function (PSF) and I reproduce the main points of relevance to gamma-ray
analysis here.

The TKR consists of 18 layers of paired x-y silicon strip detector planes interleaved
with tungsten foils (the "paired layer"). The interaction of an incoming gamma-ray with
the tungsten foil creates electron-positron pairs whose tracks are determined by the silicon
strip detectors and allow the source direction of the gamma ray to be inferred. The TKR can
be further divided into a "Front" or "thin" section of 12 paired layers, each layer having a
3% radiation length, and a further "Back" or "thick" section of 4 paired layers which has
thicker tungsten providing an 18% radiation length. These Front and Back sections of the
TKR are needed to balance the competing and somewhat mutually exclusive aims of good
angular resolution and increasing pair conversion probability. Thus, the Front section, by
virtue of less particle scattering, has better angular resolution but a poorer pair conversion
probability, whereas in the Back section of the TKR the converse is true. Moreover the
differing radiation length thicknesses of the Front and Back sections are chosen to ensure that
50% of incident photons convert in the Front section and 50% convert in the Back to mitigate

against systematic bias. Below the TKR, the CAL, which is 8.6 radiation lengths, measures

Ihttps://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray+Pulsars, list last updated 27" Dec 2019, accessed on 1 April
2020

Zhttps://fermi.gsfc.nasa.gov/ssc/data/analysis/LAT_caveats.html Caveats About Analyzing LAT Pass 8
(P8R3) Data, accessed on 1% April 2020
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Tracker (TKR)

Calorimeter (CAL) Anti-Coincidence Detector

Fig. 2.1 Schematic view of the Fermi-Large Area Telescope, which is a pair production
instrument. An incoming gamma-ray converts to electron-positron pairs which are de-
tected by silicon strip micro-detectors in the tracker (TKR). The calorimeter (CAL) mainly
measures the energy of the charged particles produced and also can detect photons. The
anti-coincidence detector (ACD) acts to veto the far more numerous cosmic-ray events which
can also trigger the tracker. This schematic image is adapted from [5].

the energy of the incoming gamma-ray. It is comprised of 8 layers with each layer consisting
of 12 Csl scintillation crystal "logs" arranged at 90° to the layer above, with each "log" read
by photodiodes sensitive to < 1 GeV and < 70 GeV ranges. Finally, the ACD, constructed of
plastic scintillator tiles and wavelength shifting fibres read by photomultiplier tubes (PMTs),
registers the passage of charged particles and acts as a veto mechanism rejecting more than
99.97% of cosmic rays striking the LAT, which could otherwise be erroneously recorded as
an incident gamma-ray in the TKR.
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The superior angular resolution of the TKR Front section compared to the Back section
can be seen in Fig. 2.23 which is a plot of the PSF of the instrument applicable to the latest
Fermi-LLAT event data release (PSR3_V2). It can be seen that Front converting events have
the smallest containment angle and hence best angular resolution across all energies, but
that the PSF of the Front and Back converting events is not greatly poorer. The best angular
resolution for all event types is at high energies of > 30 GeV. It is also clear that analysis at
lower energies will be challenging, especially below 100 MeV, because the PSF worsens by
a factor of 6 for each decade in energy when going from 10 GeV to 10 MeV. Thus, in the
analysis performed in this work, Fig. 2.2 is the key, practical plot for deciding the angular
size of the area to be directly analysed in a main "region of interest" or ROI and determining
what larger area outside of this ROI should be modelled to account for peripheral bright
gamma-ray sources whose emission may affect the analysis due to the PSF of the energy
range being considered.

In terms of data collection, the Fermi-LLAT is primarily used in an all sky survey mode
where the entire sky is scanned, giving 30 minutes of livetime on each point in the sky every
2 orbits (approx 3 hrs). The gamma-ray event data from this survey for the whole mission are
publicly available for analysis and download as weekly files of .fits format ("Weekly Files")
from the Fermi Science Support Centre (FSSC)*.

Since the launch of Fermi in 2008, the event data collected by the LAT has undergone
revision and re-issue to the public in batched data releases to account for the continuously
improving understanding of the LAT instrument performance (determined by simulations)
and the astrophysical gamma-ray backgrounds present. The initial data release (which
is described but not named in [39]) was PASS 6 which used the event analysis scheme
determined prior to launch and applied for the first 3 years of science operations. This was
supplanted by PASS 7 [20] on August 1 2011, which re-determined on-orbit PSFs from the
first 2 years of observations, calibrated using the on-off pulses of the Vela pulsar, a population
of bright active galactic nuclei (AGN) and the emission from the Earth limb and the Galactic
Ridge. PASS 7 confirmed the validity of the gamma-ray direction reconstruction used in PASS
6 and increased the effective area of the LAT below 300 MeV. The latest data release, PASS 8
[38], improves TKR event reconstruction and hence PSF by considering the initiation and
propagation of electron-positron shower paths as a series of tree structures that can be related
to each other. The CAL reconstruction is also improved in PASS 8 by introducing a clustering
stage to identify and reject "ghost" pileup events which interfere with the process of matching
CAL and TKR events to the incident gamma-ray, potentially causing the rejection of valid

3https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm Fermi-LAT Performance Page,
accessed on 2" April 2020
“https://fermi.gsfc.nasa.gov/ssc/data/access/ Currently Available Data Products
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Fig. 2.2 Plot of the LAT PSF of containment angle in degrees vs gamma-ray energy
for the cases where either 95% or 68% of the gamma-ray photons from a source are
correctly attributed using the Front, Back or both Front and Back (Total) sections of
the TKR. The lowest gamma-ray energies have the largest PSF and the Front convert-
ing events have the best angular resolution (lowest PSF). The PSF worsens by a simi-
lar factor of approximately 6 fold by decade of energy as the gamma-ray energy goes
from 10 GeV to 10 MeV. This plot is taken from the Fermi-LAT performance page at
https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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events. This improved rejection algorithm increases gamma-ray acceptance (i.e. the effective
area integrated over the solid angle) by a factor of 1.25 and 2—3, for energies above and
below 3 GeV, respectively.

PASS 8 also has further PSF event types (in addition to the event types for Front and
Back converting events) defined for each event. The PSF event type indicates the quality
of direction reconstruction and is divided into quartiles with PSF3 being the best direction
reconstruction and PSFO being the worst.

The latest event data sub-release of PASS 8 is P8R3 (at the time of writing) which
eliminates a background systematic (where the diffuse isotropic background is ~ 2 times
higher at 1 -3 GeV within ~ 20° of the Ecliptic compared to the poles) for only a modest
1% drop in acceptance [64]. A plot of differential energy flux sensitivity for this data release
using a PL spectrum index 2.0 test source (Fig. 2.3) shows that the energy range 2—7 GeV is
where the LAT is most sensitive, with a decline in sensitivity going to lower energies below
2 GeV and higher energies above 7 GeV. Furthermore, the direction of observations with
respect to the Galactic plane matters, so that observations taken towards the Galactic centre
exhibit the worst sensitivity.

Within the weekly files above, each of the observed events is tagged with a photon event
class determined by the Fermi-LAT team’s event reconstruction. The photon event class is
a nested hierarchy where each event class contains the photons in the next more stringent
event class wherein the quality of reconstruction is greater, the astrophysical background less,
the PSF narrower and the effective area reduced. The photon event classes for non transient
sources in order of increasing reconstruction quality are "Source", "Clean", "Ultraclean"
and "Ultracleanveto". The Source photon class is the least stringent but is the recommended
FSSC class for most analysis and provides good sensitivity for analysis of point sources
and moderately extended sources. The other photon event classes listed are of benefit in the
detection of hard spectrum sources at high Galactic latitudes and in checking for cosmic-ray
induced systematics but offer few benefits for the analysis of the types of sources in this work
(as confirmed empirically by my own analysis but which for the sake of brevity I do not offer
here) and make comparison with the literature difficult as the Source photon event class is
most widely used. I therefore use the Source photon event class in this work throughout.

Separate from the weekly event files but uniquely associated with the PASS data releases
are the files describing the gamma-ray background® which arises from Galactic interstellar
(diffuse) emission and from extra-Galactic sources. The Galactic interstellar emission mode
(IEM [252]) describes the spatial and spectral distribution of gamma-ray emission produced

by cosmic-ray proton interactions with interstellar nuclei (followed by secondary pion decay)

>https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html LAT Background Models



2.2 Fermi Gamma Ray Observatory 19

Diff. flux sensitivity ( PBR3_SOURCE_V2, 10 years, TS=25, > 10 photons per bin)

‘*2 1070 =
o C
s C
. 10—11 - h’%&
. %KX
107° 2 = —— (15)=(0,0)
B x“—*w —— (I,b)=(0,30)
—— (I,b)=(45,120)
10713\\IHH | | L \\\HH| L | I
10° 10° 10* 10° 108
E [MeV]

Fig. 2.3 The plot above is a PBR3_SOURCE_V?2 differential sensitivity plot assuming ten
years of observations between 31.6 MeV and 1 TeV and a point source with a power-law spec-
trum with index 2 and uniform background around it. The curves are for a presumed source
in four different locations (shown in Galactic coordinates): Galactic centre, intermediate lati-
tudes, north Galactic pole, and north Celestial pole. A minimum of 10 photons per energy bin
is required for the sensitivity curve to be valid. The energy range between 2—7 GeV is where
the LAT has peak energy flux sensitivity with worsening sensitivity going to lower energies
below 2 GeV and to higher energies above 7 GeV. Observations taken towards the Galactic
centre exhibit the worst sensitivity. This plot is taken from the Fermi-LAT performance page
at https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
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and cosmic-ray electron Bremsstrahlung interactions with nucleons or their inverse Compton
scattering of soft interstellar photons (infrared-ultraviolet). The IEM is dependent on the
spatial distribution of interstellar gas deduced by line surveys of HI and CO (as a tracer to
H,). The IEM is defined in the file gll_iem_v07.fits which gives the background energy
flux for 28 energies between 50 MeV and 81.4 GeV along with their spatial co-ordinates. |
show the IEM at 50 MeV in Fig. 2.5 for the whole sky along with an expanded view of the
background towards the Galactic centre. The backgrounds at higher energies have a similar
spatial extent predominantly in the plane although the background fluxes decrease for higher
energies. The isotropic extra-Galactic diffuse emission is modeled more simply as a list of
gamma-ray energies and background differential gamma-ray flux applicable to that energy
with a separate list file for every combination of photon event class and PSF event type.

The final data products to consider are the 4 gamma-ray source catalogues, the 1FGL
to the 4FGL [8, 209, 18, 13], which have been compiled during the Fermi mission using
increasing integration times and improved background models and PSFs as described above.
This has led to an increased number of source detections and an expanded energy range of
the observations (Table 2.2). The catalogues define the gamma-ray spectral characteristics
of all sources detected by the Fermi-LAT collaboration at greater than 40 significance and
identifies their possible counterpart astrophysical sources. A significant number of the
detected sources are not associated with any known counterpart. These catalogues are a
crucial part of the Fermi-LAT analysis as they provide a base-line model of the gamma-ray
sky which is consistent for all researchers thus saving the effort of recreating this anew at
each analysis and leaving us free to detect new sources outside of the catalogue or refine the
spectra of existing sources. This thesis began by using the 3FGL and switched to the 4FGL
on its initial release late in 2019. An updated version of the 4FGL, data release 2 [12] using
10 years of observations (rather than the 8 yr of the initial 4FGL catalogue) was released by
the FSSC during preparation of my thesis in May 2020 but is not used in my analysis.
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Description Identified Associated
Designator Number  Designator ~ Number
Pulsar, identified by PSR 232
pulsations
Pulsar, no pulsations seen psr 7
in LAT yet
Pulsar wind nebula PWN 11 pwn 6
Supernova remnant SNR 24 snr 16
Supernova remnant/Pul-  SPP 0 Spp 78
sar wind nebula
Globular cluster GLC 0 gle 30
Star-forming region SFR 3 sfr 0
High-mass binary HMB 5 hmb 3
Low-mass binary LMB 1 Imb 1
Binary BIN 1 bin 0
Nova NOV 1 nov 0
BL Lac type of blazar BLL 22 bll 1109
FSRQ type of blazar FSRQ 43 fsrq 651
Radio galaxy RDG 6 rdg 36
Non-blazar active galaxy =~ AGN 1 agn 10
Steep spectrum radio SSRQ 0 $SIq 2
quasar
Compact Steep Spectrum  CSS 0 css 5
radio source
Blazar candidate of BCU 2 bcu 1310
uncertain type
Narrow-line Seyfert 1 NLSY1 4 nlsyl 5
Seyfert galaxy SEY 0 sey 1
Starburst galaxy SBG 0 sbg 7
Normal galaxy (or part) GAL 2 gal 1
Unknown UNK 0 unk 92
Total oo 358 o 3370
Unassociated .o o o 1336

Note. The designation “spp” indicates potential association with SNR or PWN.
Designations shown in capital letters are firm identifications; lower case letters
indicate associations.

Table 2.1 A breakdown count of sources detected by Fermi-LAT as listed for the 4FGL
catalogue with number of confirmed identifications in the "Identified" column and presumed
associations in the "Associated" column. Table taken from [13]. AGN of various kinds
are the predominant associated source class, whereas pulsars identified by pulsed emission
are the largest number of confirmed identifications. All globular cluster associations are
presumed associations highlighting the lack of an unambiguous diagnostic property for these
sources.
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Catalogue  Integration Year No. of Energy No. of Data

Time Published Detected Range Unassociated Release
Sources (GeV) Sources

1FGL 11 months 2010 1451 0.1-100 630 PASS 6

2FGL 2yr 2012 1873 0.1-100 575 PASS 7

3FGL 4 yr 2015 3033 0.1-300 1009 PASS 7

(reprocessed)
4FGL 8 yr 2019 5064 0.05—1000 1336 PASS 8
4FGL DR2 10 yr 2020 5788 0.05—1000 - PASS 8

Table 2.2 The 4 source catalogues of the Fermi-LAT showing the increasing number of 40
sources detected over the increasing integration time of the mission and the improving energy
range analysed. The catalogues have been compiled by the Fermi-LAT collaboration with
specific data releases as shown. The 3FGL was produced with a reprocessed version of PASS
7. The 3FGL and 4FGL catalogues are used in the analysis in this work. The 4FGL DR2
catalogue was made available in May 2020 [12] during thesis preparation and so is not used
in my analysis. The number of unassociated sources is not quoted in the 4FGL DR?2 draft

paper.

The diverse range of sources listed in the 4FGL [13] and their distribution on the sky is
shown in a skymap (Fig. 2.4) where a concentration of sources in the Galactic plane is clearly
visible, whilst the breakdown count of source associations is shown in Table 2.1. AGN of
various kinds are the predominant associated source class, whereas pulsars identified by their
pulsed emission are the largest number of confirmed identifications. It is interesting that all
globular cluster associations are only presumed associations, which is suggestive of a lack of
an unambiguous diagnostic property to distinguish these sources from others.

2.3 Likelihood Analysis

The quantitative analysis of Fermi-LAT event data requires the fitting of models to the data,
with the visualisation of photon count statistics being of lesser importance. This requirement
arises because the LAT is operated mostly in a sky-survey mode rather than by continuous
fixed pointing at a target and hence the inclination of the LAT bore-sight to any source being
measured will vary continuously and so the effective area of the LAT will also change with
respect to the source. In addition the PSF of the LAT will vary as a function of photon
energy, as will the gamma-ray background for the energy being considered and by position
observed in the sky. The likelihood analysis method is used to fit models to event data with

the likelihood being the probability of obtaining the photon event data observed given an
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input model comprised of gamma-ray sources in the sky each with a given flux intensity and
spectral model described by a functional form with parameterised values.

The likelihood analysis method is fundamentally based on Wilks’ Theorem [273] which
is formulated to test composite hypotheses which can be taken to be the models above. In his
1938 paper Wilks considers a population K with an observable x which has a distribution
function f(x, 61, 6,,...6;,) which depends on parameters 61, 6,,...0;,. A simple hypothesis, or
in modern parlance a "model", is one where the 0 parameters have specific values and further
a set of admissible hypotheses, €, can be defined with each member of the set being a simple
hypothesis with its own 6 parameter values. Similarly a set, @, can be defined with just one
member, a single simple hypothesis. He then takes a random sample O,, of n individuals from
K and gives the probability density function P associated with O, shown in Eqn. 2.1.

P= Hf(xa,el,ez,...eh) (2.1)

a=1
The maximum possible value of P for the set of admissible hypotheses, €2, is then denoted
by Po(0,) and by P, (0,) for the single simple hypothesis in the set @. A likelihood ratio,
A, is then defined as Eqn. 2.2.

 Pp(0n)
- Po(0y)

(2.2)

The likelihood ratio A is used to test the hypothesis, H, that O,, is from a population with
a distribution whose values of 6; are as in the simple hypothesis ®.
Wilks then goes on to show that when H is true then A is related to the chi-squared

distribution xg for zero degrees of freedom as Eqn. 2.3 except for small terms of order \/iﬁ

—2InA =y} (2.3)

Finally Wilks shows that a more general case of Eqn. 2.3 applies so that when hypothesis
H is true that the distribution of —21n A is as 2 with 7 —m degrees of freedom (where 1 —m
is the number of additional parameters for the simple hypothesis as compared to hypothesis
H [191]). This general case is Wilks’ Theorem.

The x? distribution of likelihood in Wilks’ Theorem was first applied to the problem of
parameter estimation in astronomy in [70], where consideration is given to photon counting
and the localisation of weak X-ray sources. [70] also reformulated the likelihood ratio
equation (Eqgn. 2.2) into a computationally more useful form as the sum of log likelihoods
for the models being compared. Subsequently a likelihood ratio test (LRT) was used in the
analysis of gamma-ray data from the EGRET instrument aboard the Compton Gamma-ray
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Observatory which was the predecessor instrument to the Fermi-LAT [191]. A null hypothesis
(analogous to hypothesis H above) is proposed that no point source exists at a position under
consideration whilst an alternative hypothesis (analogous to a set of admissible hypotheses:
Q, above) posits the converse. The maximum likelihood for the models is determined by the
Newton-Raphson iteration of successive model estimates which determine when the partial
differential of the log likelihoods with respect to a vector of parameters, A, (comprising the
normalisation of the Galactic diffuse radiation model, the isotropic diffuse intensity and the
proposed counts of an active source) is zero. [191] also demonstrates through Monte Carlo
simulation that the range of gamma-ray fluxes predicted by the maximum likelihood estimate
method are unbiased, with counts significance vs measured counts being distributed as a
Gaussian curve around a peak significance for the true known counts of two test fluxes.

This iterative process to find maximum likelihood for a parameter set is implemented
in [191] using a bespoke FORTRAN code. As an aside, the iterative traversal of the log
likelihood parameter space to find a maximum is a common feature of the MLE method and
now some 24 years after the work of [191], a choice of encapsulated software optimisers is
available to perform this task, such as the MINUIT package.

Having obtained the maximum log likelihood for the null (L) and source detection (L)
hypotheses the authors of [191] form a test statistic 75 (Eqn. 2.4) which they show by Monte
Carlo simulation is distributed as %‘2 as broadly expected by Wilks’ Theorem, (Eqn. 2.3
above) with the factor of % in the distribution arising from disregarding any predicted counts
which are negative in sign. They also determine the significance of an EGRET source
detection to be /7 in ¢ units.

T,=—2(InLy—InL,) (2.4)

2.4 Fermi-LAT Analysis

The analysis of Fermi-LAT data follows a conceptually similar model fitting procedure to
that of EGRET above where spectral parameters of sources are varied until likelihood is
maximised. This analysis process can be broken down into successive steps of event and
source model selection followed by the pre-computation of LAT exposure and live-time
and ending with spectral model fitting. The steps of the analysis chain are discussed below
and are implemented using the Fermi Science Tools which can be either invoked directly or
more conveniently through Python wrapper code such as FERMIPY. In my work I use the
Fermi Science Tools directly for event selection and creating event files which I subsequently
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analyse using FERMIPY. The FERMIPY configuration parameters discussed below are held in

a single config.yaml file.

2.4.1 Event Selection

The gtselect command extracts event data from the Weekly Files within a specified obser-
vation time, energy range, photon event class, PSF event type, zenith cut and event radius
around a central analysis target source whose location is described by right ascension and
declination co-ordinates in decimal degrees. The event data are filtered on photon event class
and PSF event type using the evclass and evtype parameters respectively. An evclass of 128
indicates "Source" photons. A PSF evtype of 1 or 3 indicates events that convert in just the
Front or both the Front and Back of the TKR respectively. An evtype of 32 selects only
events which have the PSF3 best quartile direction reconstruction. A 90° zenith cut is applied
to the event data using the zmax parameter in order to prevent gamma-ray contamination
from the Earth limb as per FSSC recommendations. The radius of event selection from the
central target is specified by the rad parameter with a rad of 30° being sufficient to include
all analysis scenarios in my work. The radius chosen is sufficiently large to encompass the
sum of two individual radii, the first is the radius of the region of interest (ROI) which is an
inner region set by the largest PSF of the energy range being considered whereas the Source
Region of Interest (SROI) is a wider region where bright sources can contribute emission to
the ROI within their PSF and need to be accounted for. The extracted event data returned by
gtselect is output as a single file in .fits format.

Next, only events from good time intervals are selected from the single .fits file above
using the gtmktime command. This uses a pointing and livetime spacecraft history file
describing the position and orientation of Fermi throughout the mission to exclude poor
quality events when Fermi is either within the South Atlantic Anomaly or not in a state to
collect good science data. The poor quality events are filtered out by a filter parameter string
specifying DATA_QUAL > 0 and LAT_CONFIG=1. Again the output of this step is a single
file of .fits format.

2.4.2 Source Model Selection

The next step is to choose the baseline model of known gamma-ray sources containing their
spectral functional forms, spatial location and the appropriate version of the background
emission model: the Galactic IEM and isotropic spectral template are paired with the
data release used to compile the chosen catalogue. Typically the most up to date catalogue

available is used, which initially is the 3FGL and subsequently the 4FGL. The catalogue in use
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is specified by the FERMIPY catalogs configuration parameter while the model background
is specified by galdiff and isodiff configuration parameters. For the latest 4FGL catalogue
and an analysis with source class photons I use a galdiff filename value of "gll_iem_v07.fits"
and an isodiff filename value of "iso_P8R3_SOURCE_V2_vl1.txt" which is the isotropic
spectral template matched with the photon event class. The choice of the source photon class
has been discussed above and this requires a matching instrument response function (IRF)
to be specified in the irfs configuration parameter of "P8R3_SOURCE_V2". The correct
correspondence of photon class, IRF name and isotropic spectral template is listed in the
FSSC LAT Background Models page referred to earlier and care must be taken as an incorrect
pairing can fail silently and lead to erroneous analysis results. Finally the sizes of the ROI
and SROI regions used in the model are set using the roiwidth and src_roiwidth FERMIPY
configuration properties. For the energy ranges considered in this work of 60 MeV to 300
GeV 1 use a roiwidth of 25° and src_roiwidth of 40°. This is sufficient to allow for the PSF of
the LAT and for gamma-ray contributions from all sources around the main one of interest,
as can be deduced from Fig. 2.2. Finally, it should be noted that the source model is only a
baseline model, current at the time of the catalogue compilation by the Fermi-Collaboration.
As such it is necessary to account for additional sources which are not listed in the catalogue
because they either fall below the significance threshold for inclusion at the time of catalogue
compilation or are revealed in subsequent event observations made with the LAT since the
catalogue was compiled. These additional sources are either identified by the FERMIPY
find_sources command and automatically added to the source model during the analysis or
can be manually added through the FERMIPY add_source command which allow the spectral

model and source location to be specified.

2.4.3 Pre-compute Livetime and Exposure

The LAT IRF is a function of inclination angle, which is the angle between the source
direction and the LAT normal. Therefore the count from a source depends on the time a
source has spent at a given inclination angle during observation. This "livetime" or time
spent observing at a given inclination angle depends only on the LAT orientation and not on
any source model and so it can be pre-computed over a spatial HEALPix grid (which is the
projection of a spherical surface where each pixel has the same surface area) and re-used in
the analysis of multiple sources over the same time range, zenith angle and ROI. The pixel
size of the spatial grid is set using the binsz configuration parameter at 0.1 °.

The "livetime cube" is pre-computed by the gtltcube command. The exposure map of
emission from extended sources and the Galactic diffuse and isotropic background is then
computed using the grexpcube2 command for the SROI using the livetime spent at each
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Fig. 2.5 The Galactic diffuse background model for energies of 50 MeV from gll_iem_v07.fits
displayed using Galactic co-ordinates. The horizontal axis is Galactic longitude / and the
vertical axis is latitude b. The top sub-figure shows the diffuse emission of the whole sky with
the Galactic plane being an area of higher background while the expanded figure (bottom)
shows the diffuse background emission towards the Galactic centre. The colour scale is a
photon flux in units of ph cm™ 57!
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inclination angle derived from the "livetime cube". In my analysis the SROI is ~ 50% greater
than the ROI for exposure map generation in line with the FSSC recommendation to ensure
that all source photons are included due to the broad PSF at low energies. The model count
maps for each source are then computed using the gtsremaps command by scaling by the

exposure and convolving with the PSF.

2.4.4 Spectral Model Fitting

In the spectral model fit process I determine the spectral parameter set that maximises
likelihood through use of the FERMIPY fit and optimize methods which use the pylikelihood
package and the MINUIT likelihood optimiser. During optimisation I allow spectral trial
parameters on individual sources and the background to vary (also known as "freeing")
whilst fixing or "freezing" others. The optimiser then iteratively determines likelihood for
each trial set of parameters and searches for the maximum likelihood using the derivative
of the likelihood function to find a stationary point. Typically, a key set of parameters (or
"shape") for a source spectral model is freed for all significant sources (TS greater than 25),
within the SROI during the fit process, while the normalisation (or "prefactor") is freed on
all sources in the ROI and on the Galactic IEM and isotropic background. The remaining
spectral parameters on SROI sources are kept fixed. The end results of the fit process are
the spectral parameters of the spectral model of the source of interest, the significance of the
detection as a TS value, energy and photon fluxes of the source along with the errors on the
free model parameters and fluxes.

I will show in Chapter 4 how the above steps can be applied to the analysis of the globular
cluster 47 Tuc, to determine its spectral model, detection significance and energy and photon

fluxes.

2.5 Imaging Atmospheric Cherenkov Telescopes

2.5.1 Principle of Detection

The vertical thickness of the Earth’s atmosphere is 28 radiation lengths and effectively
blocks electromagnetic radiation of energies 10 eV and above. When a gamma-ray with
energy greater than 10 MeV strikes the atmosphere, production of an electron-positron
pair takes place, after travelling a radiation length, which shares the energy of the original
gamma-ray and propagates in the forward direction. After another radiation length, the
electron-positron pair interacts with air molecules to emit secondary gamma-rays by the

Bremsstrahlung process. These secondary gamma-ray rays can also pair produce and the
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pair-production / gamma-ray emission cycle continues in an electromagnetic cascade along
the original gamma-ray path. This process continues until the average energy of all particles
reaches a point where radiation and ionisation energy losses are equal, the so-called "shower
maximum". The shower maximum varies from 10.3 km for gamma-rays of 100 GeV to 5.5
km at 100 TeV and thus the energy threshold varies with the zenith angle of observation,
being lowest near the zenith and highest near the horizon. The development of the air shower
occurs on nanosecond time scales and the direction of the air shower core allow the source
gamma-ray emitter to be located on the celestial sphere. The air shower itself can be directly
visualised by the faint Cherenkov light it emits, again on a nanosecond time scale. In addition
the brightness of the Cherenkov light allow the energy of the incoming gamma-ray to be
determined.

Cosmic rays also generate atmospheric air showers, initially producing pions of which
one-third are neutral and two-thirds are charged [105]. The neutral pions decay immediately
to two gamma-rays per pion, transferring one third of the energy of the primary cosmic
ray to the development of an electromagnetic cascade of gamma-ray/ electron-positron pair
production as previously described above. In contrast the charged pions decay to muon and
neutrino species, with the muons propagating with small energy loss to reach the Earth’s
surface almost unattenuated whilst still producing their own Cherenkov light. The extended
lateral morphology of cosmic-ray air showers as compared to gamma-ray air showers arises
from the production of transverse muons from lower energy pions.

The Cherenkov light produced by much more numerous cosmic-ray events acts as a
background in gamma-ray detection. Fortunately, the air showers resulting from cosmic rays
can be distinguished from those of gamma-ray air showers due to their different morphologies
and wider opening angle as seen in Monte Carlo simulations (Fig. 2.6).

Ground-based imaging atmospheric Cherenkov telescopes (IACTs) are able to probe
much higher gamma-ray energies than Fermi-LAT, because they can view the Cherenkov
light produced in air showers and make gamma-ray observations using the atmosphere as a
detection medium. IACTs of the current generation follow the Davies-Cotton optical design
[90]. They have a large light collection area and use tessellated arrays of mirrors, each of the
same focal length, which are mounted on a telescope structure which has the same radius of
curvature as the focal length (future telescopes of the Cherenkov Telescope Array will use
both Davies-Cotton and Schwarzschild-Couder designs as explained below). Importantly, the
Cherenkov light cast on the ground is large in extent (~ 100 m) and the so the collection area
available to one or more widely spaced IACTs is much larger than their mirror area alone.
In contrast the physical size of the telescope mirror of each individual IACT determines the
brightness of the Cherenkov light being observed, so IACTs optimised for higher energy
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Fig. 2.6 Top panel shows particles produced in an air shower cascade from a gamma-ray (left)
and cosmic-ray (right) interacting with the atmosphere. The main panel is a Monte Carlo
simulation of air shower extent for 320 GeV gamma-ray (left) and 1 TeV proton cosmic-ray
(right). The cosmic-ray shower has a larger opening-angle and will cast a more circular light
flash on the ground and thus can be distinguished from the gamma-ray shower. This figure is
from [270], originally credited to D. Horan.

observation have smaller mirror collection areas than IACTs detecting the lowest gamma-ray
energies.

The detector of each IACT is a camera able to sense blue/UV Cherenkov light at nanosec-
ond time-scales and down to the intensity level of a few photo-electrons. The detection
element of the IACT camera has historically been an array of PMTs operating at high voltages
and easily damaged by excessive light (such as moonlight) which usually limits observations
to times when the moon is below the horizon. Recently, it has been possible to overcome
this limitation to some degree and observe in conditions of up to 80 % moon illumination by
either lowering the operating voltage of PMTs (with the loss of some sensitivity) or by using
ultra-violet bandpass filters [35].

The 10 m Whipple telescope was built in 1968 as the first large optical reflector purpose-

built for Cherenkov air shower observations. The use of a camera consisting of an array
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Fig. 2.7 The H.E.S.S. array in Namibia (top) showing 28 m telescope (centre of im-
age) flanked by the four 12 m telescopes and an open view of one of its 960 pixel
PMT cameras as used on the 12 m telescope (bottom). Top image taken from
H.E.S.S. Physics Working Group on Multiwavelength Observations at https://www.lsw.uni-
heidelberg.de/projects/hess/HESS/hessmultnu.php. Bottom image take from [267]

of PMTs to record air-shower images was first suggested in 1977 by Turver and Weekes
[259]. However, it was not until 1989 that Whipple observations made a significant detection
of the Crab for the first time, at 90 significance. This was the first significant detection of
any astrophysical source by an IACT and employed a 37 pixel PMT camera combined with
nanosecond time resolution [271]. In the modern era, the camera used in the 12 m telescopes
of the H.E.S.S. array has 960 pixels or PMTs as can be seen in Fig. 2.7.

Also seen in Fig. 2.8, are examples of the different morphologies of optical images formed
in the 960 pixel H.E.S.S. cameras, from cosmic rays (protons), gamma-rays, cosmic ray
induced muons (which make characteristic rings) and noise, all of which can be distinguished
by their different shapes. During observations with IACTs, elliptical shower images may be
selected as resulting from incident gamma-rays through the use of Hillas parameters [133]
which characterise the major axis and width-to-length ratios of the ellipses in the image
(Fig. 2.9).
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Fig. 2.8 Images recorded on the H.E.S.S. camera of the 12 m telescope. Top left, A muon
ring, top right, noise from the star { Tauri and electronic glitches, bottom left, image of an
gamma-ray which is more elliptical than that of a proton cosmic ray proton shower, bottom

right. All scales are in photo-electrons. Top images taken from [175], bottom images from
[267].
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The arrangement of multiple IACTs in an array to catch the wider extent of the light cast
by the air shower on the ground offers further advantages in detecting lower energies because
multiple cameras can be triggered by the same flash and so any individual trigger threshold
can be reduced. In addition, angular and energy resolution are improved as multiple camera
images can be combined for source direction reconstruction. Finally, cosmic rays can be

better rejected as multiple shower images are available for characterisation.
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Fig. 2.9 Simple Hillas parameters for two gamma-ray images from different IACTs which
allow a source direction to be reconstructed and for images to be classed as resulting from
incident gamma-rays rather than cosmic rays. Image reproduced from [22].

The major axes of multiple images, each from a different IACT, can be used to reconstruct
a direction to the source with the angle, 6, indicating the offset between a reconstructed and
true direction to the source. Direction reconstruction is also applied in the opposite direction
from the source into the plane perpendicular to the observing direction, which allow the centre
of air shower light pool falling on the ground to be deduced, with the distance of that centre
to the IACT being the "impact parameter". Comparison of the image amplitude, measured
in photo-electrons, and its impact parameter with look-up tables summarising Monte Carlo
simulations of air showers for different zenith observation angles and gamma-ray energies
allow an accurate energy reconstruction of the originating gamma-ray to be made. The excess
events for a source after background subtraction can be plotted against 62 (rather than 0 to
ensure a constant solid angle on the sky per bin) to show a peak in excess events as 62 tends
to zero with excess counts decreasing to zero as 62 increases. This excess event distribution
1s thus an indication of the PSF of the instrument. However, it is now more common to show

excess events in a sky map of excess counts.
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The significance S of any gamma-ray excess after background subtraction is given by
Eqn. 2.5 which is derived from a likelihood ratio method as presented by Li and Ma in
their 1983 paper where they also verify the applicability of the result using Monte Carlo
simulations conducted during their time at the University of Durham [178]. In Eqn. 2.5, ot is
the ratio of the time spent observing the source of interest to that of observing the background
and N,, and N,ss are the number of photons observed from the source and background

respectively.

I+o Non N()ff 2
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2.5.2 Operational IACTSs

I summarise the relevant characteristics of the currently operational IACT arrays in Table
2.3. The sensitivity quoted is the time to detect a given percentage of the flux of the Crab
nebula. The Crab, although it shows some low energy variability with a flaring synchroton
component (with Fermi-LAT detecting a factor 20 increase in flux for energies < 700 MeV
in March 2013 [192]), is considered a "standard candle" in VHE gamma-ray astronomy with
no variability observed with H.E.S.S. over the same flare period in, for example, 2013 [81].
Hence, it is often the source object of choice in any first light demonstration of an IACT. The
specification shown is the latest specification at the time of writing, with both VERITAS and
H.E.S.S having been upgraded after their globular cluster observations (which I summarise
in Chapter 3) were performed. The IACTs listed are broadly comparable from a scientific
perspective but there is a northerly location bias in their placement.

All sources detected using ITACTs are listed in TeVCat®, which is an online catalogue
generated from reported TeV detections. It is seen that of the 227 sources in TeVCat, the
largest source class is comprised of AGN of various kinds and that about a quarter of sources
are unidentified (Table 2.5). TeVCat contains just one globular cluster: Terzan 5.

2.5.3 Water Cherenkov Detectors

In addition to IACTs, ground-based water Cherenkov tank experiments are also important
for probing higher energy air showers. The High Altitude Water Cherenkov Experiment
(HAWC) is a very high-energy gamma-ray observatory observing gamma-rays of energy 100
GeV—100 TeV and is situated at an altitude of 4100 m and latitude 18°59’ N in Mexico. The

®TeVCat is available at https://heasarc.gsfc.nasa.gov/W3Browse/ground-based/tevcat.htmlsource_type,
accessed on 14th June 2020
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Telescope  Latitude Altitude Time to Energy No. of Mirror Observable
(m) detect 1%  Threshold Telescope  Diameter Energy
Crab Source (TeV) in Array (m) Range (TeV)
(h)
VERITAS 31.7°N 1268 24 1227, 2] 0.24 4 12 0.1-10
HESS. 1T 232°S 1800 25 [136] 0.30 5 12 (4)28(1)  0.05—100
MAGIC 287°N 2200 30 [28] 0.29 2 17 0.05-50

Table 2.3 Characteristics of the three major operational IACT arrays, VERITAS, H.E.S.S and
MAGIC. Sensitivities are from the references given and apply to the energy threshold shown.
H.E.S.S. is a mini-array with the number of telescopes of each size given in brackets.

Array Latitude Altitude  No. of Mirror Observable
Telescope (m) Telescope Diameter Energy

in Array (m) Range (TeV)
CTA-N 28.7°N 2200
LST 4 23 0.02—-0.15
MST 15 12 0.15-5
CTA-S 23.6°S 2100
LST 4 23 0.02—-0.15
MST 25 12 0.15-5
SST 70 4.3 >5

Table 2.4 Baseline configuration of the next generation Cherenkov Telescope Array with two
observatory sites CTA-N and CTA-S and three classes of telescope in the array, SST = Small
Sized Telescope, MST = Medium Sized Telescope, LST = Large Sized Telescope which are
optimised to probe different energy ranges. CTA-N is co-located on the same site as MAGIC.
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Source Type Count
AGN (unknown type) 2
Binary 11
BL Lac (class unclear) 1
Blazar 3
Composite SNR 2
FRI 4
FSRQ 8
Globular Cluster 1
GRB 3
HBL 51
IBL 8
LBL 2
Massive Star Cluster 3
PSR 4
PWN 32
PWN/TeV Halo 2
Shell 14
SNR/Molec. Cloud 10
Starburst 2
Superbubble 2
TeV Halo 3
Unidentified 59
Total 227

Table 2.5 Count of source types listed in TeVCat as of the 14th June 2020: FR I=Fanaroft-
Riley type I radio galaxy, FSRQ=Flat-spectrum radio quasar, HBL, IBL, LBL=High, in-
termediate and low-frequency peaked BL Lac, PSR=Pulsar, PWN=Pulsar wind nebula,
SNR=Supernova remnant
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primary array consists of 300 identical optically isolated water Cherenkov tanks of height
5 m and diameter 7.32 m with 4 PMTs in each tank [184]. A secondary outrigger array
added in late 2018 improves the direction reconstruction of events of energy > 10 TeV and
consists of 345 smaller water tanks (each of diameter 1.55 m and height 1.6 m) with a single
internal PMT. HAWC detects the particles of air showers that reach ground level by the
Cherenkov light produced by electrons inside the water tank. Gamma-rays can also convert
to detectable electrons by pair-production and Compton scattering processes in the tank
itself. The identification of gamma-ray air showers and hadronic cosmic-ray background air
showers uses their morphological characteristics in a similar way as IACTs with gamma-ray
showers having a compact core and a smooth lateral distribution while hadronic showers are
broader, with multiple or poorly defined cores and large muon/hadronic signals away from
the primary shower core. HAWC is noteworthy for its large instantaneous field of view (>
1.5 sr) and high duty cycle as it can observe day and night and in all weathers (maintenance
interruptions notwithstanding) but has a bias towards the detection of harder sources. HAWC
can view targets with declinations between -20° and 60° and has produced a source catalogue,
the 2HWC [14], with 39 sources based on 507 days of observations. Of these 39 sources, 20
have associated counterparts in TeVCat (association defined as HAWC source < 0°.5 from
TeVCat source) of which 10 are pulsar wind nebulae or supernova remnant sources whilst 2
others are blazars and 8 are unidentified. The remaining 19 sources in the 2HWC are not
associated with any known source.

Another Cherenkov water detector of note, 3 times the instrument area of HAWC, is the
Large High Altitude Air Shower Observatory (LHAASO) [42], based in Tibet, China, at
latitude 29°21° N, and an altitude of 4410 m. LHAASO is being commissioned at the time
of writing and has not yet reported any sources. The sensitivity of LHAASO is predicted to
exceed that of HAWC [42] and will detect cosmic rays from 1 TeV to 1 EeV and gamma-rays
from 100 GeV to 1 PeV.

2.5.4 The Cherenkov Telescope Array

The Cherenkov Telescope Array (CTA) is the next generation gamma-ray observatory and
will be comprised of differing numbers of large, medium and small sized telescopes (LST,
MST and SST respectively) to probe different energy ranges as listed in Table 2.4. CTA
will be split across two sites, CTA North (CTA-N) and CTA-South (CTA-S). The first and
most developed site, CTA-N, is on La Palma at the Roque de los Muchachos Observatory,
co-located with the MAGIC IACT, and already has a prototype LST installed and running.
CTA-S will be near the European Southern Observatory at Paranal, Chile and is at the site
preparation stage at the time of writing.
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Fig. 2.10 The differential flux sensitivity of CTA-N and S for 50 h observations compared
to Fermi-LAT and existing IACTs: H.E.S.S, MAGIC and VERITAS. Also shown is the
sensitivity of HAWC, a Cherekov Water Tank experiment which detects very very high
energy particles directly via the Cherenkov light within light proof water tanks with PMTs
in-situ. This sensitivity curve is for the prod3b-v2 configuration.

The optimum differential flux sensitivity of CTA is in the 1—-5 TeV range for CTA-N
and in the 3—10 TeV range for CTA-S; this generally represents an order of magnitude
improvement on existing IACTs as can be seen in Fig. 2.10. Below 1 TeV the sensititivity of
CTA-N and CTA-S declines but is always a factor of a few greater than existing IACTs and
50 h of CTA observations are more sensitive than 10 yr of PASS 8 Fermi-LAT observations to
a lower limit of 60—70 GeV. At the higher energies, 50 h of CTA-N and CTA-S observations
are more sensitive than 5 yr of HAWC observations below energies of 20 and 60 TeV
respectively, with HAWC being more sensitive at the very highest energies.

The SST and the p-SCT telescope prototype of the MST are noteworthy for mounting the
camera on a Schwarzschild-Couder (SC) telescope as opposed to Davies-Cotton. The SC
design allows de-magnification of the image onto a smaller plate scale. The smaller plate
scale makes it practical to employ a camera with compact silicon photo-multipliers (SiPMs,
which are avalanche photodiode type devices), instead of larger PMTs, which improves

angular resolution and off-axis sensitivity compared to the traditional Davies-Cotton design.
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2.6 CTA Analysis Software

CTA offers 2 tools for gamma-ray analysis, CTOOLS [160]” and GAMMAPY [95] 8. Both tools
are the equivalent of the Fermi science tools above and share many functional similarities. It
is noteworthy that CTOOLS and GAMMAPY are exactly able to reproduce the results obtained
by proprietary H.E.S.S. analysis tools when applied to the analysis of H.E.S.S. event data
[199] and so can be considered functionally consistent with existing analysis tools and
each other. I now summarise the relevant steps of the CTOOLS analysis chain which I use

subsequently in my simulations of the CTA detection of globular clusters in Chapter 5.

2.6.1 Simulating Event Data

The ctobssim tool generates random events within a given energy range and ROI, which are
drawn from a background model and the predicted spectral model of the source of interest and
then convolved with the applicable IRF of the array, CTA-N or CTA-S, for the observation
integration time being simulated. ctobssim is seeded with a seed value for its random number
generator to generate statistically independent Monte Carlo samples of CTA event data. In
simulating event data for analysis I use 880 different seeds to generate 880 independent event
data samples for analysis which are each passed as input events to the event data selection
step below. The ctselect tool is then used to select event data from the simulated event
data within a given ROI, time and energy range. The selected event data is then binned
into a counts cube using the ctbin tool. The counts cube is a 3-dimensional data cube with

dimensions of right ascension, declination and logarithmically spaced energy.

2.6.2 Pre-computing the Binned Response

The IRF is then computed for the counts cube to produce an exposure cube, a PSF cube
and a background cube. The exposure cube contains the effective area multiplied by the
livetime of the observation, which is the exposure as a function of sky co-ordinates and
energy. The PSF cube has dimensions of right ascension, declination, a true photon energy
and an offset angle between and the true and reconstructed photon direction.Finally the
background cube contains a predicted background rate as a function of sky position and
energy. The exposure cube, PSF cube and the background cube are produced by ctexpcube,
ctpsfcube and ctbkgcube tools respectively using the counts cube, the selected events and

the applicable IRF for the integration time. The ctbkgcube tool also produced a model file

7cTOOLS available from http://cta.irap.omp.eu/ctools/index.html
8GAMMAPY available from https://gammapy.org/
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using the original input model where the background model is changed to a model of type
CTACubeBackground.

2.6.3 Fitting Binned Data with a Model

Model fitting using a log-likelihood method is then performed using the ctlike tool which
takes the pre-computed cubes above, the count cube, and the input model updated with the
CTACubeBackground model and performs a binned analysis. The model fitting determines
the detection significance of the source of interest using the same method as the determination
of an EGRET source significance in Eqn. 2.4 above.

2.7 Conclusion

In this chapter I have introduced Fermi and its main instrument, the LAT, along with listing
its key discoveries and catalogues of gamma-ray sources. I have described the Fermi science
tools and introduced the LAT data analysis method used elsewhere in this work. I have
discussed the mathematical underpinning of the likelihood analysis method and how it is used
to determine the significance and spectral models of sources. I have also discussed current
ground-based gamma-ray observation techniques, current IACT arrays and their successor
instrument the CTA, all of which probe higher energy gamma-rays than the LAT by using
the atmosphere as a detection medium. Finally I have described a software analysis chain
based on CTA cTOOLS which allow the simulation of source detectability with CTA given a
spectral model and the instrument response functions applicable to CTA.






Chapter 3

Gamma-ray emission from Globular
Clusters and Millisecond Pulsars

3.1 Introduction

In this chapter I summarise the main gamma-ray observations of GCs made in the Fermi-LAT
era with both Fermi and IACTs. I also summarise models of GC gamma-ray emission based
mainly on inverse Compton scattering processes powered by relativistic particles from MSPs
in combination with the direct gamma-ray emission of MSPs themselves. Such models are
worth considering here as they have had some success in predicting the observed GeV spectra
of the well known GCs, 47 Tuc and Terzan 5, and hint at higher energy emission in the TeV
range. For completeness I also summarise models of individual MSP gamma-ray emission
which allow the spectra and lightcurves of catalogue MSPs characterised and discovered
using Fermi-LAT to be recreated with simple physics inputs, thus showing that there is a
reasonable consensus understanding of emission processes in MSPs to a first order. This
allows the application of MSP emission models to overall GC emission to be considered
valid. At the same time I highlight that the relationship between gamma-ray luminosity and
MSP spin-down power is not clear cut and that faint MSPs themselves are not individually
observable and so deriving a model of GC emission from pulsar characteristics alone is likely
to be challenging. Throughout I draw attention to modelling and observational evidence
that supports emission in both MSPs and GCs above 10 GeV (which I term high energy
emission or HE) and above 50 GeV (which I call very high energy emission or VHE). VHE
is a potential energy range to be probed with CTA to further elucidate the MSP and GC

gamma-ray connection.
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3.2 Gamma-ray emission from Globular Clusters

3.2.1 GC Observations Made with the Fermi-LAT

The detection of 47 Tuc with just 194 days of Fermi-LAT observations in 2009 established
GCs as sources of gamma-ray emission for the first time [7] (Fig. 3.1) and showed that the
gamma-ray spectrum of 47 Tuc was best fitted by a power-law with an exponential cut-off.
This initial detection demonstrated the lack of gamma-ray variability on 2 week timescales
and supported the supposition that MSPs in GCs are detectable en-masse by their gamma-ray
emission. A folding of the gamma-ray signal with the ephemerides of 21 of the 25 MSPs in
47 Tuc failed to significantly detect any individual MSP, demonstrating that 47 Tuc is not
dominated by a single gamma-ray bright MSP. By assuming an average E of 1.8 x 103
erg s! for each MSP in the GC, a spin-down gamma-ray conversion efficiency of 12% was
determined [7]. Subsequently, an analysis of 546 days of Fermi-LAT observations re-detected
47 Tuc and a further 7 GCs, Omega Centauri, Terzan 5, NGC 6626, NGC 6266, NGC 6388,
NGC 6440 and NGC 6652, as point sources with detection significance ranging from 7—24
o [10]. The GC spectra were again fitted with an exponential cut-off power law and exhibited
hard spectral power indices (0.7< I' <1.7) with the exponential cut-off in the range 1.0—2.6
GeV which is the characteristic signature of magnetospheric emission from MSPs. A positive
correlation was also established between gamma-ray luminosity and stellar encounter rate in
GCs. In [249], using 2 yr of Fermi-LAT observations, the GCs NGC 6624 and NGC 6752
were detected alongside evidence of gamma-ray emission within the tidal radius of NGC
6093, NGC 6139, Liller 1 and NGC 6541. These GCs (with the exception of Liller 1) are
recognised as gamma-ray emitting GCs in the 4FGL catalog today. The authors of [284]
used 2191 days of PASS 7 Fermi-LAT data to make 5¢ detections of FSR 1735, 2MS-GCO01
and IC 1257, although of these only 2MS-GCO01 is now recognised as a gamma-ray emitting
GC in the 4FGL catalog. In [283], 6 years of PASS 8 Fermi-LAT data was analysed with
significant detections made of GCs NGC 7078, 6397, 5904, with these gamma-ray sources
placed inside the tidal radii of the GCs. The GCs 6218 and 6139 were also detected at slightly
less than 50 significance and these are also now confirmed sources in the 4FGL.

In my own GC analysis paper [181], I analysed 30 high latitude GCs using 8 years of
PASS 8 data in the 60 MeV—300 GeV energy range with the 3FGL catalog as a source model.
My analysis confirmed the detections of 5 GCs, 47 Tuc, NGC 6093, 6752, 7078 and 6218,
and made a new detection NGC 6254, not listed in the 3FGL. This GC displays emission
offset from the core but still within the GC tidal radius. This source is now listed in the 4FGL
catalog with source name 4FGL J1656.4-0410 (although its counterpart source type remains
unclassified). I showed that there was no evidence for variability on a 6 month timescale
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Fig. 3.1 The Fermi-LAT gamma-ray spectrum of 47 Tuc fitted with an exponential cut off
power law. Figure taken from [10].

or spatial extension of the emission in these sources and that there was little evidence of
low-energy emission with only NGC 6752 having 3.40 flux point below below 100 MeV.
I also demonstrated that there is a correlation between GCs which are gamma-ray emitters
and those that exhibit diffuse X-ray emission and proposed that this could be due to either
an unresolved source population of gamma-ray emitters which are also X-ray emitters or
synchrotron X-ray emission arising from relativistic electrons provided by the MSPs residing
in the GCs. I also highlighted that additional spectral models, such as simple, hard power laws
and broken power-law models, can be fitted to GC spectra. These are not compatible with
power-law with super-exponential cut-off spectral models of MSPs and hint at an alternative
source population.

A Fermi-LAT analysis is made of all 157 GCs in the Harris Catalogue in the recent paper
[94]. Here 9 years of PASS8 event data were analysed in the energy range 100 MeV—100
GeV with the 3FGL catalog as the source model and further confirmed that GCs exhibit
no variability on 3 month timescales nor have significant extension. The analysis of [94]
detected NGC 7078 only at the 30 level and so did not class this as a significant detection in
tension with the detection for the 4FGL catalog and the works above. [94] also examined
the relationship between GC gamma-ray luminosity and the encounter rate per binary, A, as
Eqn. 3.1, with pg being the central luminosity density of the GC and r. being the cluster core

radius.

A< /po/re (3.1)
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They found that gamma-ray luminosity peaks for GCs at intermediate values of A, with
GCs of low and high A values exhibiting a lesser gamma ray luminosity likely due to
low and high values of A suppressing the formation of the binary systems necessary for
MSP spin-up. [94] also shows that metallicity [Fe/H] is not important to MSP formation
(as expected via increased magnetic braking and consequent Roche lobe overflow of a
binary MSP companion) as the GC detections are not clustered by high metallicity and high
encounter rate on a metallicity encounter rate plot. It is noteworthy that 8 of their 23 detected
GCs emit in the 10-20 GeV range with 2 of these GCs, 2MS-GCO01 and NGC 6440, also
showing emission in the 20-30 GeV range. This is at odds with the traditional notion of MSP
generated gamma-ray emission with energy cut-offs of a few GeV.

The Fermi-LAT detection of GCs with energies above 10 GeV is also evident in the
3FHL or "Third Catalog of Hard Fermi-LAT sources" [25] which analyses 7 years of PASS 8
data in the higher energy range (by LAT standards) of 10 GeV—2 TeV. This survey achieves
sensitivities of 0.5% and 1% of the Crab nebula flux above 10 GeV for high latitude and
in-plane sources respectively, equivalent to a photon flux sensitivity of 4.4—9.5 x 107! cm™
s'!. The 3FHL lists just two GCs, 47 Tuc and Terzan 5.

Finally, the latest Fermi-LAT catalog, the 4FGL, contains the spectral models, fluxes
and locations of 31 source associations with GCs and 2 source associations with gamma-ray
bright pulsars, J1823-3021A and J1824-2452A which reside in the GCs NGC 6624 and NGC
6626 respectively. I list the names, 4FGL source IDs, along with equatorial and Galactic
co-ordinates in Table 3.1 and detection significance with photon and energy fluxes in Table
3.2.

3.2.2 Globular Cluster Observations made with IACTs

Shortly after the initial Fermi-LAT detection of 47 Tuc demonstrated that GCs are sources
of gamma-ray emission, the 3 northerly GCs NGCs 7078, 6205 and 5904 were selected
for 6.5—15 h of VERITAS observations on the basis of their location, pulsar population
and intensity of their central radiation field, but no significant detection was made. The
UL energy fluxes determined for NGCs 7078, 6205 and 5904 were 1.6, 2.2 and 0.6% of
the Crab flux respectively, for energies > 600 GeV [195]. Thereafter, 90 h of H.E.S.S. 1
array observations at an optimum zenith angle of 20.4° detected Terzan 5 as an extended
region of emission extending beyond the H.E.S.S. PSF of 0.07° [15]. The optical centre of
the GC was detected with a significance of 5.30 as part of the region of extended emission
which had a higher significance of 7.5¢ offset from the GC core. The probability of this
detection overlapping with another very high energy (VHE) counterpart such as a young
pulsar wind nebula was estimated by [15] to be 10 by considering the known distribution
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Name 4FGL Source ID RA Dec [ b
(Degrees) (Degrees) (Degrees) (Degrees)

NGC 6341 4FGL J1716.8+4310 259.20 43.17 68.38 34.92
NGC 6838 4FGL J1953.6+1846 298.42 18.78 56.73 -4.54
NGC 7078 4FGL J2129.9+1208 322.48 12.14 64.99 -27.32
NGC 5904 4FGL J1518.8+0203 229.70 2.05 3.89 46.73
GLIMPSE CO01 4FGL J1848.7-0129  282.20 -1.50 31.30 -0.10
NGC 6218 4FGL J1647.2-0154  251.81 -1.91 15.75 26.33
NGC 6402 4FGL J1737.5-0313  264.39 -3.22 21.34 14.83
GLIMPSE C02 4FGL J1818.5-1656  274.65 -16.94 14.17 -0.65
2MS-GCO01 4FGL J1808.8-1949¢ 272.21 -19.83 10.53 0.00
NGC 6440 4FGL J1748.9-2021 267.23 -20.36 7.74 3.79
NGC 6717 4FGL J1855.1-2243  283.78 -22.72 12.86 -10.91
NGC 6093 4FGL J1616.9-2257 244.24 -22.96 352.68 19.49
NGC 6656 4FGL J1836.8-2354  279.21 -23.91 9.94 -7.64
NGC 1904 4FGL J0524.4-2413  81.10 -24.22 226.92 -29.20
Terzan 5 4FGL J1748.0-2446  267.02 -24.77 3.85 1.69
PSR J1824-2452A NGC 6626 4FGL J1824.6-2452 276.16 -24.87 7.81 -5.60
NGC 6316 4FGL J1716.7-2808  259.18 -28.15 357.18 5.74
NGC 6304 4FGL J1714.2-2928  258.57 -29.48 355.78 5.41
NGC 6528 4FGL J1804.9-3001 271.24 -30.03 1.18 -4.19
NGC 6266 4FGL J1701.2-3006  255.30 -30.11 353.58 7.32
PSR J1823-3021A NGC 6624 4FGL J1823.5-3020 275.89 -30.35 2.79 -7.89
Terzan 1 4FGL J1735.7-3026  263.94 -30.44 357.59 1.02
Terzan 2 4FGL J1727.6-3050 261.91 -30.85 356.30 2.26
NGC 6652 4FGL J1835.7-3258 278.94 -32.97 1.55 -11.37
NGC 6441 4FGL J1750.3-3702  267.58 -37.05 353.55 -5.02
NGC 6139 4FGL J1627.6-3852  246.91 -38.87 342.34 6.92
NGC 6541 4FGL J1807.8-4340 271.96 -43.67 349.31 -11.14
NGC 6388 4FGL J1736.2-4443  264.06 -44.72 345.56 -6.73
NGC 5139 4FGL J1326.6-4729  201.67 -47.49 309.08 14.96
NGC 6397 4FGL J1741.1-5341  265.29 -53.68 338.19 -12.02
NGC 6752 4FGL J1910.8-6001  287.72 -60.02 336.45 -25.64
NGC 2808 4FGL J0912.1-6449  138.05 -64.82 282.17 -11.22
47 Tuc 4FGL J0024.0-7204  6.01 -72.08 305.90 -44.89

Table 3.1 The 33 sources of the 4FGL (listed in RA order) which are associated with GCs
with name, 4FGL source ID, Catalog Co-ordinates RA/DEC and Galactic / and b. NGC 6624
and NGC 6626 are classified as pulsars in the catalog due to the emission predominantly
coming from a pulsar (PSR) source.
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Name 4FGL Source ID Detection Photon Flux Energy Flux
Significance 10% cm?s! 10! ergem™? 57!
2MS-GCO01 4FGL J1808.8-1949¢ 4.1 0.16 £ 0.03 244 £ 0.68
NGC 1904 4FGL J0524.4-2413 4.8 0.01 £ 0.00 0.28 £ 0.05
NGC 6304 4FGL J1714.2-2928 5.3 0.04 £ 0.01 0.62 £0.13
NGC 6397 4FGL J1741.1-5341 54 0.03 £ 0.01 0.46 £ 0.10
NGC 6341 4FGL J1716.8+4310 6.0 0.02 £+ 0.00 0.23 +0.05
NGC 6528 4FGL J1804.9-3001 6.0 0.06 £+ 0.01 0.54 £0.14
NGC 7078 4FGL J2129.9+1208 6.6 0.02 £+ 0.00 0.38 4+ 0.06
NGC 6218 4FGL J1647.2-0154 6.7 0.02 £ 0.00 0.14 £ 0.03
NGC 5904 4FGL J1518.8+0203 6.7 0.03 £ 0.01 0.15 £ 0.03
NGC 6838 4FGL J1953.6+1846 6.9 0.04 £ 0.01 041 £0.10
NGC 6402 4FGL J1737.5-0313 7.1 0.06 £+ 0.01 0.27 £ 0.05
NGC 6139 4FGL J1627.6-3852 7.2 0.06 £ 0.01 0.68 £0.12
Terzan 2 4FGL J1727.6-3050 7.5 0.11 £ 0.02 0.58 £ 0.11
NGC 6717 4FGL J1855.1-2243 7.7 0.04 £ 0.01 0.53 £0.09
NGC 6656 4FGL J1836.8-2354 8.4 0.07 £ 0.01 0.41 £0.08
Terzan 1 4FGL J1735.7-3026 9.0 0.17 £ 0.02 0.73 £ 0.09
NGC 6541 4FGL J1807.8-4340  10.1 0.06 £+ 0.01 0.38 £ 0.07
NGC 2808 4FGL J0912.1-6449 10.3 0.05 £ 0.01 0.32 4+ 0.06
GLIMPSE C02 4FGL J1818.5-1656  10.6 0.34 £0.03 3.13 £ 0.63
NGC 6093 4FGL J1616.9-2257 10.7 0.07 £ 0.01 0.43 £ 0.09
NGC 6652 4FGL J1835.7-3258 11.6 0.08 £ 0.01 0.47 £ 0.06
NGC 6316 4FGL J1716.7-2808 154 0.16 £ 0.01 0.90 £ 0.10
NGC 6752 4FGL J1910.8-6001 15.4 0.07 £0.01 0.33 £ 0.04
NGC 6440 4FGL J1748.9-2021 16.5 0.21 £0.02 1.64 £0.22
GLIMPSE CO01 4FGL J1848.7-0129  18.7 0.78 £ 0.06 3.88 £ 0.53
NGC 6441 4FGL J1750.3-3702  20.8 0.20 £ 0.01 1.48 £0.13
NGC 5139 4FGL J1326.6-4729 24.0 0.21 4+ 0.01 1.10 £+ 0.09
PSR J1823-3021A NGC 6624  4FGL J1823.5-3020 26.9 0.21 £0.01 1.41 £0.08
PSR J1824-2452A NGC 6626 4FGL J1824.6-2452  28.0 0.30 £+ 0.01 2.22 +0.12
NGC 6266 4FGL J1701.2-3006  33.8 0.32 £0.01 1.84 £0.11
NGC 6388 4FGL J1736.2-4443  33.8 0.31 £ 0.01 1.87 £ 0.11
Terzan 5 4FGL J1748.0-2446  58.3 1.26 £ 0.03 7.67 £0.36
47 Tuc 4FGL J0024.0-7204 77.6 0.44 £+ 0.01 2.61 +0.08

Table 3.2 The 33 sources of the 4FGL associated with GCs ordered by detection significance
with name, 4FGL source ID, detection significance (in ¢ units), photon and energy fluxes.
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Fig. 3.2 The H.E.S.S. gamma-ray spectrum of Terzan 5 fitted with a soft power law (spectral
index I' = 2.5). Figure taken from [15].

of VHE sources with Galactic latitude b in [76]. The Terzan 5 spectrum is fitted with a soft
power law (Fig. 3.2, spectral index I" = 2.5) while its photon flux is 1.5% of the Crab flux
in the 0.44—24 TeV range, just above the 1% Crab flux sensitivity of the instrument for 25
h of observations. The detection of Terzan 5 remains the first and only detection of a GC
with an IACT. Subsequently, H.E.S.S. I attempted to detect VHE emission of energies >
100 GeV for 15 GCs at zenith angles of 11.8°—49.8° with observation times of 4.2h—46.7h
[16]. Of these 15 GCs, curiously only 3 are recognised Fermi-LAT gamma-ray emitters; 47
Tuc, NGC 6388 and NGC 7078. No detection was made of any GC in the sample, either as
point sources or as areas of extended emission. The UL photon fluxes of the 15 GCs were
(0.53 —4.5) x 10712 cm™ 57! for energy thresholds of (0.16—0.72) TeV.

The most intensively observed GC, using an IACT, is NGC 7078 with 165 h of MAGIC
observations [17]. This GC was chosen for observation because it is observable at optimum
zenith angles from the MAGIC site in La Palma (culminating at a minimum zenith of 16°).
However NGC 7078 was undetected and has an UL photon flux for energies > 300 GeV
of 3.2x107Bem™? 5. MAGIC has also observed the GC NGC 6205 at low zenith angles
(8°—31°) obtaining an UL of 5.1x 1072 cm™ s7! for energies of 200 GeV and above.

Finally it is worth noting that H.E.S.S. I has also conducted a survey of the Galactic plane
[4] with 2700 h of observations in the energy range 0.2—100 TeV for Galactic longitudes
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[ = 250°—65° and latitudes |b| <3°, hereafter the "HGPS". The HGPS achieves worst case
sensitivities of 1.5% of the Crab flux for point like sources and while no new GCs are
detected, it re-confirms the detection of Terzan 5. The sensitivity of the survey allows me to
set a VHE UL constraint on GCs in the Galactic plane, source confusion not withstanding,
by comparing the / and b range used in the HGPS with the Harris Online Catalog of Globular
clusters' for GCs at helio distance < 12.9 kpc (this distance is chosen because it is the
distance to furthest gamma-ray emitting GC in the 4FGL catalog: NGC 1904 at 12.9 kpc).
This identifies 22 GCs within the Galactic / and b range surveyed in the HGPS which likely
have no VHE emission above 1.5% of the Crab flux. A comparison of these GCs with the the
4FGL identifies 5 of these GCs as gamma-ray emitting sources. I list these 22 GCs in Table
3.3 along with their heliocentric distance and co-ordinates and the 4FGL source identifier of
the 5 GCs detected with Fermi-LAT.

3.2.3 Modelling Globular Cluster Emission

In [281] the gamma-ray emission of 47 Tuc and Terzan 5 is modelled using a pair-starved
polar cap model for their MSPs where primary electrons are accelerated out towards the light
cylinder radius (where the electric and magnetic space influenced by the MSP co-rotates at
the speed of light) without significant pair-production. The spectral energy distribution of
the 2 GCs is then predicted as a combination of direct magnetospheric gamma-ray emission
from the MSP and the inverse Compton scattering of the GC photon field by relativistic
leptons. This model reproduces the spectral shapes and differential fluxes of the Fermi-LAT
observations of 47 Tuc and Terzan 5. The model also predicts the correct flux level for the
E >1TeV H.E.S.S observations of Terzan 5 but not the spectral shape, with the spectrum
predicted to peak at £ 1 TeV when in fact a reasonably flat spectrum (within errors) is
observed in the 1—100 TeV range. The same model also predicts a similar very high energy
peak for 47 Tuc (as yet unobserved) which the authors indicate should be detectable with 50
h of CTA observations (Fig. 3.3).

The broadband X-ray to gamma-ray spectral energy distribution of Terzan 5 is also
modelled in [162]. Here the model comprises a transport equation, a power law lepton
injection spectrum and an estimation of the GC soft-photon field. The model is used to
determine radiation losses due to inverse Compton upscattering of soft ambient photons in
the GC along with X-ray emission produced by synchrotron processes and to integrate the
resulting flux along the line of sight. This model fits the Fermi-LAT and H.E.S.S spectral

energy distributions well but is at odds with the Chandra X-ray observations of Terzan 5

'Harris Online Catalog of 157 Globular Clusters 2010 version accessed 1st May 2020
https://heasarc.gsfc.nasa.gov/W3Browse/all/globclust.html



3.2 Gamma-ray emission from Globular Clusters 51

107'°F T T T 3 107" ] Ty !
F »++ 47 Tucanae =+= +CTA 50h E F owes Terzan 5 #ss +CTA 50h
_ ”Z Nog =23 by ] —— ﬁ"‘“a?? F i
P10 E d = 4.0 kpe b W R pEtgE RS 9ekpo =
'e E e pid \ 3 e E
3} o E
Y 10"2: = " 10"2;— E
o E i B o f #
g F g E 3
&, it [
-13 T n -13 |
£y 0 E 1w 10 3
< i 2 E
B : f, .
© ]O-H‘ ] o 10-14__ =}
(2) P w E
i N N SO SN G L | , : :
10° 10% 10* 10° 108 10° 10? 10* 10° 10°
£ [MeV] € [MeV]

Fig. 3.3 The predicted total (magnetospheric and inverse Compton scattering gamma-ray
emission, grey band is uncertainty), from 47 Tuc and Terzan 5 with black, green, brown
lines indicating GC B field from 0.3 to 30 4G, assuming distances and number of MSPs as
caption. Triangles are Fermi-LAT observations from [10], for Terzan 5 diamonds are H.E.S.S.
observations in the TeV range from [15]. 47 Tuc blue dotted line in TeV range is an UL from
[23]. CTA 50h sensitivity curve also shown. Figure taken from [281].

[104] as it predicts a cut-off spectrum in the 1—10 keV band whereas in [162] an increasing
X-ray flux is derived from the counts spectrum of [104]. The authors of [162] indicate that
additional physical processes apart from X-ray synchrotron radiation should be considered to
account for this, and model this as an additional high energy synchrotron radiation component
in [206]. This model is then re-applied by the same group in [205] with an emission model
which employs MSPs as the source of relativistic particles which again upscatter the soft
photons of the modelled GCs and produce X-rays via synchrotron process. This model is
again able to reproduce the VHE component in Terzan 5 observed using H.E.S.S. but the
predicted X-ray flux remains at odds with Chandra observations as described above although
the observed X-ray flux is used as a UL constraint in the model. The authors of [205] also do
not choose to constrain or compare their model to Fermi-LAT observations on the grounds
that MSP emission due to curvature radiation is not included. For this reason I consider
the GeV flux predictions of this model to be an under estimate and I will re-examine this
point further in Chapter 5. The authors also use the model to predict the spectral energy
distributions of the 15 GCs observed using H.E.S.S. in [16] (of which only Terzan 5 was
detected) and conclude that of these 15 the GCs 47 Tuc and NGC 6388 should be observable
with H.E.S.S. in 100 h of observations and that 47 Tuc, NGC 6388, Terzan 5 , Djorg 2 and
Terzan 10 are the most promising for future detection using CTA.

The offset gamma-ray emission of Terzan 5 is considered in [54] where it is proposed

that stellar and MSP winds mix and interact with the Galactic medium to form a bow-shock
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nebula which is presumed to be populated with relativistic leptons. Gamma-ray emission
then arises from the shock front due to inverse Compton up-scattering of optical, infra-red
and microwave background photons by the relativistic lepton population in the shock. It is
predicted that the morphology of gamma-ray emission will reflect that of the shock front.
For low latitude GCs such as Terzan 5, which are within a denser Galactic medium, an offset
bow shock relatively close to the GC centre is predicted, whereas for GCs at higher latitudes,
in lower density regions of the Galactic medium, spherically-shaped emission is predicted,
centered on the GC core and at a greater distance from it than the low latitude case. I will
examine in this work whether Fermi-LAT observations support this hypothesis. One of the
authors of [54] also applies similar shock front arguments to individual MSPs [53], which 1
refer to subsequently. Finally, Terzan 5 is currently undetected with the HAWC observatory
in the latest 2HWC catalogue [14].
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3.3 Gamma-ray emission from Millisecond Pulsars

3.3.1 Observations of Gamma-Ray Emission from Millisecond Pulsars

In 2009 the Fermi-LAT established 8 MSPs as pulsed gamma-ray emitters using just 8
months of observations combined with radio timing data [6] and also confirmed the tentative
detection of the MSP J0218+4232 with the EGRET experiment on the Compton Gamma-Ray
Observatory [164]. The initial discoveries of [6] showed that the peaks of radio and gamma-
ray emission in MSPs need not be co-incident, favoring different emission regions for radio
and gamma-rays and supporting the prevailing slot-gap and outer gap models of gamma-ray
emission. The most recent published catalogue of gamma-ray pulsars is "The Second Fermi
Large Area Telescope Catalog of Gamma-Ray Pulsars" or 2PC, compiled by the Fermi-LAT
collaboration [11] (with the 3PC in preparation at the time of writing [179]). This catalogue
uses 3 yr of Fermi-LAT observations to identify 40 MSPs above 0.1 GeV by three search
methods which mitigate the problem of sparse gamma-ray observations where an MSP may
emit a detectable gamma-ray photon only once in a few million rotations. Firstly, the known
MSP rotation ephemerides obtained by X-ray or in most cases radio, timing, are used as a
basis to phase-fold the gamma-ray data to look for gamma-ray peaks. Alternatively, a blind
periodicity search can be used with targets drawn from the 2FGL catalog which are identified
as candidate pulsars by long-term stability and spectra that can be fitted by an exponential
cut-off in the GeV band. This helps to identify MSPs which may have been missed due to
their being in a binary system where Doppler shifts from orbital motion can smear the X-ray
and radio signal. Finally, radio pulsar discoveries can lead to gamma-ray pulsar discoveries
where unassociated LAT sources are searched for evidence of radio pulsations, an ephemeris
is derived and the gamma-ray data phase-folded as in the first method above. This last
strategy has detected 20 of the 40 MSPs listed in the 2PC. The 40 MSPs have short periods,
P,< 6 ms and spin-down slowly compared to young pulsars with period derivatives, P, of
1020 ss”! and spin-down power, E, of 103> —10°* erg s!. Their observed photon fluxes are
(0.2—9.2)x 108 cm™ s7! and energy fluxes (0.3—11)x 107! erg cm™ s°!. The phase-folded
light curves of the MSPs most commonly exhibit 1 or 2 peaks (13 and 24 MSPs respectively)
but 3 peaks occur in 3 MSPs. The energy cut-off of the exponential power law used to fit the
spectra is 1.2—5.3 GeV. A typical exponential power law fit of an MSP is shown in Fig. 3.4.

The gamma-ray luminosities Ly are 10 —10% erg s™! which, by comparison with the
higher and more restrictive range of E, indicates a typical efficiency of conversion of spin-
down power to gamma-ray luminosity of < 1, with n =L,/ E. In the 2PC, 1) is typically
0.1 (or 10%) for MSPs but can be much higher, with one lower-luminosity MSP J0610-2100
(Ly = 10% erg s') having 1 = 10, although this is uncommon. In a more recent study
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Fig. 3.4 The gamma-ray spectrum of a typical MSP JO101-6422 fitted with a power law with
an exponential cut-off (PLEC1) . Figure taken from the 2PC [11].

than the 2PC, an analysis of 19 MSPs with 7 years of PASS 8 Fermi-LAT event data in the
range 0.1—300 GeV shows that the empirical MSP death-line (or E below which gamma-ray
emission cannot be detected) is 8 x 1032 erg s™! [117]. This analysis also demonstrates that
Ly is uncorrelated with E, showing a nearly 2 orders of magnitude of scatter for MSPs
with an E of 10 erg s™!. For E > 5x10** erg s\, Ly is directly proportional to v/£. The
MSP death-line below which individual MSPs cannot be detected could potentially allow an
observationally unconstrained population of lower-luminosity MSPs to contribute to overall
GC emission whilst we remain ignorant of the true extent of such a contribution. Similarly
the wide variation of the relationship between 7, Ly and E makes it difficult to deduce
gamma-ray luminosities a priori from MSP timing information alone.

At higher energies of 10 GeV—2 TeV the 3FHL catalog identifies 15 MSPs at Galactic
latitude |b| > 10° with 13 previously identified as pulsed gamma-ray emitters using the LAT
whilst the remaining 2 are radio pulsars previously undetected in gamma-rays.

Above the energies observable with Fermi-LAT, there are also hints for the production of
TeV halos around MSPs as are clearly seen in HAWC results from the young Geminga and
Monogem pulsars. The authors of [137] examined 24 MSPs in HAWC's field of view selected
on the basis of higher spin-down fluxes (defined as E /d> > 5 x 10 erg kpc? s!). Using
a public access tool provided by the HAWC collaboration they obtained a weak indication
of an extended TeV halo in 4 MSPs of 2.1-2.6 . They cited the overall significance of
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the TeV halo detection to be 3.1 o for the stacked analysis on the basis of the significance
distribution.

Finally, the detection of pulsed gamma-ray emission at 5.4 ¢ and 7 o significance using
Fermi-LAT from the MSPs B1821-24 [151] and J1823-3021A [109] located in the GCs NGC
6626 and NGC 6624 respectively provides the most direct observational link between MSP
gamma-ray emission and GCs. It is striking that NGC 6624 is not detected in gamma-rays
in the off-pulse phase of J1823-3021A and so J1823-3021A must account for nearly all the
gamma-ray emission of this GC [109].

3.3.2 Modelling Millisecond Pulsar Emission

One site of gamma-ray production was once presumed to be the polar cap of the pulsar
[208, 121, 87] but observations using Fermi-LAT have shown this not to be the case as
the expected very sharp super exponential cut-off due to magnetic absorption at the polar
surface is not seen [248, 11] and in addition the phase-folded peaks of polar emitted radio
and gamma-ray emission are not co-incident, hinting at a different emission region for
gamma-rays [152].

The literature consensus emission model of MSPs is that of an electric field, EH’ parallel
to the magnetic field lines of the star which accelerates leptons to ultra-relativistic energies
in gap structures bounded by the magnetic field lines [265]. The leptons emit gamma-rays
via synchro-curvature and inverse Compton processes and at the same time the gamma-rays
themselves can convert to electron/positron pairs and be further accelerated and further emit
gamma-rays so the process continues in a cascading fashion [265]. The gaps themselves
can either be placed high in the magnetosphere in the "slot gap" model (SG) [202, 203] or
in the "outer gap" (OG) where the gap is placed only in the outer magnetosphere [78]. A
newer alternative to the gap models is the stripped wind (SW) [74] or equatorial current sheet
models [73, 260] although as yet there is insufficient modelling or observation to prefer these
over the SG and OG models [75].

I summarise the schematic elements of the pulsar system in Fig. 3.5. I restrict my
discussion of MSP models to those that either attempt to account for existing Fermi-LAT
observations of MSPs, specifically the phase-folded light curves and fluxes, or make specific
predictions of very high energy emission that can be tested with existing and future IACTs.

The state of the art of simulating gamma-ray emission from MSPs are three dimensional
global kinetic magnetosphere models where the lepton trajectories and the corresponding
electromagnetic fields are treated self-consistently using a particle-in-cell (PIC) [73, 77, 72,
220] code as exemplified in [153] Here, the self-consistent treatment arises from integrating
time-dependent Maxwell’s equations using the current generated during the lepton’s motion.
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Fig. 3.5 The schematic elements of the pulsar system which shows the offset between
rotational and magnetic axes and the position of the polar cap, SG and OG regions and the
light cyclinder with equatorial current sheets beyond it. Also shown are the magnetic field
lines and angles between the magnetic axis , observer line of sight and the rotation axis of
the star (o and ¢ respectively). Figure adapted from [29].
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The equations of motion are then integrated over the same time step as the motion whilst
allowing for the magnetosphere field structure; this is done repeatedly for all particles
while varying the lepton injection rate F'. These simulations are able to reproduce the
observed gamma-ray luminosity proportionality to £ and VE for lower and higher E values
respectively and the range of energy cut-off (E.) values observed in MSPs with Fermi-LAT.
It is seen that increasing F decreases E, and that E, is directly proportional to E. For E
< 10°? erg 57! the E, values generated are smaller than those observed with Fermi and are
close to the detection threshold. This highlights that a knowledge of MSP Es and hence the
expected range of E given by the luminosity function of MSPs is crucial in determining the
spectra expected from MSPs either singly or en-masse in GCs.

MSP emission models which rely on a small number of free physical parameters with a
wider set of values set to notional fiducial parameters are also able to reproduce the spectral
characteristics of MSPs. This is exemplified in [266] where the modelled spectrum arising
from synchro-curvature radiation generated by leptons moving along magnetic field lines,
matches the phase averaged spectra of 22 MSPs in the 2PC. This relatively simple model is
able to exclude gamma-ray emission close the surface of the star by varying just 3 parameters,
the parallel electric field component, E|, in the gap, the length scale over which photons are
emitted, Xp, and a normalisation, Ny, which reflects the number of leptons moving along field
lines.

In [75], the two emission models of OG and SW are considered. A Markov chain Monte
Carlo method is able to pick best-fitting model parameters for both OG and SW models and
to reproduce well the individual phase-folded light curves, fluxes and cut-off energy of 22
MSPs listed in the 2PC [11] which exhibit double peak structures in their gamma-ray light
curves. However, the authors note that the preferred model remains unknown as both can
yield satisfactory fits, with the OG model requiring a large magnetic obliquity, o (defined
as the angle between the rotation axis of the pulsar and the magnetic dipole axis passing
through the magnetic North and South pole of the star) and small viewing angle (defined as
the difference beween spin axis and the observer line of sight), {, while in the SW model the
converse is true. As a and { are not precisely constrained observationally a preferred model
cannot be chosen on the basis of these angles alone.

Different modelling with a vacuum-retarded dipole model (where the magnetic field is
assumed to be in the inertial frame) allows the simultaneous fitting of simulated radio and
gamma-ray data to the phase-folded radio and gamma ray lightcurves of 40 MSPs [152] and
this places « in the range 10°—90° while § is 70°—90°.

In [219] modelling of pulsar gamma-ray emission is based on the radiation reaction limit

where ultra-relativistic leptons in the magnetosphere follow a velocity field set by the local
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electro-magnetic field alone. Using just the simple parameters of P, P (both constrained by
timing observations), a fiducial B field deduced at the equator, and a range of obliquities (as
this quantity is not usually known), the radiation spectra of young and millisecond pulsars
can be computed and the expected power law with exponential cut off spectral shape (with a
cut-off at several GeV), as in the 2PC, can be recreated. Moreover, they show that millisecond
pulsars can produce fluxes around 100 GeV assuming a B field of 4.4 x10° G and that this
flux should be detectable with 50 h of CTA-S observations.

MSPs have also been proposed as sites of higher energy emission via inverse Compton
scattering processes. The authors of [53] considered the case of B1957+20, the prototype
black widow MSP (defined as a binary MSP system where the companion is degenerate and
of low mass < 0.03 M), with a bow shock nebula previously detected by H o emission in
[167]. In the [53] model, relativistic electrons are produced either as a pulsar wind or from
or from the nebula shock front directly. These relativistic electrons are collimated by the
shock front and exit away from the direction of motion of the MSP. The relativistic electrons
then up-scatter microwave background and infra-red photons to produce VHE gamma-ray
emission predicted to peak at 1 TeV with a differential flux of 5.6 x 10~13 ergs cm™ s™! which
the authors indicate is detectable with CTA and potentially detectable with MAGIC using
100 h of observations. As an aside, by considering differential flux sensitivity, I note that this
predicted emission should be detectable with either CTA-N or CTA-S in 50 h of observations
but would not be detectable using the Fermi-LAT at these energies. A subsequent observation
of this system using MAGIC (66.5 h) [24] detects no emission and instead sets an UL of

257! just above the shock front flux predicted above.

8.0 x 10713 ergs cm”

An alternative means of producing emission above 10 GeV is the synchrotron self-
Compton (SSC) process modelled in [122] for the Crab pulsar and the bright pulsar B1821-24
in the GC NGC 6626. In the SSC process, the radiating particles are accelerated primary
electrons and a spectrum of electron-positron pairs is produced in cascades near the polar cap.
These particles follow paths in the slot gap using a 3D force-free magnetic field geometry
(where the global field is assumed to be unchanged) and gain pitch angles through resonant
absorption of radio photons. These particles then produce synchroton emission high in the
magnetosphere across the light cylinder. This model can reproduce the expected fluxes and
spectra of the Crab in the optical and X-ray bands, as well as VHE emission > 50 GeV as
observed with MAGIC and VERITAS. The same model applied to MSP B1821-24 suggests
there should be a flux peak of 1.1 x 107'% erg cm™ s°! at 50 GeV. I note that this flux is only
slightly below CTA-N and CTA-S sensitivity (3 x 10"'% erg cm™ s7! at 50 GeV for a 50 h

observation).
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3.4 Conclusion

Millisecond pulsars (MSPs) have long been proposed as potential sources of gamma-ray
emission in globular clusters (GCs).

Longstanding observations using Fermi-LAT show that globular clusters are indeed
gamma-ray sources with 30 such sources associated with GCs in the 4FGL catalog. GCs
exhibit no evidence of gamma-ray variability on week-to-month timescales or emission
extension and are consistent with point sources. The similar spectral shapes of MSPs and
GCs observed with Fermi-LAT, with cut-offs in the 1—4 GeV range, suggest that MSPs are
sources of gamma-ray emission in GCs.

In the high-energy domain, above 10 GeV, only the GCs 47 Tuc and Terzan 5 are listed
in the 3FHL catalog. Observations of GCs using IACTs have been relatively few and yielded
only 1 detection (Terzan 5) which exhibits a curiously offset emission morphology, perhaps
due to bow-shock emission process. The H.E.S.S. Galactic plane survey allows me to set
an UL constraint of 1.5 % of Crab Flux on 22 GCs in the plane. Models of cumulative
MSP magnetospheric emission and inverse Compton up-scattering of ambient photons can
reproduce the spectral shape of GeV gamma-ray emission in 47 Tuc and Terzan 5 but the
TeV band of Terzan 5 is only poorly fitted by such models.

In my published work I draw a link between GCs which are gamma-ray emitters and
those exhibiting diffuse X-ray emission and note that the spectral shape of many GCs is
at odds with the exponential cut-off shapes of MSPs which are the presumed sources of
gamma-ray emission in GCs.

The Fermi-LAT observations also established MSPs as a population of gamma-ray sources
with spectral characteristics and phase-folded light curves of 40 MSPs listed in the 2PC
catalog. This allows the testing of models of MSP emission against the 2PC spectra and
light-curves with simple outer and slot gap models able to reproduce the observed emission
well with few free parameters. The relationship between gamma-ray luminosity and MSP
spin-down power is not well defined and exhibits considerable scatter below an empirical
death-line of 10°* erg s”!, and MSPs are undetected in gamma-rays for spin-down power
< 8x 102 erg s™'. These uncertainties and detection thresholds make it difficult to assess
the gamma-ray contribution of unresolved MSPs in GCs which may be otherwise well-
characterised by radio or X-ray timing methods. The pulsed gamma-ray emission of single
MSPs in the GCs NGC 6626 and 6624 is direct observational evidence for MSP sources of
gamma-ray emission in GCs and shows that such MSPs can account for a large proportion or

even the entire GC emission.
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In the HE domain the 3FHL lists 15 MSPs of which 2 are radio pulsars without previously
recognised gamma-ray emission. There is tentative evidence for TeV halos around MSPs
using a stacked analysis of HAWC observations.

I will expand greatly on the work of my paper [181], by re-analysing 111 GCs in the
energy range 100 MeV to 100 GeV using 10.5 yr of PASS 8 event data with the 4FGL catalog
and present the results in Chapter 5 of this work. First, I shall analyse 47 Tuc to demonstrate

my standard Fermi-LAT analysis technique in Chapter 4.






Chapter 4

Fermi-LLAT Analysis of the Globular
Cluster 47 Tuc

4.1 Introduction

The globular cluster 47 Tuc was the first GC detected at gamma-ray energies, with around
8 months of Fermi-LAT (large area telescope) observations providing a detection with a
significance of 17 o [7]. Later Fermi-LAT observations show that 47 Tuc exhibits an
exponential cutoff power law spectrum between 200 MeV and 10 GeV [7, 10]. However,
the previous analyses of 47 Tuc were performed using just the 2 years of Fermi-LAT PASS
6 data then available. Thus, the published SED for 47 Tuc is coarsely binned at 4 bins per
decade of energy [10] and the analysis only extends down to 100 MeV. The latest PASS 8 data
release and tools of the Fermi-LAT, now allow spectral analysis in the 60 - 100 MeV range,
and the re-analysis described in this chapter with a further 6.5 years of photon events allows
the spectral form to be refined while also serving as an exemplar of my gamma-ray analysis
method for a point source. The photon event selection criteria and gamma-ray analysis
method described here have previously been used in my study of 30 high Galactic latitude
globular clusters wherein a spectral fit and analysis was produced for 47 Tuc [181] and the
analysis presented here is a further refined and extended analysis of the 47 Tuc spectrum.
In Section 4.2 I describe my data selection and analysis method. In Section 4.3 I provide
a spectral model, a spectral energy distribution (SED), light curve and flux determinations for

47 Tuc along with a test statistic (TS) map. Finally in Section 4.4, I summarise my findings.
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Name Helio Metallicity lii bii My Core Central Mass Gamma
Distance radius surface x 10° M,  Source

/kpc brightness Ref

47 Tuc 4.5 -0.72 305.89 -44.89 -942 0.36 14.38 7.0 [49] [10]

Table 4.1 47 Tuc characteristics: helio distance (distance from Sun) in kpc and metallicity
defined as [Fe/H]. lii and bii are Galactic longitude and latitude respectively in degrees, My
is absolute visual magnitude, core radius is the radius of the GC core in arc mins and GC
central surface brightness is in V Magnitudes/square arc sec from Harris 1996 (2010 Edition)
[124]. GC mass and previous identification as a gamma-ray source is from the reference
listed in the table.

4.2 Overview of the Gamma-ray Analysis Method

4.2.1 Photon Event Data Selection

The event data in this analysis were collected by Fermi-LAT between 4th Aug 2008 to
28th December 2016 (Mission Elapsed Time (MET) 2395574147[s] to 504661408[s]). 1
consider all PASS 8 events which are source class photons (evclass=128), both Front and
Back converting events (evtype=3), spanning the energy range 60 MeV to 300 GeV. I choose
source class photons because this is the recommended photon class for general analysis of
non-transient sources, and Front and Back converting events because I wish to consider all
valid events and have no requirement to optimise PSF by selecting a more stringent event
type (such as just Front events or the PSF3 event type) which would have the disadvantage
of reducing the photon events available for analysis. The energy range starts at 60 MeV,
which is the practical minimum where the Background Emission Models produced by Fermi
are considered to be valid and ends at 300 GeV as most sources have few detectable Fermi
events above 100 GeV and emission above this is considered unlikely.

Throughout my analysis, the FERMIPY software package! with version Vv10ROP5 of
the Fermi Science Tools is used, in conjunction with the PER2_SOURCE_V6 instrument
response functions. I apply the standard PASS 8 cuts to the data, including a zenith angle 90°
cut to exclude contaminating photons from the Earth limb and good-time-interval cuts of
DATA_QUAL > 0 and LAT_CONFIG = 1 which identify when the LAT is in correct data
taking mode and not within the South Atlantic Anomaly which could cause unreliable events
to be recorded. The energy binning used is 8 bins per decade in energy as 47 Tuc is a bright
source and I expect each energy bin to have a flux value. The spatial binning is 0.1° per
image pixel which is of the order of the best PSF (0.2° for 68% containment at 10 GeV)

expected across the analysis range and is a standard FSSC recommendation in general.

lEERMIPY change log version 0.12.0 ([275])
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4.2.2 Analysis Method

In my analysis method I search for significant gamma-ray emitters in a 25° width source
region of interest (ROI) centred on the nominal co-ordinates for 47 Tuc in the energy range
60 MeV to 300 GeV but allow for sources out to a 40 ° source ROI width. These are derived
from extrapolation of the FSSC recommended ROI and ROI source width increase for that of
a 1 GeV analysis going to 100 MeV (15°/20° to 20°/30° respectively), as the worsening of
the PSF from 100 MeV to 60 MeV is comparable to that between 1 GeV and 100 MeV. For
front and back events combined, the 95 percent containment angle PSFs for energies of 1
GeV, 100 MeV and 60 MeV are 3°, 11° and 20° respectively.

The model I use in my likelihood analysis consists of a point source population seeded
from the Fermi-LAT’s third point source catalog (3FGL), diffuse gamma-ray emission and ex-
tended gamma-ray sources. The diffuse emission detected by the Fermi-LAT consists of two
components: the Galactic diffuse flux, and the isotropic diffuse flux. The Galactic component
is modelled with Fermi-LAT’s gll_iem_v06.fit spatial map with the normalisation left free
to vary. The isotropic diffuse emission is defined by Fermi’s iso_P8R2_SOURCE_V6.txt
tabulated spectral data. The normalisation of the isotropic emission is also left free to vary.
I include all 3FGL model sources within a wider region (the source ROI) of 40° width to
allow for the emission of gamma-ray sources outside the ROI which must be considered due
to the PSF of the LAT in the subsequent likelihood model fit.

Initially, I run the FERMIPY setup and optimize methods to create count and photon
exposure maps and to compute the TS values of all 3FGL sources in the model.

The optimize? method loops over all model components in the ROI and fits their normal-
ization and spectral shape parameters whilst computing the TS of all sources in the ROI. The
behaviour of the Optimize method is to use an iterative strategy. Firstly it simultaneously fits
and frees the normalisation of all the sources in the model in order of the highest predicted
photon count contribution to 95 percent of the predicted total photon counts for the model as
a whole. It then fits the normalisation of all sources not included in this first step in order
of their predicted photon counts. Finally, the optimize method individually fits the shape
(spectral parameters ) and normalisation parameters of all sources with a TS > 25.

After this initial likelihood fit, I remove all point sources with a TS < 4, or with a predicted
number of photons, npred, < 4 from the model as they are of no significance to the overall
fit. This is done using the FERMIPY delete_source command. I then conduct a secondary
BINNED likelihood analysis again using the optimize method, with the normalisation of all
point sources within 10° of 47 Tuc being left free, whereas point sources between 10° to

25° from 47 Tuc are frozen to their 3FGL values. The spectral parameters of 47 Tuc and its

Described at https://fermipy.readthedocs.io/en/latest/fitting.html accessed on 12" March 2020
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normalisation are also explicitly freed at this point. During the secondary likelihood fit the
spectral shape and normalisation of all TS > 25 sources are individually fitted.

The best-fit model from this secondary likelihood fit is used with the Fermi Science Tool
GTTSMAP, to search for new point sources in the data that were not accounted for by the
3FGL. This is necessary because we use nearly twice the integration time of event data as
that used to produce the 3FGL catalog and so additional sources may now be detectable
(due to increased statistics) over above those used to compile the 3FGL. In particular, I do
this by running FERMIPY's find_sources method to detect all sources above 30 significance.
Find_sources is a peak detection algorithm which analyses the test statistic (T'S) map to
find new sources over and above those defined in the 3FGL model by placing a test point
source, defined as a power law (PL) with spectral index 2.0, at each pixel on the TS map
and recomputing likelihood. I then perform a final likelihood fit using the fit method with
just the normalisation of all sources within 10° of 47 Tuc being left free, whereas 47 Tuc
has both its normalisation and spectral parameters left free. fit is a likelihood optimisation
method which executes a fit of all parameters that are currently free in the model and updates
the TS and predicted count (npred) values of all sources. An excerpt of the ROI made with
the print_roi command can be seen in Fig. 4.2 which shows the sources within 5° of 47
Tuc (3FGL J0023.9-7203 in the 3FGL catalog) which have names, spatial models (point or
extended sources) and spectrum types drawn from the 3FGL along with TS values (with v/T'S
approximately indicating significance in ¢ units) and a predicted photon count (npred) for
each source. A new source found by Find_sources and not included in the 3FGL catalog is
PS J0000.3-7355 which is fitted with a PL spectrum by default. This listing of the ROI is used
primarily to show that I have identified my main source of interest, 3FGL J0023.9-7203°,
as it has a very small angular offset from the GC optical co-ordinates of 47 Tuc which are
used to set the centre of the ROI. A visual indication of quality of model fit is provided by
the FERMIPY residmap command which convolves the smoothed data of the final model
produced by my analysis with a test model. I use residmap to convolve the final model with
a PL point source of index 2.0 (Fig. 4.1). In Fig. 4.1, the residual significance map shows
that the final best-fit model produced by the analysis is a good description of the event data
within 5° of 47 Tuc with mostly small =16 residuals. Some broad 3¢ residual contours
are present outside this area but these likely represent fluctuations due to imperfections in
the Fermi background model rather than un-modelled bright point sources. I next run the

FERMIPY localize and extension commands to determine the best fit source position and

3The 4FGL name has format 4FGL JHHMM.m+DDMM with the "J" denoting, that the co-ordinate system
is based on the J2000 Earth Inertial Frame, while HHMM.m is right ascension in hours, minutes and decimal
minutes and DDMM is declination in degrees and minutes, signed positive or negative. The 4FGL name can be

non

suffixed with "e" to indicate an extended source as seen in Fig. 4.2.



4.2 Overview of the Gamma-ray Analysis Method 67

5
-60° 4
3
2
-65°
1 &
U
2
5 0 8
70° a5
v
=2
-3
-715°
-4
-5

Fig. 4.1 A residual significance map with 47 Tuc (source 3FGL J0023.9-7203) in centre.
The final analysis model is convolved with a point test source model, index 2.0. The final
best-fit model produced by the analysis is a good description of the event data within 5° of 47
Tuc with mostly small 10 residuals. Some broad 30 residual contours are present outside
this area but these likely represent broad fluctuations in the background model rather than
undetected bright point sources.

tsmap excluding 47 Tuc so that a test statistic map is produced of the contribution from 47
Tuc alone.

Finally, I use the sed method to generate a spectral energy distribution for 47 Tuc, with
any additional energy dispersion correction disabled. This would normally correct for the
finite energy resolution of the LAT at low energies but because 47 Tuc is a known 3FGL
source, this correction has already been applied in the 3FGL catalog creation and does
not need to be applied again (in line with FSSC recommendations). The sed performs an
independent fit on the normalisation of the source in each energy bin with the energy bin
energy span matching that of the original analysis by default. The normalisation of each bin
is fitted using a power law spectral parameterisation with a spectral index of 2.0 by default
and flux upper limits are determined at the 95 percent confidence level (20) by default. The
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name SpatialModel SpectrumType offset ts npred
3FGL J0823.9-7203 PointSource LogParabola 0.021 5229.51 4387.9
3FGL J180829.1-7045 PointSource PowerlLaw 1.386 280.52 2345.7
PS JO0OO.3-7355 PointSource PowerLaw 2.525 113.51 3403.0
3FGL J0859.0-7242e SpatialMap PowerlLaw 2.709 1578.50 11325.1
3FGL J8021.6-6835 PointSource PowerlLaw 3.496 58.69 2237.9
3FGL J2338.7-7401 PointSource PowerLaw 3.822 192.61 761.3
3FGL J2351.9-7601 PointSource PowerLaw 4.516 191.40 675.0
3FGL J0112.9-7506 PointSource PowerLaw 4.574 126.50 828.4
3FGL J0002.08-6722 PointSource PowerlLaw 5.077 80.06 323.7

Fig. 4.2 An excerpt of the ROI listing produced at the end of the analysis within 5° of 47
Tuc (3FGL J0023.9-7203) with sources ordered by offset in degrees from the centre of the
ROLI. The spatial model indicates whether the source is defined as a point source or an area of
extended emission as a spatial map. The spectrum types or functional form of the sources are
set to their catalog values whereas one source found during the find_sources step is classed
as a power law source by default and given a positional identifier name starting with *PS’ (PS
JO000.3-7355) . At the end of the analysis the sources have a test statistic value indicating
the significance of detection and a predicted number of photon counts or npred value.

sed method also outputs a dictionary file (in the NUMPY file format) which I use for custom
plotting, for comparison of the SED with stacked MSP spectral models and in subsequent
chapters for my own stacking of MSP emission.

The results of this analysis are also used for the variability (Section 4.2.3), GC extension

(Section 5.3.4) and source localisation analyses.

4.2.3 Variability

I use the analysis output from 8.4.2 to construct a light curve for 47 Tuc by running the
FERMIPY lightcurve method. lightcurve fits the flux in a sequence of time bins by repeating
the analysis steps of 8.4.2 for each time bin whilst freeing all spectral parameters of the GC
and freezing all other source parameters. An empirically chosen bin size of 6 months is
used so that there are sufficient photon statistics to perform a good fit and a baseline time
selection of several years to ensure the best characterisation of sources in the ROI in line
with FERMIPY recommendations.

4.2.4 Spatial Extension

I also use the analysis output from 8.4.2 to check for source extension by running the
FERMIPY extension method. extension replaces the GC point source spatial model with an
azimuthally symmetric 2D Gaussian model. It then profiles likelihood with respect to spatial

extension in a 1-dimensional scan to determine the likelihood of extension.
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4.3 Results

4.3.1 GC position, Emission and Model Parameters

The localised source position, luminosity, energy flux, photon flux and spectral model
parameters of 47 Tuc are listed in Table 4.3. All values reported are for the analysis between
60 MeV and 300 GeV with 8 bins per decade in energy for 47 Tuc.

4.3.2 Spectral Model

The differential flux, dN/dE, (photon flux per energy bin) of 47 Tuc is described through a
log parabola (Eqn. 4.1) spectral model®.

dN E \ —(a+plog(E/Eyp))
o( %) i (4.1

dE ~ "°\E,

where norm = Ny, alpha = a, beta = 3 and Ey, is a scale parameter.

4.3.3 47 Tuc Significance and Spectrum

Over the 8.3 year integration, 47 Tuc is detected with an overall significance of 72 ¢ (TS
5229). 47 Tuc is associated with an existing 3FGL catalog source 3FGL J0023.9-7203 which
has a log parabola spectral model. Due to the longer exposure of my analysis, the gamma-ray
spectrum of 47 Tuc (Fig. 4.4) is refined at high and low energies compared to [7] and [10].
The spectral parameters of this best-fit log parabola model (Eqn. 5.2), are listed in Table 4.3.
Interestingly, Fig. 4.4 shows tension between the observed spectrum and the best-fit model,
particularly at low energies where some evidence of a spectral softening is present. It can
be seen that there is no significant emission below 100 MeV. Although there is evidence of
emission above 10 GeV, it of lesser significance (less than 3 o for each flux point). Above 40
GeV there is no detected emission and the upper limits shown effectively track the sensitivity
of the Fermi-LAT.

The TS map shows the detected source to be within the tidal radius of 47 Tuc (Fig. 4.3)

4.3.4 Spatial Extension

There is no evidence for spatial extension of gamma-ray emission in 47 Tuc and it is consistent

with a point-like gamma-ray emission source.

4As described in the FSSC source model [1]
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Fig. 4.3 TS map of 47 Tuc with tidal radius 0.715° (white circle) and gamma-ray detection
location (red diamond) marked. Graduated color bar (bottom) shows the TS value. RA and
DEC are horizontal and vertical axes respectively on the white interior scale.

4.3.5 Variability

A light curve is generated for 47 Tuc in the range between 60 MeV to 300 GeV and is binned
in time bins of 6 months (Fig. 4.5). The light curve for 47 Tuc has energy flux determinations
in each bin as opposed to upper limits indicating that the optimisation and fitting process
has converged to an acceptable solution for each bin. A y? statistic is generated for a model
comparing the observed fluxes in the 6 month bins against the average flux across all bins
(Table 4.2). The y? statistic for 47 Tuc is less than the critical value indicating no significant

variability over a 6 month timescale at a probability of p=0.95.
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Fig. 4.4 47 Tuc SED which I plot using the dictionary produced by the FERMIPY software

sed method. - The best fit (green line) is a log parabola as described in the FSSC source

model, Eqn. 4.1, [1] with spectral parameters norm (7.0 + 0.2) x 10712, alpha 1.67 + 0.04,

beta 0.38 £ 0.03 and Eb 856.5. There is no significant emission below 100 MeV or above

the 40 GeV bin, where the increasing ULs effectively track the sensitivity of the instrument.

The ULs are determined at the 95% confidence level.
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Fig. 4.5 Lightcurve for 47 Tuc which exhibits no variability on 6 month timescales at the 2 ¢
level. This allows exclusion of sources variable on 6-month timescales (e.g. active galactic
nucleii) as a significant source of emission within the ROI of 47 Tuc.
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4.4 Conclusion

In this chapter, I describe my Fermi-LAT analysis of the globular cluster 47 Tuc detecting
it with very high significance (TS 5229). I refine the gamma-ray spectrum of the globular
cluster 47 Tuc and re-confirm that its is a point source with no variability on 6 month
timescales or evidence of extension. The ROI listing, TS Map and residual significance map
show no other sources to account for the emission of 47 Tuc. The spectral energy distribution
is well described by a log-parabola spectral model but has a softer spectrum at the lowest
energies, which is in tension with this model. I now apply this analysis method to a larger
sample of 111 GCs in Chapter 5.



Chapter 5

Globular Cluster Analysis

5.1 Introduction

In this chapter I analyse 111 globular clusters (GCs) out to the distance limit of the furthest
Fermi-LAT source associated with a GC in the 4FGL (NGC 1904 at 12.9 kpc). I perform this
analysis in two distinct energy bands: 0.1—10 GeV, where the bulk of emission occurs, and
at 10—100 GeV to identify any GCs displaying high energy (HE) emission. The analysis of
0.1—10 GeV is used to characterise the spectral functional form of the GCs, their spectral
energy distribution and to produce test statistic (TS) maps to demonstrate the morphology
of the sources. The analysis of 10—100 GeV is used to produce counts maps for the GCs
47 Tuc and Terzan 5, to probe the symmetry of any emission and to identify whether the
morphological features of a bow shock nebula may be present as introduced in Chapter 3.

I then examine to what extent millisecond-pulsars (MSPs) account for gamma-ray emis-
sion in globular clusters (GCs), to first order, by considering the link between GC luminosity
and MSP related GC characteristics. I derive the relationships between GC gamma-ray
luminosity and characteristics relevant to MSP formation, namely the stellar encounter rate,
GC metallicity and a new quantity, derived in this thesis, the mass encounter rate product
(MERP). Finally, I show how diffuse X-ray emission in GCs is positively correlated with
gamma-ray emission and consider some explanations for this connection.

This chapter expands and updates the discussion and results of my MNRAS paper, in
which I considered 30 high latitude Galactic globular clusters in the 3FGL catalog [181],
detecting NGC 6254 for the first time and demonstrating the X-ray / gamma-ray connection.
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5.2 Globular Cluster Selection

My selection of 111 GCs (listed in Appendix Table A.1) is based on the selection of all GCs
in the Harris catalogue (2010 version) [124] out to a maximum heliocentric distance of 12.9
kpc for NGC 1904, as this is the furthest GC identified as a gamma-ray source in the 4FGL
catalog.

5.3 Analysis

5.3.1 Initial Photon Event Data Selection

The data in this analysis were collected by Fermi-LAT between 4th Aug 2008 (15:43 h) to
7th March 2019 (00:45 h), (Mission Elapsed Time (MET) 2395574147[s] to 573612309[s]).
I select all PASS 8 events which are source class photons (evclass=128), both Front and Back
converting events (evtype=3), spanning the energy range 60 MeV to 300 GeV. Throughout
my analysis, the Fermipy software package! with version v11ROP4 of the Fermi Science
Tools is used, in conjunction with the PSR3_SOURCE_V2 instrument response functions. I
apply the standard PASS8 cuts to the data, including a zenith angle 90° cut to exclude photons
from the Earth limb and good-time-interval cuts of DATA_QUAL > 0 and LAT_CONFIG
= 1. The energy binning used is 4 bins per decade in energy and spatial binning is 0.1° per

image pixel.

5.3.2 Initial Detection of GC gamma-ray Emitters

Initially I search for significant gamma-ray emitters from my list of 111 GC targets (Table A.1)
using a narrow radius of interest for reasons of efficiency. This entails using a 12° Radius
of Interest (ROI) centred on the nominal GC co-ordinates and a 20 ° Source Radius of
Interest (SROI) for each GC target. The model I use in my likelihood analysis consists of a
point source population seeded from the Fermi-LAT’s fourth point source catalog (4FGL),
extended gamma-ray sources and diffuse gamma-ray emission. The diffuse emission detected
by the Fermi-LAT consists of two components: the Galactic diffuse flux, and the isotropic
diffuse flux. The Galactic component is modelled with Fermi-LAT’s gll_iem_v07.fit spatial
map with the normalisation free to vary. The isotropic diffuse emission is defined by Fermi’s
1so_P8R3_SOURCE_V?2_vl.txt tabulated spectral data. The normalisation of the isotropic

emission is left free to vary.

! Fermipy change log version 0.17.4 ([275])
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I conduct an initial BINNED likelihood analysis, with both the normalisation of all point
sources within 12° of each GC target and the spectral shape of all TS > 25 sources being
left free. Point sources within 12° to 20° from each GC target are frozen to their 4FGL
values. I run the optimize method which loops over all model components in the ROI and fits
their normalization and spectral shape parameters. It also computes the TS of all sources
in the ROI. The best-fit model from this likelihood fit is used with the Fermi Science Tool
GTTSMAP, to search for new point sources in the data that were not accounted for by the
AFGL. In particular, FERMIPY’s ‘find_sources’ method is then run twice to detect all sources
above 30 significance. Find_sources is a peak detection algorithm which analyses the test
statistic (T'S) map to find new sources over and above those defined in the 4FGL model by
placing a test point source, defined as a power law (PL) with spectral index 2.0, at each pixel

on the TS map and recomputing likelihood.

5.3.3 Refining the Spectral Energy Distributions of Detected GCs

Sources which lie within the tidal radius of the of the GC co-ordinates which are either
unattributed point source detections or are a recognised GC with a 4FGL identifier are
analysed again in the energy range 0.1—10, 10—100 and 0.1—100 GeV with a new likelihood
fit with an expanded 25° ROI and 40° source region width. The steps of this analysis are
described in detail in the analysis of 47 Tuc in Chapter 4 and are summarised briefly here.
Initially, the sefup and optimize methods are run to create count and photon exposure maps
and to compute the TS values of all 4FGL sources in the model. The fit method is then run.
fit is a likelihood optimisation method which executes a fit of all parameters that are currently
free in the the model and updates the TS and predicted count (N pred) values of all sources.
The normalisation of all sources within 10° of the GC are freed using the free_source method
to allow for the Point Spread Function (PSF) of front and back converting events down to
100 MeV. The source nearest to the GC centre had prefactor and index spectral parameters
(Eqn. 8.12) freed for power law sources, prefactor, indexl, and beta spectral parameters
(Eqn. 5.2) freed for a log parabola source and prefactor, indexI and expfactor freed for
a PLSuperExpCutoff2 source (Eqn. 5.3). The shape and normalisation parameters of all
sources with a TS > 25 are then individually fitted using the optimize method. From this
fit, all point sources with a TS < 4, or with a predicted number of photons, Npred, < 4 are
removed from the model®. Finally, the fir method is run twice more with an intervening

find_sources step. The sed method generates a spectral energy distribution, with energy

To exclude a systematic effect I re-analyse 47 Tuc omitting this step and show that the spectral model
and energy flux obtained is consistent with the original analysis within error and that the spectral energy
distributions are identical.
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dispersion disabled for GCs which are known 4FGL sources, and a 5o confidence limit on

the determination of instrument upper limits.

5.3.4 Spatial Extension

The analysis output from 5.3.3 is used to check for source extension for each detected GC by
running the GTAnalysis extension method, which replaces the GC point source spatial model
with an azimuthally symmetric 2D Gaussian model. It then profiles likelihood with respect

to spatial extension in a 1 dimensional scan to determine the likelihood of extension.

5.3.5 Determination of GC Upper Limits

I determine gamma-ray emission upper limits (UL) for undetected GCs by repeating the
0.1—10 GeV analysis of 5.3.3 above and adding GC PL test point sources with index 2.0,
scale 100 MeV and prefactor = 1 x 10 "1 at the GC nominal co-ordinates after the setup
analysis step and before any subsequent likelihood fit steps.

5.3.6 Spectral Models

The differential flux, dN/dE, (photon flux per energy bin) of the detected GCs is described
through a power law (Eqn. 8.12) or log parabola (Eqn. 5.2) spectral model?.

o :N()(EEO)Y (5.1)

where prefactor = Ny, index = 7y and scale = Ej.

% _ 0<E£b> (o+Blog(E/Ey)) (5.2)
where norm = Ny, alpha = &, beta = 3 and Ey, is a scale parameter.

The differential flux spectrum of millisecond pulsars (MSPs), (as in the case of NGC
6626 and NGC 6624 where the emission is dominated by single bright MSPs) is described

by an exponential cut-off power law 2 (Eqn. 5.3)
dN E\n
S - _ EYz) .
dE NO(E0> exP( 4 (5-3)

where normalisation (also known as prefactor) = Ny, indexI = Y, E is the scale, a is the
exponential factor and index2 = .

3 As described in the FSSC source model [1]
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In addition, all known sources take their 4FGL spectral shape.

5.4 Results

5.4.1 GC Analysis Results in the Energy Range 0.1-10 GeV

The 0.1-10 GeV, Front and Back, gamma-ray analyses confirm the 4FGL catalogue GC
associations yielding significant detections, with the results shown in Table 5.1. Nearly all
GCs have 4FGL catalogue positions co-incident with their optical centre with the exceptions
of NGC 6528, NGC 6254, NGC 6656 and 2MS-GCO01, which are nonetheless still within the
GC tidal radius. I therefore classify the sources 4FGL J1804.9-3001, 4FGL J1656.4-0410,
4FGL J1836.8-2354 and 4FGL J1808.8-1949 as associated with the GCs NGC 6528, NGC
6254, NGC 6656 and 2MS-GCO1 respectively. The association of 4FGL J1656.4-0410 with
NGC 6254 is a new association as the 4FGL does not classify this source, whereas 4FGL
J1836.8-2354 has an alternative association with NGC 6656 listed in 4FGL, with a prior
association, the source 3FGL J1837.3-2403, classified as the millisecond pulsar J1836-2354A.
However, the reported positional uncertainty of 4FGL J1836.8-2354 is consistent with NGC
6656 but not J1836-2354A [31].

The refined source position and error obtained with the localize command, luminosity,
energy flux, photon flux and spectral model parameters of the detected GCs are listed in
Tables 5.3, 5.4 and 5.5.

I show the T'S maps of each detected GC in Figs. A.1 to A.5 with their tidal radii, best
fit localisation position of the gamma-ray source and the localisation error shown as a 95%
containment circle. This again shows that nearly all the gamma-ray emission from GCs
is within their tidal radii. The exception is GLIMPSEO2 where the best fit localisation
containment overlaps the tidal radius of the GC.

The best fit spectral models of the GCs are plotted on spectral energy distributions in
Figs. A.7 to A.13. These individual plots show that the best fit spectral models produced by
FERMIPY are of varying quality with deviations from the SEDs, especially at lower energies
(< 250 MeV), and where constrained by SED ULs. The spectral model fit to the SED can be
assessed by determining the x? test statistic.

The null hypothesis is that energy fluxes on the SED are the same as the energy fluxes
predicted from the spectral model for every bin with a flux observation (as opposed to an
UL). A test statistic above the critical value indicates that the null hypothesis can be rejected
at a given significance level. At the =0.05 significance level, the null hypothesis cannot be
rejected for 16 GCs, rising to 25 GCs for the o=0.001 significance level as listed in Table 5.2.
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Globular Catalogue TS Offset Tidal Offset Tidal
Cluster Source ID (Degrees)  Radius  As % of Ref

(Degrees)  Tidal
Radius

NGC 6304 4FGL J1714.2-2928 25 0.19 0.27 70 [200]
NGC 6218 4FGL J1647.2-0154 28 0.05 0.27 19 [92]
NGC 5904 4FGL J1518.8+0203 47 0.06 0.44 14 [92]
NGC 6838 4FGL J1953.6+1846 54 0.06 0.42 14 [200]
NGC 6139 4FGL J1627.6-3852 55 0.01 0.14 7 [92]
NGC 6397 4FGL J1741.1-5341 57 0.05 0.84 6 [92]
NGC 1904 4FGL J0524.4-2413 58 0.35 0.48 73 [92]
Terzan 2 4FGL J1727.6-3050 58 0.08 0.17 47 Harris 2003
NGC 6341 4FGL J1716.8+4310 60 0.06 0.31 19 [92]
2MS-GCO01 4FGL J1808.8-1949 61 0.02 0.13 15 Harris 2003
Terzan 1 4FGL J1735.7-3026 65 0.09 0.18 50 Harris 2003
NGC 6254 4FGL J1656.4-0410 66 0.2 0.38 53 [92]
NGC 6528 4FGL J1804.9-3001 67 0.12 0.28 43 [200]
NGC 7078 4FGL J2129.9+1208 75 0.24 0.38 63 [92]
NGC 6402 4FGL J1737.5-0313 77 0.04 0.23 17 [92]
NGC 6717 4FGL J1855.1-2243 86 0.06 0.1 60 [92]
NGC 6656 4FGL J1836.8-2354 123 0.11 0.59 19 [92]
NGC 6093 4FGL J1616.9-2257 128 0.03 0.08 38 [92]
NGC 2808 4FGL J0912.1-6449 130 0.06 0.39 15 [200]
NGC 6541 4FGL J1807.8-4340 159 0.1 0.27 37 [92]
NGC 6652 4FGL J1835.7-3258 184 0 0.05 0 [92]
NGC 6752 4FGL J1910.8-6001 219 0.03 0.5 6 [92]
NGC 6316 4FGL J1716.7-2808 295 0.03 0.11 27 [200]
NGC 6440 4FGL J1748.9-2021 473 0.05 0.11 45 Harris 2003
GLIMPSEO02 4FGL J1818.5-1656 485 0.32 0.25 128 [168]
NGC 6441 4FGL J1750.3-3702 620 0 0.13 0 Harris 2003
GLIMPSEO1 4FGL J1848.7-0129 739 0.04 0.13 31 Harris 2003
NGC 6624 4FGL J1823.5-3020 809 0.02 0.05 40 [92]
NGC 5139 4FGL J1326.6-4729 964 0.01 1.07 1 [92]
NGC 6626 4FGL J1824.6-2452 1107 0.04 0.2 20 [92]
NGC 6388 4FGL J1736.2-4443 1368 0.01 0.08 13 [92]
NGC 6266 4FGL J1701.2-3006 1432 0.01 0.16 6 [92]
Terzan 5 4FGL J1748.0-2446 4955 0.01 0.08 13 [169]

47 Tuc 4FGL J0024.0-7204 7023 0.01 0.73 1 [92]

Table 5.1 Detected GCs in the energy range 100 MeV—10 GeV, in order of increasing
detection significance (TS). The offset of most gamma-ray GC sources from the optical
center is small <0.1 ° and in nearly all cases is within the GC tidal radius with the exception of
GLIMPSEOQ2 which is just outside. The Harris 2003 GC catalog with tidal radii is accessible
at http://www.naic.edu/ pulsar/catalogs/mwgc.txt.
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Globular X’ D.o.f Critical Value Model Critical Value Model
Cluster Test o =0.05 Acceptedat o =0.001  Accepted at

Statistic o =0.05 o =0.001
NGC 1904 1.4 3.0 7.815 Yes 16.266 Yes
NGC 2808 0.2 3.0 7.815 Yes 16.266 Yes
NGC 5139 8.0 4.0 9.488 Yes 18.467 Yes
NGC 5904 2.7 1.0 3.841 Yes 10.828 Yes
NGC 6254 5.9 2.0 5.991 Yes 13.816 Yes
NGC 6266 7.5 4.0 9.488 Yes 18.467 Yes
NGC 6304 5.3 2.0 5.991 Yes 13.816 Yes
NGC 6316 8.3 4.0 9.488 Yes 18.467 Yes
NGC 6341 1.3 3.0 7.815 Yes 16.266 Yes
NGC 6388 4.0 4.0 9.488 Yes 18.467 Yes
NGC 6528 1.5 2.0 5.991 Yes 13.816 Yes
NGC 6541 5.2 4.0 9.488 Yes 18.467 Yes
NGC 6624 1.5 4.0 9.488 Yes 18.467 Yes
NGC 6652 5.6 3.0 7.815 Yes 16.266 Yes
NGC 6656 5.6 3.0 7.815 Yes 16.266 Yes
NGC 6752 3.2 2.0 5.991 Yes 13.816 Yes
Terzan 2 13.6 2.0 5.991 No 13.816 Yes
NGC 7078 10.0 2.0 5.991 No 13.816 Yes
NGC 6717 17.9 4.0 9.488 No 18.467 Yes
NGC 6626 12.2 4.0 9.488 No 18.467 Yes
NGC 6441 10.0 4.0 9.488 No 18.467 Yes
NGC 6402 8.2 3.0 7.815 No 16.266 Yes
NGC 6397 8.9 3.0 7.815 No 16.266 Yes
NGC 6139 14.9 4.0 9.488 No 18.467 Yes
NGC 6093 12.4 4.0 9.488 No 18.467 Yes
47 Tuc 12.2 5.0 11.070 No 20.515 Yes
Terzan 5 41.7 4.0 9.488 No 18.467 No
NGC 6838 24.3 2.0 5.991 No 13.816 No
NGC 6440 26.9 4.0 9.488 No 18.467 No
GLIMPSEO02  29.8 4.0 9.488 No 18.467 No
GLIMPSEO1 67.7 4.0 9.488 No 18.467 No
2MS-GCO01 45.0 2.0 5.991 No 13.816 No

Table 5.2 Testing the goodness-of-fit of GC spectral models to spectral energy distribu-
tions(SEDs, 100 MeV —10 GeV) using the x? test statistic. The number of GCs having
spectral models consistent with their SEDs (2 < critical value), are 16 and 25, at significance
level oo = 0.05 and o = 0.001 respectively. NGC 6218 and Terzan 1 are excluded as they

have <1 degree of freedom (d.o.f).
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There are only weak indications for extension in the detected GCs with just 4 GCs
(NGC 6541, 2MS-GCO01, NGC 1904 and GLIMPSEOQ2) showing extensions of 0.3—0.6° with
extension TS values in the range 9.2—15.7. This suggests that GCs, in the main, are point
like gamma-ray sources.

5.4.2 GC Analysis Results in the Energy Range 10—100 GeV

Using Front and Back converting events in the 10—100 GeV energy range, only Terzan 5 (TS
66.8) and 47 Tuc (TS 45.8) are detected significantly, with a weak indication of detection for
NGC 6440 (TS 13.8) and NGC 6441 (TS 10.7).

As I wish to produce counts maps at the best spatial pixel resolution (to determine the
symmetry of the emission), I also re-analyse with an event type of PSF3 (to make use of the
best quartile direction reconstruction and resulting superior PSF). This yields reduced TS
values of 11.7 and 38.4 for 47 Tuc and Terzan 5 respectively. There are also weak indications
of detection for NGC 6624 (TS 14.3), NGC 6139 (TS 9.4) and NGC 6440 (TS 14). The GCs
have no indication for extension with either the PSF3 or Front and Back event types with the
exception of NGC 6440 (Front and Back) which has weak indication of a 0.48 ° extension
(TS 11.3).

In order to probe the morphology of significant HE emission, I plot the predicted counts
for both 47 Tuc and Terzan 5, for Front and Back and PSF3 event types in Figs. 5.1 and 5.2
respectively. The spatial bin size used in the analysis is 0.1° and 0.04° for Front and Back
and PSF3 event types respectively which sets the resolution of the TS maps. The predicted
count emission extends beyond the 68 % containment PSF for both Front and Back and PSF3
events in both GCs. The emission also extends beyond the compact tidal radius of Terzan 5
but is contained within the ~ 10x larger tidal radius of 47 Tuc. The predicted emission is
centered on both GCs with no indication of any strong asymmetry.

In [54], and as previously referred to in Chapter 3, the bow shock nebula, proposed to be
formed by an MSP relativistic particle wind interacting with the denser Galactic medium at
low latitudes is expected to produce offset emission for Terzan 5, as compared to the high
latitude GC, 47 Tuc, where a radially symmetric emission centered on the GC is expected due
to the less dense inter-Galactic medium. The lack of expected asymmetry in the gamma-ray

emission for Terzan 5 would seem to exclude any such bow shock nebula mechanism.

5.4.3 Upper Limits

The energy flux and photon flux upper limits for the 77 GCs in our sample which were not
detected are presented in Appendix Table A.2.
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Fig. 5.1 A predicted counts map of 47 Tuc (top panel) and Terzan 5 (lower panel) obtained
using the Front and Back 10—100 GeV analysis. The optical centre of GCs from the Harris
Catalogue is indicated by the red diamond and the tidal radius and PSF is indicated by the
white and green circles respectively. The emission extends beyond the 68 % containment
PSF in both GCs and also beyond the tidal radius of Terzan 5 but is contained within the tidal
radius of 47 Tuc. The horizontal graduated scale is predicted counts.
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Fig. 5.2 A predicted counts map of 47 Tuc (top panel) and Terzan 5 (lower panel) obtained
using the PSF3 10—100 GeV analysis. The optical centre of GCs from the Harris Catalogue
is indicated by the red diamond and the tidal radius and PSF is indicated by the white and
green circles respectively. The emission extends beyond the 68 % containment PSF in both
GCs and also beyond the tidal radius of Terzan 5 but is contained within the tidal radius of
47 Tuc. The horizontal graduated scale is predicted counts.
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5.4.4 Gamma-ray Luminosity and the Evidence for MSPs in GCs

If the gamma-ray emission for globular clusters derives exclusively or even primarily from
MSPs, one would expect the gamma-ray luminosity to be correlated with the numbers of
MSPs in the GCs in question. This presents its own problems, as the total number of MSPs
in a given cluster is rarely (if ever) known.

[10] estimated the number of MSPs, Nysp, in 10 GCs from observed GC gamma-ray
luminosity divided by expected emission for a canonical MSP (product of average E (1.8 x
1034 erg s™') and gamma-ray efficiency (0.08). They then derived a stellar encounter rate I' =
po'r.? for each GC, where py is central cluster density in units of solar luminosity per pc’
and r. is cluster core radius in units of pc. The relationship between Nyisp and ' was fitted
by the linear relation Nyisp=(0.5+£0.2)I'c +(18+9). I determine Nysp as [10] but use stellar
encounter rates from [41] which are derived using luminosity density profiles and velocity
dispersion. It should be noted that encounter rate data are available for only 31 of my 34
detections and just 59 UL GCs in [41]. I normalise the stellar encounter rates to the values of
[10] (to allow direct comparison), and plot Nysp vs stellar encounter rate in Fig. 5.3 to yield
the linear relationship Nyigp=(1.14+£0.01)I". +(3.92+0.20). Therefore, the proportionality of
the expected number of MSPs, and hence gamma-ray luminosity, to encounter rate in this
work is twice that of [10].

The )(2 statistic for the best fit line Npysp=(1.14£0.01)I"¢ +(3.9240.20) (Green line of
Fig. 5.3), 1s 12212/ 28 d.o.f), exceeding the critical value (56.892 a=0.001), indicating that
the fit is not good but nonetheless preferred to a line of average Nyisp () statistic 64363 / 29
d.o.f).

Terzan 5 and NGC 7078 are outliers to this relationship, both being less luminous than
predicted. My result re-affirms the connection between GC stellar encounter rate (which is
presumed related to the number of MSPs) and gamma-ray luminosity. However, the detection
of Terzan 1, NGC 6218 and NGC 6254, shown more clearly in Fig. 5.4, all having low
encounter rates, (0.292, 13.0 and 31.4 respectively in [41]), and therefore presumably few,
if any, MSPs, demonstrates that gamma-ray luminosity in GCs is not entirely related to the
number of MSPs. This view is reinforced by the cases of NGC 6752, with luminosity below
the best fit line despite an encounter rate of 401, (almost half the 47 Tuc value), in [41]) and
the non-detection ULs of NGC 7089 and NGC 362 despite their even larger encounter rates
of 518 and 735.

[143] investigated the fundamental plane relations of gamma-ray globular clusters and
determined a postive correlation between log of gamma-ray luminosity Ly and increasing
metallicity [Fe/H] for 15 GCs including the 8 GC detections of [10]. This linear relationship
had the form L,=(0.5940.15)[Fe/H] + (35.56+0.15 ). This correlation was ascribed to the
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Fig. 5.3 Plot of inferred MSP count vs Encounter Rate I's from [41] which I renormalise
assuming 47 Tuc encounter rate is 65 to allow comparison with [10]. Outlying selected
GCs are labelled (red captions) and upper limits are indicated by black symbols. The line
of best fit (ignoring upper limit values) is shown in green and has the functional form
Npmsp=(1.144+0.0D)Ie +(3.92+£0.20). Terzan 5 and NGC 7078 are outliers, with lesser
luminosity than might be expected on the basis of I.

increased likelihood of Roche-lobe overflow and MSP recycling due to increased magnetic
breaking in higher metallicity stellar systems as proposed by [145]. I plot Ly vs metallicity
for the detected and undetected GCs in my study but do not see an immediate correlation
(Fig 5.5). The wide scatter of this plot with GCs of high and low metallicity sharing similar
luminosities reinforces the view that non MSP related sources of gamma-ray emission exist
in GCs.

I also plot gamma-ray luminosity against detected MSPs for the GCs in our study which
have been the subject of sustained radio observations (Fig 5.6) and see that there is no
correlation between detected MSP count and luminosity. For example, NGC 6093 and NGC
6218, with no detected MSPs, have comparable luminosity to 47 Tuc (25 MSPs) and NGC
6752 (5 MSPs) respectively. Of the 34 detected GCs in this study, 18 have no known pulsars®.
50 GCs were imaged by the MAVERIC radio survey [258] using the Karl G. Jansky Very
Large Array and the Australia Telescope Compact Array, to determine if putative central
IMBHs were actively accreting. Although no active IMBHs were found, 8 of the 18 GCs
with no known MSPs above were imaged, and a possible pulsar candidate was found in just

“From the list of currently known pulsars in GCs is maintained at http://www.naic.edu/~pfreire/GCpsr.html,
accessed 26/7/2020
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GCs which are detected in this study (in red) and undetected GCs (in black) with known
MSPs. For undetected GCs an upper luminosity limit is shown. For reasons of clarity, not all
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two, Terzan 1 and NGC 6388. 22 GCs were also surveyed using the Arecibo radio telescope
at ~ 1.4 GHz but this did not include the 18 GCs lacking MSPs [131].

To first order the number of MSPs in GCs is proportional to the encounter rate and stellar
number density, and thus to the GC mass. Terzan 5 and NGC 7078 do not fit the MSP
encounter rate relation well on Fig. 5.3, which leads me to consider the effect of GC mass in
addition to encounter rate. Therefore, to investigate further the connection between presumed
binary-system creation and resulting MSPs and gamma-ray luminosity for the detected GCs
in my sample, I define a mass encounter rate product (MERP) derived from GC mass x GC
normalised encounter rates (listed in [41]). I take MERP as a proxy for the prevalence of
binary system creation and MSP recycling and plot it against GC luminosity on Fig. 5.7. On
this plot Terzan 5 and NGC 7078 are no longer outliers, although Terzan 1 is, due to its very
low encounter rate of 0.292.

A line of best fit for Fig. 5.7 determined by minimising x? yields a tentative relationship
between GC gamma-ray luminosity (Ly) and MERP (Eqn 5.4) which I plot on Fig. 5.7.
Although the best-fit straight line (ignoring the outlier Terzan 1) of:

L, =0.36 log (Mass * Encounter Rate) 4 33.48 (5.4)

is also not compelling (x? = 3247 / 25 d.o.f.), it is preferred over a fit to constant average
luminosity (y% = 79174 /26 d.o.f.)
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Fig. 5.7 Log plot of gamma-ray luminosity vs MERP (the product of cluster mass in units of
10° M, and a normalised encounter rate from [41]) for GCs detected in this study. In [41] the
encounter rate of 47 Tuc is set to an arbitrary value of 1000 and the encounter rate of other
GCs are determined relative to that of 47 Tuc. The line of best fit determined by a weighted
least squares method (ignoring upper limit values) is shown in blue and has functional form
Log (Ly)=(0.578 4= 0.320) Log (Mass*Encounter Rate) + (32.75 4= 0.824) with the error on
the best fit line indicated by grey shading. Terzan 1 (left) with its very low encounter rate of
0.292 1s a clear outlier.

There is therefore a weak correlation between gamma-ray luminosity and MERP for the
GCs in my sample. This once again suggests that, while MSPs have a role to play in the
gamma-ray emission from GCs, they are not necessarily the only source of the emission.
The Terzan 1 outlier with its very low encounter rate, yet a luminosity of 2.7x10** erg
s, provides some support for this view. I also note that mass alone appears unimportant;
NGC 6093, which has a relatively low mass of 3.37 x 103 Mg, and a distance of 10 kpc, is
detected, whereas the larger clusters NGC 6205 and NGC 5272 (both of mass 5.00 x 10° M,
at distances of 7.1 kpc and 10.2 kpc respectively) are not.

5.4.5 Diffuse Emission and Unresolved Point Sources

The non MSP-like spectra of some of my detected GCs coupled with the relatively poor
correlation of gamma-ray luminosity with metallicity or observed numbers of MSPs leads
me to consider other sources of gamma-ray emission. It is possible that the gamma-ray
emission originates from as-yet unresolved point sources or has a more diffuse origin. |

therefore explore the gamma-ray emission of GCs through its correlation with any diffuse
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X-ray emission excess, which is defined as the X-ray emission remaining after subtraction of
all resolved X-ray point sources in a GC. The spatial distribution of this diffuse emission is,
however, complex, and may be split into two, largely separate, components: extended and
core. The angular resolution of Fermi is such that it is not possible to distinguish with which

component the gamma-ray emission may be associated by positional coincidence.

Extended X-ray Emission

In [211], the Chandra-ACIS (Advanced CCD Imaging Spectrometer), was used to examine
12 GCs and after subtraction of known X-ray point sources, detected extended diffuse X-ray
emission (0.5—4.5 keV) in 6 objects, offset 1’-6’ from the GC centre and extending to
a few arc minutes, beyond the half-mass radius. For 5 GCs (47 Tuc, NGC 6752, 5904,
6093 and 6266) this emission was ascribed to the GC motion through the Galactic halo
and shock heating of internal gas interacting with halo plasma, whereas in the case of GC
Omega Centauri (NGC 5139), a background cluster of galaxies was the likely X-ray source.
Subsequently [280], using Suzaku-XIS (X-ray Imaging Spectrometer), ascribed the putative
47 Tuc extended diffuse X-ray emission (0.5—6 keV) to a background cluster of galaxies
with redshift z=0.34.

In contrast, [103] conducted a search for extended X-ray emission, using the Chandra-
ACIS (0.5—-7 keV), in 6 Fermi-LAT detected GCs (NGC 6266, 6388, 6541, 6626, 6093 and
6139) in concentric zones between half to 4 times the GC half-mass radius. They concluded
that there was no evidence for diffuse emission above the level of the Galactic diffuse
background in these GCs. The lack of extended X-ray emission in NGC 6093 and NGC 6266
is at odds with the above detections of [211]. This is likely due to the different methods used
by the authors to determine and account for the Galactic diffuse X-ray background. [103]
model the Galactic diffuse X-ray background by scaling the flux measurements of [102]
using expected X-ray emission and absorption arising from the GC interstellar medium. In
contrast, [211] subtract an exposure-corrected observational background, a few arc-minutes

from the aim point.

Core X-ray Emission

The authors of [142] examined the unresolved core X-ray emission (0.3—8 keV) of 10 MSP-
hosting GCs through subtraction of known X-ray point sources detected with the Chandra
X-ray observatory ACIS instrument. Diffuse X-ray core emission was detected in 4 GCs
(NGC 6626, 6440, 6266 and 6752), which was then fitted with power law (PL) and thermal
Bremsstrahlung (BREMSS) models. They linked this unresolved X-ray emission to the
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cumulative contribution of CVs and faint MSPs. In [276], again using Chandra, diffuse
X-ray emission (0.5—7 keV) from 47 Tuc was identified, consisting of 2 components, one
a non-thermal component correlated with the GC stellar density profile, and the other a
uniform thermal component offset from the GC. They interpreted the non-thermal X-ray
emission from the core as resulting from shock fronts of stellar winds and inverse-Compton
scattering of relic photons by pulsar winds. In [211], which largely concentrated on extended
emission, it was noted that NGC 5904 (M5) showed evidence for two X-ray components:
a pair of soft, wing-like regions and harder emission associated with the core. The latter
was also interpreted as arising from an ensemble of faint point sources. However, in the
case of Terzan 5, the authors of [104] note that the contribution of unresolved sources to
the centrally-peaked X-ray emission which they identify in Chandra data is likely to be
negligible.

X-ray and y-ray Emission

I summarise this information, for GCs from this study and others for which information
is available regarding their diffuse X-ray emission, in Table 5.6. In so far as there is an
association between diffuse X-ray emission and gamma-ray detection, it appears that the
objects with core X-ray emission are more likely to be gamma-ray emitters than not, and that
the presence of extended X-ray emission is not as important. It therefore seems likely that the
gamma-ray emission arises from the cores of the globular clusters rather than any extended
region. NGC 6397 and NGC 6838 are marginal cases, with low gamma-ray luminosity and
low X-ray UL / no diffuse X-ray emission respectively.

The question then arises as to the source(s) of the gamma-ray emission. I have noted there
appears to be no strong connection with the number of MSPs known to exist in the objects,
although there does appear to be some correlation with the mass x normalised encounter
rate of the GCs. Assuming there is a connection to the core X-ray emission, it is not clear
whether this arises from several unresolved point sources or genuinely diffuse emission.

If the gamma-ray emission comes from unresolved point sources other than MSPs, the
obvious candidates are cataclysmic variables (CVs) and X-ray binaries (XRBs), both of
which are expected to exist within GCs due to the high stellar encounter rates. While gamma-
ray emission has been detected from cataclysmic variables [9], the emission is transient in
nature, with gamma-ray emission only observed on the timescales of days after the nova
event. Furthermore, only CVs in our local Galactic neighbourhood have been observed to
be gamma-ray bright, which suggests that their gamma-ray emission is detected primarily
because of their proximity [201]. In addition, the detection rate of CVs by Fermi-LAT is
modest (compared to that of MSPs) at < 1 per yr, with only 6 of 75 optical novae being
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detected in gamma-rays [108], suggesting that, to first order, that they are less significant
gamma-ray emitters than MSPs. X-ray binaries are a less likely prospect, as XRBs in GCs
will be low-mass systems, whereas nearly all the known gamma-ray emitting XRBs are
wind-driven, high-mass systems, the one possible exception being XSS J12270-4859 [93].

One potential source of the diffuse X-ray emission in these objects is relativistic electrons
provided by the MSP population, which can produce X-ray emission via synchrotron radiation.
As both [211] and [104] have pointed out, assuming a typical Galactic magnetic field of a
few G, the electrons would require an energy of ~ 10!4 eV to produce emission at keV
energies. Associated TeV gamma rays produced via inverse Compton radiation would be
diagnostic of the existence of relativistic electrons and a low magnetic field. In this context, |
note that Terzan 5 has been detected at TeV energies with the H.E.S.S. telescopes [129], but
that this seems to be a unique object, with only TeV upper limits being obtained for several
other GCs, including 47 Tuc and NGC 7078 [130].
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5.5 Conclusion

I analyse 111 GCs and identify 34 as gamma-ray sources in the energy range 0.1—10 GeV.
I produce spectral energy distributions (SEDs) and, through plotting the spectral models
of each GC over the SED and using the y? statistic, show that these sources are in many
cases well described by the functional form (log parabola, power law or power law super
exponential with a cut-off) produced by the analysis. I also produce test statistic (TS) maps
and show that the sources are point like and co-incident with their optical centres in most
cases. There is no significant evidence of extended emission. High energy emission (> 10
GeV) is significantly detected in 47 Tuc and Terzan 5 and counts maps for these sources
show that the emission is symmetric and centred on the GC, in tension with the predictions
of a shock-front model which predicts offset emission in Terzan 5.

The importance of MSPs as sources of GC gamma-ray emission can be considered by
examining proxies such as metallicity and stellar encounter rate which are thought to be
positively correlated with MSP formation. I show that the magnitude of GC gamma-ray
luminosity is correlated with encounter rate ~ a factor of 2 more than previously reported but
that there are significant outliers, with Terzan 5 and NGC 7078 having lower luminosity than
expected and some GCs detected despite very low encounter rates, such as NGC 6254, NGC
6218 and Terzan 1. In order to account for the effect of GC mass, I define a new quantity in
this thesis, the mass encounter rate product (MERP), which again is positively correlated
(albeit weakly) with luminosity and resolves the encounter rate outliers, Terzan 5 and NGC
7078, suggesting that MSPs are still the main emission source in these objects. On the other
hand, GC luminosity appears uncorrelated with GC metallicity or detected MSPs which
weakens the MSP case.

I demonstrate a link between GC core diffuse X-ray emission and GC gamma-ray
emission which potentially explains why some GCs are undetected despite being predicted as
strong candidates for gamma-ray emission (e.g NGC 6205). The core diffuse X-ray emission
could be due to either unresolved point sources such as MSPs or to relativistic electrons
produced by MSPs in the GCs. In the latter case, one might expect TeV emission from the
GCs due to inverse Compton radiation, and observations with ground-based gamma-ray
telescopes such as CTA could resolve this issue. The link between core diffuse X-ray emission
and gamma-ray emission is tentative, largely because there are relatively few gamma-ray
emitting GCs for which X-ray observations are available. Further X-ray observations of GCs
would be helpful in this regard.

The connection between gamma-ray luminosity, diffuse X-ray emission and MERP has
been very useful in re-affirming a connection (albeit a complex one) between the gamma-ray
emission of GCs and their MSPs. A detailed spectral comparison is now necessary to proceed
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further. In Chapter 6 I will construct my own stacked model of Galactic field MSPs, in order
to further probe the connection between MSPs and GC emission at the level of individual

spectral bins.






Chapter 6

A General Spectral Model for
Millisecond Pulsars

6.1 Introduction

In this chapter, I seek to construct a general spectral model for millisecond pulsars (MSPs)
which can be then compared to the spectra of globular clusters (GCs) in Chapter 7. In doing
this, I will use a larger sample of 103 MSPs, rather than the 39 MSPs of the 2PC [11] used
by the previous stacked MSP analyses of Xing and Wang [278] and McCann [194]. T will
show some representative MSP spectra and determine to a first order if the emission of the
MSPs is comparable in each spectral bin, as a pre-requisite to stacking and summation. I will
then show that a general spectral model can be derived from the stacked summed spectra of
detected MSPs, and I assess the goodness-of-fit of this general model to the stacked spectrum

using the y? statistic.

6.2 MSP Selection

I select 103 MSPs (defined as any pulsar with period < 30 ms) from the Public List of LAT
Detected Gamma-Ray Pulsars! and list their co-ordinates, periods and E values in Table C.1.
My selection includes the MSPs J1824-2452A and J1823-3021A, in NGC 6626 and NGC
6624, respectively.

Uhttps://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray+Pulsars, accessed on 2™ April 2019
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6.3 Analysis Method

6.3.1 Initial Photon Event Data Selection

The data in this analysis were collected by Fermi-LAT between 4th Aug 2008 (15:43 h) to 7th
March 2019 (00:45 h), (Mission Elapsed Time (MET) 2395574147(s] to 573612309(s]). 1
select all PASS 8 events which are source class photons (evclass = 128), and PSF3 events with
the best quartile direction reconstruction, (evtype = 32), spanning the energy range 50 MeV
to 300 GeV. Throughout my analysis, the Fermipy software package® with version v11R0P4
of the Fermi Science Tools is used, in conjunction with the PSR3_SOURCE_V2 instrument
response functions. I apply the standard PASS8 cuts to the data, including a zenith angle 90°
cut to exclude photons from the Earth limb and good-time-interval cuts of DATA_QUAL > 0
and LAT_CONFIG = 1. The energy binning used is 4 bins per decade in energy and spatial

binning is 0.1° per image pixel.

6.3.2 MSP Likelihood Analysis

I perform a full likelihood analysis on all 103 MSP targets (Table C.1) using a 25° Radius
of Interest (ROI) centred on the nominal MSP co-ordinates and a 40° Source Radius of
Interest (SROI) for each MSP target. The model I use in my likelihood analysis consists of a
point source population seeded from the Fermi-LAT’s fourth point source catalog (4FGL),
extended gamma-ray sources and diffuse gamma-ray emission. The diffuse emission detected
by the Fermi-LAT consists of two components: the Galactic diffuse flux, and the isotropic
diffuse flux. The Galactic component is modelled with Fermi-LAT’s gll_iem_v07.fit spatial
map with the normalisation free to vary. The isotropic diffuse emission is defined by Fermi’s
iso_P8R3_SOURCE_V2_vl.txt tabulated spectral data. The normalisation of the isotropic
emission is left free to vary. The MSPs are analysed separately in the energy range 0.1—10
and 10—100 GeV and the steps of this analysis are described in detail in the analysis of 47
Tuc in Chapter 4°

2 Fermipy change log version 0.17.4 ([275])

3To exclude a systematic effect due to the removal of low significance sources with a TS < 4, or with a
predicted number of photons, Npred < 4, I re-analyse one MSP: J1939+2134, omitting source removal showing
that the spectral model and energy flux obtained is consistent with the original analysis within error and that the
spectral energy distributions are identical.
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6.4 Analysis Results

I detect 98 of the 103 catalogue MSPs in the energy range 100 MeV—10 GeV whilst 5 MSPs,
J0636+5129, J0737-3039A, J1327-0755, J1909-3744 and J1946+3417 are undetected. The
non detection of these MSPs is unsurprising as they have been only previously detected by
Fermi-LAT through their pulsed emission, as opposed to a likelihood analysis [243, 116, 244].
I list the detection significance (TS), offset from catalogue co-ordinates, and fluxes in
Tables C.2 and C.3. I include all detections of significance > 30, rather than > 50, because
the pulsars are all associated with known 4FGL sources, and in nearly all cases have very
small offsets (< 0.09°) from the catalogue pulsar co-ordinates

I also list the best fit spectral models for MSPs with a PLSuperExpCutoff2 spectral model
or PL model, in Tables C.4 and C.5, respectively. The average energy flux is 1.55 4= 0.18 x
10 erg cm™? 57!

In the energy range, 10 GeV—100 GeV, I detect 32 MSPs and list their detection signifi-
cance (TS), offset from catalogue co-ordinates and fluxes in Table C.6. The average energy
flux is 0.11 4 0.03 x 10" erg cm™ 57!,

I next determine the average flux per bin and the standard error of the mean, in the range
100 MeV —100 GeYV, for the detected MSPs to assess if the distribution of fluxes might be
skewed by a few flux dominant MSPs in the population. The flux error for bins between
133 MeV — 13.3 GeV are ~ one order of magnitude less than the mean flux, suggesting
that the flux distribution in each bin is not skewed by the high flux of a few dominant MSPs
(Table 6.1).

In Fig. 6.1, I show selected spectral energy distributions (SEDs) from the 100 MeV —10
GeV MSP analysis, across the range of significant TS values, for PLSuperExpCutOff2
and PL models. The PLSuperExpCutOff2 SEDs show the cut-off at a few GeV, which is

characteristic of MSPs, and also a softening of flux at low energies.

6.5 Deriving a Stacked MSP Model

In order to derive a model for an ensemble of Galactic field MSPs, I sum the fluxes in each
bin (ignoring ULs) between 100 MeV—100 GeV for MSPs detected in the energy range 100
MeV—10 GeV and 10—100 GeV. These are listed in Table 6.2. There is no significant flux for
any MSP in the highest energy bin between 56.2 and 100 GeV. I also plot the flux summation
in Fig. 6.2 which yields a spectral shape with low fluxes at lower energies and an energy
cut-off above 10 GeV. The summation includes two Globular Cluster MSPs, J1824-2452A
and J1823-3021A in NGC 6626 and 6624, respectively, but although they are not part of the
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Fig. 6.1 A selection of representative spectral energy distributions from the MSP 100
MeV—10 GeV analysis, including both PLSuperExpCutoff2 (Top and middle panels) and PL
models (bottom panel), across the full range of significant TS values.
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Bin Center Count of Significant Mean Energy Flux

MeV Flux Points 10° MeV cm™? cm'!
133 26 2.56 + 0.39
237 70 242 +£0.24
422 88 2.59 +0.26
750 92 2.854+0.32
1334 95 3.00 £ 0.35
2371 95 2.71 £0.33
4217 92 2.23 +0.32
7499 72 1.44 +0.26
13335 24 1.29 + 0.30
23714 11 0.86 +0.29
42170 3 0.82 +0.22

Table 6.1 The count of significant flux points and mean flux for each bin with error from the
standard error of the mean. The flux errors for bins between 133 MeV — 13.3 GeV are ~
one order of magnitude less than the mean flux, suggesting that the flux distribution in each
bin is not skewed by the high flux of a few dominant MSPs.

field population, their flux contribution is not excessive, being just 0.9 and 1% of the total
flux in the energy range 100 MeV —10 GeV.

I then use GAMMAPY version 0.18* software to fit the flux summation of 98 MSPs in
the range 100 MeV—10 GeV. I choose to fit in this more restricted range because few GCs
have detectable emission above 10 GeV, and the comparison of the MSP models to GCs will
be in the 100 MeV —10 GeV energy range. I define an initial exponential cut-off power law
model spectral model as Eqn. 5.3 with index = -1.8, indexI, Normalisation = 2x 10712 ¢m™2
st TeV! and exponential factor = 1x10* TeV-'. The parameters index!, Normalisation
and exponential factor are left free. The scale and index2 parameters are frozen to 1x 1073
TeV and 1 respectively. I then use the GAMMAPY Fit command to perform a likelihood
fit of this initial model to the summed fluxes of the 98 MSPs. The GAMMAPY fit fails to
determine parameter errors directly, so I estimate these by re-fitting the 98 MSPs assuming
fluxes values at the extremes of the maximal flux error and obtaining the spectral parameter
differences as compared to the original fit. My best fit spectral model, "Lloyd" in the chapters
that follow, is index] = -1.332+0.012, Normalisation = (4.02940.056) x 104 cm™ s”! TeV-!
and exponential factor = (3.91440.085)x 10? TeV (Eqn. 6.1, Energy E in units of TeV).
It can be seen that my model fits all %{ flux values of the 98 summed MSPs within error
(Fig. 6.3).

4 Available from https://docs.gammapy.org/dev/overview.html
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Fig. 6.2 The stacked emission of all significant fluxes for MSPs detected in the energy range
100 MeV—10 GeV and 10—100 GeV.
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Bin Center Lower Bin Energy Upper Bin Energy Sum of significant flux

MeV MeV MeV 10° MeV cm™? cm™!
133 100 177 66.49+2.33
237 177 316 169.7+3.95
421 316 562 227.81+3.48
749 562 1000 262.59+3.12
1333 1000 1778 284.74+3.19
2371 1778 3162 257.28+3.46
4216 3162 5623 204.79+3.89
7498 5623 10000 104.01£3.6
13335 10000 17782 30.86+2.57
23713 17782 31622 9.46+1.87
42169 31622 56234 2.46+1.27
74989 56234 100000 -

Table 6.2 The sum of significant fluxes in the energy range 100 MeV—100 GeV for each
energy bin. The minimum and maximum extent of each energy bin is also listed. There is no

significant flux in the 75 GeV bin.

dN
Y (4.029+0.056) x 10‘4<

dE

E )1.332:&:0.012

i exp (— (3.914£0.085) x 10215>

6.1)

6.6 Stacked Models of MSP Emission

In this discussion I re-summarise the Second Fermi Large Area Telescope catalog of Gamma-
Ray pulsars [11] (the 2PC) from which the MSP sample was drawn to construct stacked
models of MSP emission spectra by Xing and Wang [278] and McCann [194].

The Second Fermi Large Area Telescope Catalog of Gamma-Ray pulsars [11] (hereafter
the 2PC), although compiled in 2013, remains the most complete published survey of pulsars
observed by Fermi-LAT to date. The survey uses 3 years of PASS 7 event data in the energy
range between 100 MeV and 100 GeV with the 2FGL source catalog as a source model and
lists the spectral models and fluxes of 117 pulsars evenly divided between MSPs, young
radio-quiet and young radio-loud pulsars. The survey uses three search strategies for pulsar
detection to overcome the difficulty of only one photon being detected in a few million pulsar
rotations. Firstly, the known rotation ephemerides of pulsars, obtained mostly through radio
and in some cases X-ray observations, are used to fit a timing model with TEMPO/TEMPO2
software, to tag the gamma-ray event data with a pulsar phase. The gamma-ray data are then



106 A General Spectral Model for Millisecond Pulsars

108
109_
= E
'n :
o |
£ 10 :
gk
1012 |
e e 98 MSPs Stacked
— Lloyd model - This work
1013 : =
101 102 10° 104

Energy (MeV)

Fig. 6.3 A plot of summed photon flux per energy for the 98 MSPs. My model, an exponential
cut-off power law spectral model (blue line) passes through all flux points within error.
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phase-folded to identify any emission peaks. Secondly, blind periodicity searches are used
on unassociated sources classed as candidate pulsars because they show no variability and
have spectra that can be fitted by an exponential cut-off in the GeV band. This method is
challenging because the event data are sparse with only a few photons detected per hour and
in addition pulsars may have been missed by being in binary systems, which tends to smear
the signal through Doppler shifts arising from orbital motion. Finally, the detection of pulsed
radio emission in unassociated sources and the construction of timing models can lead to
the detection of gamma-ray pulsations through phase folding methods as above. The 2PC
lists 40 MSPs, 20 of which have been detected using this final method. The 2PC increased
the then known MSP sample from 8 to 40 MSPs with heliocentric distances up to 2 kpc and
a uniform distribution in the sky. The MSPs exhibit between 1—-3 gamma-ray peaks and
their differential flux spectrum, dN/dE, (photon flux per energy bin) is an exponential cut-off
power law as described by Eqn. 6.2 where normalisation = k, photon index at low energy
=I"and Ey is the cut-off energy. E( is the pivot energy of the spectrum (or 1 GeV where
no pivot energy is given for the spectrum) and b controls the sharpness of the exponential
cut-off.

dN E E
_:k(_)-F <_ )b 6.2
dE ~ "\Ey) “P\7 Eq 62)

The MSPs listed in the 2PC also provide a pulsar sample to use in determining models
of stacked gamma-ray emission. Xing and Wang [278] re-analyse 39 of the 40 MSPs in the
2PC (excluding one, J1939+2134, whose detection significance is ~ 30) using 7.5 years
of PASS 8 event data in the energy range 100 MeV —300 GeV in 15 energy bins using the
3FGL as a source catalog model. In the 3FGL, 33 MSPs are described by an exponential
cut-off power law model (Eqn. 6.2), whereas 6 MSPs are best fitted with a simple power law
(PL) (Eqn. 6.3) where prefactor = Ny and index = y). However, in their analysis they find
that an exponential cut-off can be detected in the 6 PL MSPs at > 3 o significance. They
therefore use an exponential cut-off power law model throughout their analysis. They then
stack all flux points from the 39 MSPs with a TS > 9 (equivalent to > 3 ¢ significance) to
obtain a functional form described by an exponential cut-off power law as Eqn. 6.2 with
I = 1.547019 and Ey = 3.707053 but with Eq and b equal to 1 (hereafter the "Xing and
Wang" model). Finally, they recommend that this functional form can be used as a model to
find candidate MSPs in unidentified Fermi-LAT sources at high Galactic latitudes.

=Ny T (6.3)
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In contrast, McCann [194] constructs a stacked MSP gamma-ray spectrum using an
aperture photometry (AP) method rather than likelihood analysis. The AP approach has
the advantage over the likelihood approach in that it is model independent and less compu-
tationally intensive. However, it does require timing information for the pulsars analysed.
McCann chooses 39 MSPs from the 2PC (excluding a different one, J2215+5135 because its
off-phase, where emission is at a minimum, is undefined) and consider 4.2 years of PASS
7 event data per MSP in the energy range 100 MeV —1 TeV binned at 4 bins per decade of
energy. McCann then uses the TEMPO 2 software to barycentre the photon events and phase
fold them. McCann then obtains the energy excess counts of all events outside the off-phase
(i.e the on-phase), distributed by energy. McCann next corrects for exposure and produces
a spectral energy distribution from the stacked fluxes. Finally he fits the differential flux
E 2% (as opposed i%] alone) with an exponential cut-off power law, with a functional form as
Eqn. 6.2. This exponential cut-off power law has I' = 0.54 +-0.05, E¢y = 3.60+0.21 GeV
and b = 0.7 £0.15 (hereafter the "McCann" model). McCann also makes a check on the
performance of the AP method vs the likelihood method of the 2PC by defining a flux ratio
for the MSPs of A2/ which varies between 0.8 and 0.9 for energies of 250 MeV—8 GeV.

2PC flux
In Fig. 6.4, I show my model in comparison to the McCann and Xing and Wang MSP

models by normalising all 3 models to the summed MSP flux at 1.3 GeV. The McCann model
appears to fit the stacked 98 MSPs less well above 2 GeV than my model and Xing and
Wang.

The preferred MSP model can be determined more rigorously using the minimum value
of the Akaike Information Criterion (AIC) statistic [26], (Eqn. 6.4). The AIC ranks how
well a model fits a data set (compared to other models) and penalises the over-fitting which
results from the model having more free parameters. The AIC is a relative measure in that
it allows a set of models to be compared with the model exhibiting the lowest AIC score
considered superior in that set but it does not allow a determination of whether any model
is best in an absolute sense. The AIC is defined in Eqn. 6.4 where & is the number of free

model parameters and / is the likelihood of the best fit model.

AIC = 2k —21n(0) (6.4)

For the purposes of spectral model comparison a more convenient definition of AIC is
Eqn. 6.5 where n is the number of flux data points or energy bins and RSS is the residual sum
of squares as defined in Eqn. 6.6 with y; being the observed flux and f(x;) the flux predicted
by the model for at an energy x; for an energy bin i.

AIC = 2k+nln(RT&g) (6.5)
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Bin Center Lower Bin Energy Upper Bin Energy X’
MeV MeV MeV Statistic
133 100 177 42.94
237 177 316 4.00
421 316 562 11.39
749 562 1000 0.000128
1333 1000 1778 0.000000
2371 1778 3162 0.000001
4216 3162 5623 0.000033
7498 5623 10000 0.000009

Table 6.3 A breakdown of x? test statistic by energy bin for my model fitted to the 98 MSP
stacked flux. Above 177 MeV, my model is a good fit to the 98 MSP stack at the a = 0.001
significance level with total y* = 15.39, which is less than the critical value 20.515 for 5
degrees of freedom.

n

RSS =Y (vi— f(x))* (6.6)

i=1

In cases where the number of free parameters is comparable to the number of predicted
points, the corrected AIC (AICc) can also be used (Eqn. 6.7) and this corrects for the over
selection of models with more free parameters in this case and I shall use this subsequently
in Chapter 7.

2k* + 2k
AICc =AIC+ ——— (6.7)
n—k—1

The AIC statistic for the fit of my model, and the models of Xing and Wang and McCann
to the stacked MSPs between 100 MeV —10 GeV, is -163.70, -161.87 and -147.97 respectively.
Therefore, my model, having the minimum AIC statistic, is the preferred model.

The goodness-of-fit of my model to the stacked MSPs can be determined by the >
statistic. The fit of my model to the 98 stacked MSPs has a x? statistic of 58.33 (5 degrees of
freedom) and exceeds the critical value of 11.070 and 20.515 at the @ = 0.05 and & = 0.001
significance level, respectively, and thus, overall is not a good fit. However, a breakdown of
the y? statistic per bin (Table 6.3), shows that my model is a very good fit between 562 MeV
and 10 GeV with x? values of 10°—10 and only a poor fit at low energies, with ¥ = 42.9
for the 133 MeV bin. From 177 MeV to 10 GeV, my model is a good fit to the 98 MSP stack
at the @ = 0.001 significance level with total y> = 15.39, which is less than the critical value
20.515 for 5 degrees of freedom. Therefore, I judge my model to be an acceptable fit to the
stacked spectrum of 98 MSPs.



110 A General Spectral Model for Millisecond Pulsars

10'3 T g
)
~
-
]
> 10}
Q
2
zk
™~
L : :
— Lloyd Model - This work
— McCann 2015
— Xing Wang 2016
e e 98 MSPs Stacked - This Work
10°

102 103 104
Energy (MeV)

Fig. 6.4 My MSP model (Lloyd), McCann and Xing and Wang MSP models compared to the
summed flux of 98 MSPs by normalising model flux to that of the summed flux at 1.3 GeV.
The McCann model is a poorer fit to the summed flux above 1.3 GeV than Lloyd or Xing

and Wang.
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6.7 Conclusion

I select 103 MSPs from the Public List of LAT Detected Gamma-Ray Pulsars and detect 98
MSPs in the range 100 MeV—10 GeV, and 32 MSPs in the range 10 GeV—100 GeV with
no emission detected above 56 GeV. I show that the emission for the ensemble of MSPs, in
each bin, is probably not dominated by a few bright pulsars. I sum the 100 MeV—10 GeV
fluxes and fit the resulting spectral energy distribution with an exponential cut-off power
law to produce my own stacked MSP model. 1 show that this model is a good fit (using
the x? statistic) to the 98 MSPs in the energy range 177 MeV—10 GeV at the o = 0.001
significance level, but a poorer fit when flux below 177 MeV is also considered. I also show
that my model and Xing and Wang models are a good description of the stacked 98 MSP
spectrum but that the McCann model only fits between 100 MeV and 1.8 GeV, diverging
from the 98 MSP spectrum at higher energies. Using the minimum AIC statistic, I show
that my model is the preferred model in comparison to the models of Xing and Wang and
McCann, when fitted to the 98 MSPs. Therefore, my MSP model is a good general spectral
model for MSPs and I will now use it in Chapter 7 to assess to what extent components of
GC spectra result from MSP emission .






Chapter 7

Spectral Analysis of Globular Cluster
Gamma-ray Emission

7.1 Introduction

In this chapter, I examine to what extent millisecond-pulsars (MSPs) account for gamma-ray
emission in globular clusters (GCs). I consider selected GCs to determine if they have known
gamma-ray sources and whether their spectra are consistent with MSP emission.

I discuss to what extent the gamma-ray emission of 47 Tuc can be accounted for by the
predicted gamma-ray emission of its radio resolved Millisecond Pulsars (MSPs) using a
gamma-ray/X-ray flux relationship for MSPs in a model independent way. I use this predicted
gamma-ray emission to normalise the Xing and Wang and McCann models of stacked MSP
emission and show how this compares to the observed spectral energy distribution of 47 Tuc.

I use the AIC statistic to show that my own stacked model of MSP emission, hereafter,
"Lloyd", is preferred over the stacked MSP models of Xing and Wang and McCann, as a
model of GC emission. The goodness-of-fit of the Lloyd model to the GC spectral models
and SED is tested using the y? statistic to identify two populations of GCs, those which
are well-fitted and those that are not. Using the Kolmogorov-Smirnov test, I compare
these two populations to see if they have a different distribution of characteristics relevant
to MSP formation, which provides indirect evidence as to whether MSPs are the main
source of gamma-ray emission or not. I then turn to a more detailed examination of the
low- and medium-energy spectral characteristics of the GCs and MSPs, by defining colour
bands, which are a measure of how sharply emission rises and falls at low and medium
energies respectively. I compare these GC colours against GC metallicity, binary encounter
rate, MERP and GC gamma-ray luminosity to see if those characteristics relevant to MSP
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formation exert any influence on GC spectral characteristics. I also see if these colours are
related to the E of individual MSPs which if correlated would allow constraints to be placed
on the GC MSP population. I examine the higher energy GC and MSP results above 10 GeV
and the spectra of the sole HE detection, Terzan 5.

Finally, I show that while my Fermi-LAT analysis can constrain model of MSP emission
at higher energies, CTA will be required to improve these constraints further. I determine
whether GCs will be detectable by CTA by analysing the 30 sources of the 4FGL catalogue
identified with GCs in the energy range 0.1—100 GeV to produce GC spectral models which
are then input into the CTA analysis package, CTOOLS to yield a detection significance.

7.1.1 Millisecond Pulsars and Globular Clusters: Spectral Character-
istics

Before the launch of Fermi, [52] modeled the GC gamma-ray emission arising from the
Comptonisation of stellar and CMB photons due to energetic leptons accelerated by millisec-
ond pulsar wind shockwaves or from the magnetosphere. The spectra derived from this model
predicted rising gamma-ray flux between 1-10 GeV and a hardening of the spectrum for 47
Tuc, NGC 7078 and NGC 6205, with the best candidates for gamma-ray detection predicted
to be 47 Tuc and NGC 6205 (the latter being undetected in this study). The authors of
[123] predicted that curvature radiation (CR) (where relativistic electron / positron pairs are
constrained to move along magnetic field lines) would produce gamma-ray emission peaking
at 1-10 GeV from MSPs, while [263] noted that the single particle CR spectrum of [123]
with its super exponential cut-off, would be reflected in the total phase-averaged spectrum of
an MSP with the cut-off arising from radiation reaction limited acceleration, in which the
acceleration rate of relativistic electrons equals the loss rate. This predicted spectral cut-off
in MSPs was confirmed by [6] who first observed gamma-ray pulsations from 8 MSPs (5 of
which were in binary systems). They found that the gamma-ray spectrum of these MSPs was
well described by a exponential cut-off power law (Eqn. 5.3) with a hard spectral index (I
< 2) and cut-off energy E. in the range 1-4 GeV. These spectral characteristics were found
to hold more generally for a larger selection of 40 MSPs (10 isolated and 30 binary) in the
second catalogue of Fermi-LAT pulsars [11]. Later, a stacked MSP spectrum was constructed
from 39 of these 40 MSPs (10 isolated and 29 binary MSP systems), by McCann [194], who
demonstrated a spectral cut-off at 5 GeV.

These average spectral characteristics of MSPs were used to identify the first gamma-ray
emitting GCs. [10] classified 5 gamma-ray sources as plausible GC candidates on the basis

of their spectral signature being MSP-like and matching that of the magnetospheric emission
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from an individual MSP with a spectral index < 2 and an exponential cut-off in the range
1.0-2.6 GeV. In contrast 3 sources were classed as possible GCs because whilst they had a
hard spectral index, they lacked evidence for an exponential cut-off in their spectra.
Observational evidence for the existence of individual MSPs (as opposed to an ensemble)
within GCs may be found from radio observations. To date 150 pulsars have been detected
and timed in 28 GCs, with the vast majority being MSPs!. Phase-resolved, pulsed gamma-ray
emission from GCs is very rare, with pulses detected from a single gamma-ray bright MSP
in only two GCs: NGC 6626 [277] and NGC 6624 [109]. This provides an important link
between GCs and gamma-ray emitting MSPs, albeit that these particular objects are unusually
bright. MSP J1823-3021A in NGC 6624 has a gamma-ray luminosity of 8.4 x 103 erg
s! which can potentially account for the entire GC emission ([109]) and MSP B1821-24
in NGC 6626 can account for 25 % of the GC emission [277]. The gamma-ray spectra of
these GC are fitted with a PL exponential model and have the spectral cut-offs characteristic
of MSPs (1.5 GeV for NGC 6624 and 1-2.6 GeV for NGC 6626 respectively [249],[10]).
This confirms the view that the gamma-ray spectra of GCs, even when dominated by a small
number of very bright MSPs, should exhibit spectral cut-offs and provides indirect support
for the argument that an ensemble of MSPs in GCs should also exhibit a spectral cutoff.
From the above I draw the following conclusions: the spectral characteristics of single
MSPs are broadly predictive of the ensemble gamma-ray emission of MSPs in GCs in general,
and the stacked spectrum of MSPs exhibits similar characteristics to the single MSP case.
Furthermore, this stacked spectrum exhibits a spectral cut-off even when there is a mix of
isolated and binary pulsar systems, as shown by [11] and [194], where in fact binary systems
were in the majority. Therefore, I take the characteristic spectral cut-off of single or stacked

MSPs to be indicative of the expected spectra from MSPs in GCs.

7.2 GC Spectral Shape and Potential Gamma-Ray sources

I now select a representative sample of the detected GCs to discuss in more detail, on the
basis that their gamma-ray emission has been previously well modelled or that they have
been observed in sufficient detail to suggest counterpart sources of gamma-ray emission.

A list of currently known pulsars in GCs is maintained at http://www.naic.edu/~pfreire/GCpsr.html,
accessed 2/7/2018
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Fig. 7.1 The spectral energy distribution of 47 Tuc, showing the tension between the best-fit
model and the observed spectrum at the lowest and highest energies energies.

7.2.1 47 Tuc

The spectrum of 47 Tuc is well described by a log-parabola model (Fig. 7.1), which is
binned at 4 bins per decade in energy for consistency with the analysis of the other 110
GCs. However, there is tension between this best-fit model and the observed spectrum at
the lowest and highest energies energies considered in this analysis, even more clearly seen,
when binned at 8 bins per decade in energy (Fig 4.4). This tension may suggest that there
are multiple emission sources within 47 Tuc. With 25 phase resolved MSPs, 47 Tuc has
the second largest MSP population after that of Terzan 5 [225]. However, kinematic data
has recently revealed possible evidence of an IMBH in 47 Tuc [159]. The presence of an
IMBH within 47 Tuc raises the interestingly possibility of gamma-ray emission from DM
annihilation [139]. In order to investigate this possibility, as a co-author to [63], hereafter
"Brown", I provided a gamma-ray spectral fit analysis of 47 Tuc, hereafter "Lloyd 47 Tuc",
(using the 3FGL catalogue, energy range 100 MeV—100 GeV, binned at 5 bins per decade
of energy with 9 yr of front and back event data) and a separate model of the MSPs in 47
Tuc (as described in Section 7.3 below). A spectral study of Lloyd 47 Tuc combined with
the MSP model by the co-authors (Brown and Lacroix), found that the gamma-ray emission
from 47 Tuc is best described by a two-source population model consisting of MSPs and
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Fig. 7.2 The spectral energy distribution of NGC 6093 is hard and is in tension with the
Lloyd model below 1 GeV and above 5.6 GeV.

annihilating DM around the putative central IMBH via the bb channel, when compared to a
MSP-only explanation [63].

7.2.2 NGC 6093 and 6218

The spectra of both NGC 6093 (Fig. 7.2) and NGC 6218 (Fig. 7.3) are hard, with NGC 6093
having a flat spectrum and NGC 6218 exhibiting increasing emission beyond ~ 1.8 GeV,
whilst lacking detected flux below 1.8 GeV, which is unusual. These GCs are not known
to contain any MSPs (Fig 5.6), and it is perhaps not surprising that the spectra in both
objects are in tension with the typical stacked spectra of MSPs presented in Lloyd [194] with
NGC 6218 showing increasing emission above 1.8 GeV and NGC 6093 showing increasing
emission below 1 GeV and above 5.6 GeV. NGC 6218 shows some evidence for variability
(Fig. 7.4), which may point to a contribution from e.g. a background AGN. An X-ray study
of NGC 6218 [185], showed that there are several sources in the field of view, one of which,
CX3, may indeed be an AGN. However, the gamma-ray AGN catalogue is dominated by
blazars - indeed, 98% of the 3FGL AGN are this class of object [19]. There is no evidence
that CX3 is a blazar, and given that blazars constitute only ~ 3% of known AGN, the chance
that it is a blazar is small. An X-ray study of NGC 6093 shows that it contains 5 CVs [127],
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Fig. 7.3 The spectral energy distribution of NGC 6218 showing no emission below 1.8 GeV,
and increasing emission above 1.8 GeV which is in tension with the Lloyd model up to 10
GeV.

but these are unlikely to be significant gamma-ray sources as NGC 6093 has no indication of

gamma-ray variability (Fig. 7.4).

7.2.3 NGC 6752

NGC 6752 has a hard, flat spectrum between 400 MeV and 6 GeV (Fig. 7.5), but indications
of a cut-off above 6 GeV. This object is known to contain 5 MSPs and the presence of this
cut-off suggests that these are likely important contributors to the gamma-ray emission. In
addition, there are 39 X-ray sources within the 1’ 9" half-mass radius of NGC 6752, of which
16 are likely cataclysmic variables (CVs) and 3 are background AGN [186]. Three dwarf
novae (CX1, CX4 and CX7) within this GC have been seen in outburst, over the last twenty
years, using B band photometry and far UV/Ho observations [154], [253], [186]. Some of
these objects could be sources of gamma-ray emission, but the lack of gamma-ray variability

on timescales of 6 months suggests this contribution is minor (Fig. 7.4).
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Fig. 7.4 The light-curves of NGCs 6093, 6752, 6218 and 7078, in the energy range 100
MeV—10 GeV, binned at 6 monthly intervals, from Aug 2008 to March 2016. NGC 6093
and 6752 show no indication for variability, whereas NGC 6218 and 7078 show 3 and 20
indications for variability respectively. Taken from my 3FGL GC study [181].
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Fig. 7.5 The spectral energy distribution of NGC 6752 has a hard, flat spectrum between 400

MeV and 6 GeV, with indications of a cut-off above 6 GeV.
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Fig. 7.6 The spectral energy distribution of NGC 7078 has a soft power law spectrum, which
is less typical of the detected GCs, being shared only by NGCs 6304, 6341 and 1904.
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724 NGC7078

NGC 7078 (Fig. 7.6) has a soft power law spectrum, which is atypical of the detected GCs,
being shared only by NGCs 6304, 6341 and 1904 (Figs. 7.14 and A.8). The core of NGC
7078 was previously the target of a very long baseline interferometry radio study, (Fig. 7.7)
which constrained the mass of a putative central IMBH [158] to < 500 M. This found
no evidence of central IMBH variability over a timescale of 2 months to 2 years, but did
locate a strong radio source within 1.5 arc min of the GC centre. It was suggested that this
radio source, S1, could be a background quasar. Similarly to NGC 6218, in the absence
of a blazar classification (unlikely on population grounds), there is no evidence that S1 is
the source of the gamma-ray emission. There are two further objects in the field of view of
NGC 7078, AC211 and S2, both of which are low-mass X-ray binaries. None of this class
of object is a confirmed gamma-ray source, so these also seem unlikely candidates for the
gamma-ray emission. NGC 7078 has only a weak 20 indication of variability (Fig. 7.4),
which again suggests that a background AGN is unlikely to be the source of gamma-ray
emission. In the absence of any other plausible candidates, the working hypothesis is that
the globular cluster is the source of the gamma-ray emission. The asymmetric TS map of
Fig. 7.8, (with significant emission skewed towards direction of S1), suggests that NGC 7078
could be comprised of multiple point sources. Attempting to resolve NGC 7078 into two
point sources in my previous 3FGL analysis [181], with an additional point source placed
at a second significant point on the TS map (RA 322.20° and Dec 12.65°) does not yield a
significant detection of the additional point source.

Conclusion

The globular clusters 47 Tuc and NGC 6752 both show evidence of a spectral cut-off which
could plausibly be explained by MSPs. However in the case of 47 Tuc, a more finely binned
analysis with tension between the observed spectrum and the best fit at lowest and highest
energy suggests that other sources may contribute. The flat, hard spectra of NGC 6093 and
6218, which do not display a cut-off below 10 GeV are harder to explain by MSP emission,
particularly given the absence of radio-detected MSPs in these objects. NGC 6218’s unusual
spectrum is accompanied by evidence for variability at the ~ 3o level, which may point to a
contribution from a variable source in the field of view, although a suitable candidate object
appears lacking. NGC 7078, along with NGCs 6341, 1904 and 6304, has a soft power law
spectrum, not typical of MSPs. I now consider in more detail the MSP gamma-ray emission
in the GC 47 Tuc, which is a special case being the most significantly detected gamma-rays
emitting GC with 25 resolved MSPs.
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Fig. 7.7 Radio detected sources in NGC 7078 using VLBI at 1.6 GHz with offset from the
pointing centre, taken from [158], S1 is an extra-galactic object, S2 is a probable foreground
LMXB (distance 2.2 kpc), AC211 is an LMXB and M15A and M15C are pulsars (periods

110 and 30.5 ms respectively).
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Fig. 7.8 Test statistic map of NGC 7078 showing offset emission at the best localisation
position with 95 percent containment (red dashed circle) . The tidal radii are Harris 2003
GC catalogue at http://www.naic.edu/ pulsar/catalogs/mwgc.txt (red circle) and more recent
determination from [92] (green circle ). The GC catalogue co-ordinate is indicated with a
green cross. Graduated color bar shows the TS value. RA and Dec are horizontal and vertical
axes respectively on the white interior scale. Spatial bin size is 0.1°.

7.3 Estimating MSP Emission in 47 Tuc

Although the MSPs in 47 Tuc are unresolved at gamma-ray energies it is possible to estimate
their gamma-ray contribution through measurements of X-ray emission. The 2PC provides a
broad relationship between the integral energy flux between 100 MeV —100 GeV (Gqo) and
non-thermal X-ray flux between 0.3—10 keV (Fy), in Fig. 18 of [11]) for all pulsars. For 12
MSPs with sufficient X-ray counts, the non-thermal X-ray spectrum is well characterised
by Chandra-ACIS, XMM-Newton, Swift-XRT and Suzaku and this provides a relationship
between gamma-ray and X-ray flux (Eqn. 7.1, hereafter the "Abdo Ratio" (AR), taken from
the caption of Fig. 18 of [11]). Although GFI—QO can span a thirty-fold range for the same E
value (Fig. 18 of [11]) and hence is a somewhat poorly constrained relation, the Abdo Ratio
does provide a way to infer broadly the expected gamma-ray emission for radio-resolved
MSPs, as yet unresolved in the gamma-ray but for which non-thermal X-ray measurements

are available.
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AR =1og 10 (ﬂ) —2340.5 (7.1)
Fx

I now examine to what extent the Abdo Ratio can predict the contribution made by known
MSPs to the gamma-ray emission of 47 Tuc. In [60], 19 precisely-localised MSPs in 47 Tuc
are analysed using four 65 ks Chandra X-ray observations in the 0.3—8 keV energy range
as seen by the ACIS-S instrument. The majority of these MSPs exhibit soft X-ray emission
which is well-described by a thermal blackbody (BB) or neutron star hydrogen atmosphere
spectrum (NSA). Three of the MSPs (47 Tuc J, O and W) have an X-ray spectrum which also
shows a significant non-thermal power law (PL) component, in addition to the BB emission,
which the authors of [60] ascribe to an intra-binary shock interaction between the relativistic
pulsar wind and matter from the binary stellar companion. They then define 3 X-ray colour
bands; a soft band (0.3—0.6 keV), a medium band (0.6—1.5 keV) and a hard band (1.5—4
keV). The authors then plot the hardness ratios of each MSP using these bands on an X-ray
colour-colour diagram (which I show in Fig. 7.9) of (medium counts)/(soft counts) vs (hard
counts)/(medium counts) in an attempt to discriminate between the thermal or non-thermal
PL model cases in the MSP population.

Fig. 7.9 shows that 3 MSPs (47 Tuc M U and L) fall in the BB color space, whereas 47
Tuc W falls in the non-thermal PL space. The remaining 15 MSPs fall between the PL non-
thermal model and the BB model which they suggest implies a more complex MSP spectrum
of a composite thermal and non-thermal PL or a multi-temperature thermal spectrum. 1|
interpret Fig. 7.9 as meaning that for most of the MSPs in [60]) a BB or non-thermal PL
model cannot be chosen on colours and hence X-ray photon counts alone. I therefore make
the simplifying assumption that the X-ray emission of all 19 MSPs is non-thermal and that
the application of the Abdo ratio is valid for the MSPs in 47 Tuc.

The X-ray analysis of the 19 MSPs is re-visted by one of the co-authors of [60] in the
archive only posting of [51]. Though not published in a refereed journal, it can be considered
a valid update of the determinations in [60] and a continuation of the same work, with
most fluxes consistent between the two to within a factor of a few. The 19 MSPs above are
re-analysed using the same publicly available Chandra observations quoted in [60] with a
further fifteen 50 ks Chandra High Resolution Camera-S observations from 0.1—10 keV.
This re-analysis confirms that the 19 MSPs have a soft X-ray spectrum and are consistent
with [60]. However the author makes the point that the X-ray photon statistics are so poor
that one cannot distinguish between BB and PL spectral models of X-ray emission, which is
consistent with my comments about the colour plot above. I use the X-ray luminosities of the
19 MSPs quoted in [51] to derive X-ray energy fluxes in the energy band 0.3—8 keV which
I list in Table 7.1. T also include an X-ray flux value for another 47 Tuc MSP, J0024-7204
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Fig. 7.9 X-ray colour-colour diagram for the MSPs in 47 Tuc. The lines represent model
tracks for absorbed (non-thermal) power law (PL-dotted line), blackbody (BB-dashed line)
and neutron star atmosphere (dot-dashed line) spectra convolved with the Chandra ACIS-S
instrument response. Fifteen MSPs fall between the BB and PL cases suggesting a composite
thermal and non-thermal spectrum. Figure taken from [60].
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X, from [233] in which it is noted that limited photon statistics preclude detection of a
non-thermal component.

I then straightforwardly use the Abdo Ratio (Eqn. 7.1) to calculate the gamma-ray flux
G100 as Eqn. 7.2 for each MSP using 3 values of the Abdo Ratio (2.3+0.5 from the 2PC)
and I again list this predicted gamma-ray flux for each MSP in Table 7.1.

Gioo = FxlOAR = Fxl02'3i0'5 (72)

It can be seen that for an Abdo Ratio of 1.8 the 20 MSPs cannot account for the total
gamma-ray energy flux from 47 Tuc, whereas an Abdo Ratio of 2.3 might account for
between an half and the total emission (within error). An extreme Abdo Ratio of 2.8 allows
the 20 MSPs to account for all the gamma-ray emission in 47 Tuc.

I do not offer a single final percentage contribution with error (as might be obtained using
error propagation rules which consider the X-ray flux errors in quadrature combined with
the error on the Abdo Ratio), because in order to be trusted, this calculation requires that the
upper and lower error bounds on any measurement are symmetric [46] which does not hold
in the X-ray flux case (column 1 and 2 of Table 7.1) and that the error on any quantity is
sufficiently "small" which does not hold for the Abdo Ratio when used as an exponent.

It therefore appears from all of the above that while 20 MSPs could account for the
observed gamma-ray emission from 47 Tuc (which is known to host 25 confirmed MSPs?), it
is also possible that up to half of the gamma-ray emission from 47 Tuc could be from another
source.

Finally, the 6 month variability light-curve for 47 Tuc (Fig. 4.5), which exhibits no
variability at the 2 o level, allows me to exclude any additional sources of gamma-ray
emission in the ROI with variability on this scale such as active galactic nuclei [228, 21].

Zhttp://www.naic.edu/~pfreire/GCpsr.html Pulsars in Globular Clusters accessed 15th May 2020
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7.4 Selecting the Best MSP Model for 47 Tuc

In assuming that the gamma-ray emission of 47 Tuc results from the combined emission of
a population of gamma-ray emitting MSPs it is useful to compare the Lloyd, McCann and
Xing and Wang stacked models of gamma-ray emission with the finely binned SED of 47
Tuc obtained using the 3FGL analysis in Chapter 4. To do this I normalise all models so that
their differential flux is consistent with the observed flux of 47 Tuc at 1182 MeV (the centre
of the first bin above 1 GeV). I extract the dictionary output of the Fermipy sed method from
above to obtain the differential energy flux points of the SED analysis and their error and I
plot this with the normalised models and the best likelihood fit spectral model using my own
Python code (Fig. 7.10). On inspection it appears that Lloyd fits the flux points best, followed
by the Fermi analysis spectral model. The next best model is Xing and Wang which fits
the SED well for energies above 10 GeV but somewhat less well below 500 MeV, whereas
the McCann model appears to fit least well both at high and low energies whilst being a
good description of the 47 Tuc spectrum between 700 MeV and 2 GeV in common with the
other models. This ranking of models as fitted to 47 Tuc is confirmed by the ranking of x>
statistic for each model in Table 7.2 with Lloyd fitting 47 Tuc well at both the o¢ = 0.001 and
o = 0.05 significance level whereas the Fermi fit is only acceptable at & = 0.001. The Xing
and Wang and McCann models are not good fits to the emission of 47 Tuc.

The preferred model can also be selected through the AIC statistic as previously described.
(Eqgn. 6.4). Lloyd has 3 free parameters (indexI, Normalisation and exponential factor), as
does the best fit Fermi spectral model (norm, alpha, beta) and Xing and Wang (norm, I, E.;),
while McCann has 4 (norm, I', E.; and b). I determine the AIC and AICc for each spectral
model considered in this chapter, using my own Python code as Eqn. 6.5 and Eqn. 6.7 and list
them in Table 7.3. As expected from the x? fit the Lloyd model has the lowest AIC and AICc
and is superior in describing the gamma-ray spectrum of 47 Tuc, with the Fermi analysis
best fit spectral model, the next best, followed by Xing and Wang model and McCann. There
is virtually no difference between AIC and AICc for the models considered implying that no
AICc correction is required for the small number of predicted flux points compared to the
number of free parameters in the model.

Finally, I consider whether the two source population model (above) comprised of an
ensemble of MSPs and annihilating dark matter (DM) as in [63], hereafter Brown, is a better
model of the gamma-ray emission of 47 Tuc than an ensemble of MSPs alone. I extract
the DM gamma-ray spectrum from Brown and combine this with the Lloyd model, which I
normalise so that the Lloyd flux at 330 MeV is the same as the DM flux, to set the relative
flux contribution of DM and MSPs to be similar to Brown. I then normalise the Lloyd
plus DM model so that the differential flux is consistent with the observed flux of 47 Tuc
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Model X’ D.o.f Critical Value Model Critical Value Model
Test o =0.05 Acceptedat o =0.001  Accepted at
Statistic o =0.05 o =0.001
Lloyd 11.7 15 24.996 Yes 37.697 Yes
Lloyd+DM 12.2 14 23.685 Yes 36.123 Yes
47 Tuc Fermi fit  26.3 15 24.996 No 37.697 Yes
Xing and Wang 46.8 15 24.996 No 37.697 No
McCann 267.3 14 23.685 No 36.123 No

Table 7.2 Testing the goodness-of-fit of emission models to 47 Tuc using the x? test statistic.
Both the Lloyd model alone and the Lloyd model plus a dark matter (DM) component fits
47 Tuc well at both & = 0.001 and o = 0.05 whereas the Fermi fit is only acceptable at the
a = 0.001 significance level. The Xing and Wang and McCann models are not good fits to
the emission of 47 Tuc.

at 1182 MeV. I show the individual DM and MSP components along with the Lloyd MSP
and DM plus MSP models with the spectrum of 47 Tuc (Fig. 7.11). The Lloyd plus DM
model exhibits a softer spectrum than the Lloyd model below 600 MeV but both models are
equivalent with that of 47 Tuc within flux error at higher energies. The ranking of the x>
statistic demonstrates that the Lloyd plus DM model is only marginally less preferred than
the Lloyd MSP model and, like the Lloyd model, is an acceptable fit at the o = 0.001 and
a = 0.05 significance level (Table 7.2). Therefore the spectrum of 47 Tuc can equally be
accounted for by using the Lloyd model alone, where MSPs account for all emission, or a
Lloyd plus DM model, where the differential flux arising from MSPs is less than that from
DM above energies of 330 MeV.

As a check, I perform a likelihood analysis to determine the significance of the Lloyd
plus DM model vs that of Lloyd (if any). I do this by allowing the normalisation of both
the Lloyd and the Lloyd plus DM model to vary and determine for each normalisation the
residual for each energy bin which is the difference between the 47 Tuc flux and the model
flux evaluated at the centre of each energy bin in the spectrum. I sum the log of the absolute
value of each bin residual to obtain a set of log likelihood values, one for each normalisation.
I then determine a minimum log likelihood value of -261.16 and -260.45 for the Lloyd plus
DM, and the Lloyd model respectively from the set of log likelihood values. Using Eqn. 2.4
and the minimum log likelihood value of each model, I calculate a test statistic of 1.4 for the
preference of the Lloyd model over that of the Lloyd plus DM model which is too low to be
statistically significant. Thus, each model can equally well account for the emission from 47

Tuc and neither are significantly preferred, in agreement with the ¥ result above.
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Model AIC AlCc

Lloyd -910.15 -910.15

47 Tuc Fermi fit -886.46 -886.46

Xing and Wang -853.02 -853.02

McCann -816.22 -815.22
Table 7.3 A comparison of AIC and AICc for the different emission models as compared
to the observed flux of 47 Tuc. AICc is a version of the statistic which corrects for a small
number of data points or in this case flux points. The AIC and AICc corrected statistic
is essentially the same in all cases implying that AIC correction for the small number of
predicted flux points is not required. The models are listed in order of relative merit from the
best to the worst with the Lloyd MSP model being the best description of the gamma-ray
emission of 47 Tuc.
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Fig. 7.10 Spectral energy distribution for 47 Tuc in the energy range 100 MeV to 20 GeV
with spectral models for stacked MSP observations from my own model, McCann 2015 and
Xing and Wang 2016. All MSP models are normalised to the 47 Tuc differential energy flux
at 1 GeV. I extract the 47 Tuc fluxes from the sed method dictionary output and plot using
my own Python code with pyplot. The best fit spectral model from the Fermi-LAT analysis

is also shown.
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Fig. 7.11 Spectral energy distribution for 47 Tuc in the energy range 100 MeV to 20 GeV
with spectral models for stacked MSP observations from my own model (Lloyd) and the
Lloyd model as a component combined with a dark matter (DM) component as in [63] with
equal flux at 330 MeV. The models are then normalised to the 47 Tuc spectrum at 1 GeV.
Both the Lloyd MSP model and the Lloyd + DM model are a good fit to the 47 Tuc spectrum.
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7.4.1 Confirming Best MSP model for Individual GCs

I now move from considering 47 Tuc to determining how well, stacked MSP spectral models
describe the emission of all gamma-ray bright GCs. I use the AIC statistic to select the
best fitting MSP model for the 34 detected GCs. The minimum AIC statistic indicates
the optimum MSP model for each GC spectral model as listed in Table 7.4. The Lloyd
MSP model is preferred for 21 GCs, followed by Xing and Wang (8 GCs) and McCann (5
GCs).This further confirms that the Lloyd MSP model is preferred for individual GCs over
that of Xing and Wang, or McCann.

7.4.2 MSP Model to Globular Cluster Goodness-of-Fit Using x>

I then compare the Lloyd model goodness-of-fit against the GC SEDs, in the energy range
100 MeV—10 GeV, using the x> method, employing all non UL flux points and the SED flux
1o error. I normalise the Lloyd model, so that its flux at 1.33 GeV is the same as the GC SED
flux point with a bin centre energy of 1.33 GeV. The number of GCs where the Lloyd model
is consistent with the SEDs ( )(2 < critical value), is 11 and 20, at significance level® o0 = 0.05
and o = 0.001 respectively (Table 7.5). This is comparable with the goodness-of-fit of the
individual Fermi-LAT spectral models to each GC SED in Chapter 5 (16 and 25 GCs, at
significance level o¢ = 0.05 and o = 0.001 respectively).

Next, I compare the Lloyd model to the GC spectral models and their maximal error,
in the energy range 100 MeV —10 GeV at intervals of 10 MeV, again using the > method.
I normalise the Lloyd model, so that the flux of Lloyd at 1.33 GeV is the same as the GC
model flux at 1.33 GeV. The number of GCs where the Lloyd model is consistent with the
GC spectral model (x2 < critical value), is 18 and 21, at significance level ¢ = 0.05 and
a = 0.001 respectively (Table 7.6).

On the other hand, my MSP model is not a good fit for 12,21 GC SEDs, and 13,16 GC
Fermi analysis spectral models, for significance levels o¢ = 0.05 and o = 0.001, respectively.
The failure to fit between a third and two-thirds of GCs with the MSP model challenges the
assumption that the totality of GC emission arises solely from MSPs.

7.4.3 The Effect of GC Characteristics on GC Spectra

I now attempt to determine if there is a characteristic difference, relevant to MSP formation,
between the GCs which are well fitted by the Lloyd model and those that are not. The

3Here, the significance level o is the probability of a Type-I error, falsely rejecting the null hypothesis,
which is that both the Lloyd model and the SED are the same, when in fact they actually are the same.
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Globular Best AIC AIC A AIC A Intermediate AIC Worst AIC
Cluster Model Best Best Model Model
to to

Intermediate Worst
NGC 5904 Lloyd -33752 -900 -2715 XW -32852 McCann -31037
NGC 6254 Lloyd -33520 -640 -2868 XW -32880 McCann -30652
NGC 2808 Lloyd -31685 -627 -2303 XW -31058 McCann -29382

NGC 1904 Lloyd -31150 -15 -444 XW -31135 McCann -30706
NGC 6541 Lloyd -30375 -533 -1904 XW -29842 McCann -28471
NGC 6402 Lloyd -30278 -446 -1665 XW -29832 McCann -28613
NGC 6838 Lloyd -30191 -290 -1329 XW -29901 McCann -28862
NGC 6752 Lloyd -30077 -453 -1615 XW -29624 McCann -28462

NGC 6652 Lloyd -29999 -538 -1849 XW -29461 McCann -28150
NGC 6316 Lloyd -29900 -594 -2476 XW -29306 McCann -27424
NGC 5139 Lloyd -29674 -878 -2681 XW -28796 McCann -26993

NGC 6656 Lloyd -29396 -427 -1574 XW -28969 McCann -27822
NGC 6266 Lloyd -28808 -613 -2608 XW -28195 McCann -26200
NGC 6528 Lloyd -28745 -265 -1184 XW -28480 McCann -27561
NGC 6388 Lloyd -28618 =773 -2557 XW -27845 McCann -26061
NGC 6626 Lloyd -28480 -651 -2408 XW -27829 McCann -26072
NGC 6441 Lloyd -27821 -373 -1655 XW -27448 McCann -26166
GLIMPSEO1 Lloyd -27587 -95 -2649 XW -27492 McCann -24938
NGC 6440 Lloyd -26617 -288 -1257 XW -26329 McCann -25360
Terzan 5 Lloyd -26106 -502 -2513 XW -25604 McCann -23593
GLIMPSEO2 Lloyd -24576 -171 -884 XW -24405 McCann -23692
NGC 6341 XW  -32821 -311 -867 Lloyd -32510 McCann -31954
NGC 6093 XW  -32370 -1018 -2165 Lloyd -31352 McCann -30205
NGC 6397 XW  -31539 -234 -888 Lloyd -31305 McCann -30651
Terzan 2 XW  -31118 -249 -2248 Lloyd -30869 McCann -28870
NGC 7078 XW  -31096 -28 =757 Lloyd -31068 McCann -30339
NGC 6304 XW  -31043 -74 -826 Lloyd -30969 McCann -30217
NGC 6139 XW  -30991 -312 -866 Lloyd -30679 McCann -30125
47 TUC XW 29245 -1022 -2838 Lloyd -28223 McCann -26407
NGC 6717 McCann -32259 -1779 -2209 XW -30480 Lloyd -30050
NGC 6218  McCann -29920 -19 -25 XW -29901 Lloyd -29895

2MS-GC01  McCann -29777 -1603 -2074 XW -28174 Lloyd -27703

NGC 6624  McCann -29674 -300 -1155 XwW -29374 Lloyd -28519

Terzan 1 McCann -27080 -62 =71 XW -27018 Lloyd -27003
Table 7.4 Best fit stacked MSP models for each GC spectral model, ranked by minimum
AIC statistic which indicates the preferred model, in the energy range 100 MeV—10 GeV.
The model from this work, the Lloyd model, is preferred for 21 GCs, followed by Xing and
Wang (XW), (8 GCs) and McCann (5 GCs). The AIC delta difference beween the best and
intermediate, and the best and worst models is also shown.
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Globular x? D.o.f Critical Value Model Critical Value Model
Cluster Test o =0.05 Acceptedat o =0.001  Accepted at
Statistic o =0.05 a =0.001

GC 2808 0.8 3 7.815 Yes 16.266 Yes
NGC 5904 2.6 1 3.841 Yes 10.828 Yes
NGC 6752 3.1 2 5.991 Yes 13.816 Yes
NGC 6388 3.8 4 9.488 Yes 18.467 Yes
NGC 6254 3.8 2 5.991 Yes 13.816 Yes
NGC 6656 5.5 3 7.815 Yes 16.266 Yes
NGC 6717 5.9 3 7.815 Yes 16.266 Yes
NGC 6541 6.4 4 9.488 Yes 18.467 Yes
NGC 6624 6.9 4 9.488 Yes 18.467 Yes
NGC 6441 7.1 4 9.488 Yes 18.467 Yes
47 Tuc 8.8 5 11.070 Yes 20.515 Yes
NGC 6341 6.6 2 5.991 No 13.816 Yes
NGC 6304 7.7 1 3.841 No 10.828 Yes
NGC 6652 8.3 3 7.815 No 16.266 Yes
NGC 7078 94 1 3.841 No 10.828 Yes
NGC 6266 9.5 4 9.488 No 18.467 Yes
NGC 5139 10.7 4 9.488 No 18.467 Yes
NGC 6528 11.3 2 5.991 No 13.816 Yes
NGC 6402 11.5 3 7.815 No 16.266 Yes
NGC 6316 13.0 4 9.488 No 18.467 Yes
Terzan 2 17.3 2 5.991 No 13.816 No
NGC 6397 19.5 2 5.991 No 13.816 No
NGC 6093 23.8 4 9.488 No 18.467 No
NGC 6626 28.8 4 9.488 No 18.467 No
2MS-GCO01 28.8 1 3.841 No 10.828 No
NGC 1904 28.9 2 5.991 No 13.816 No
NGC 6139 29.2 3 7.815 No 16.266 No
Terzan 5 42.4 4 9.488 No 18.467 No
NGC 6838 47.1 2 5.991 No 13.816 No
GLIMPSEO1 72.3 4 9.488 No 18.467 No
NGC 6440 91.0 4 9.488 No 18.467 No
GLIMPSEO02  183.2 4 9.488 No 18.467 No

Table 7.5 Testing the goodness-of-fit of Lloyd to GC spectral energy distributions (SEDs, 100
MeV —10 GeV) using the 2 test statistic. The number of GCs where Lloyd is consistent with
the SEDs (X2 < critical value), is 11 and 20, at significance level oo = 0.05 and oc = 0.001
respectively. NGC 6218 and Terzan 1 are excluded as they have <1 degree of freedom

(d.o.f).
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Globular x° D.o.f Critical Value Model Critical Value Model
Cluster Test o =0.05 Acceptedat o =0.001  Accepted at
Statistic o =0.05 o =0.001

NGC 6254 0.1 5 11.070 Yes 20.515 Yes
NGC 5904 0.3 5 11.070 Yes 20.515 Yes
NGC 2808 0.7 5 11.070 Yes 20.515 Yes
NGC 6093 1.2 5 11.070 Yes 20.515 Yes
NGC 6402 1.3 5 11.070 Yes 20.515 Yes
Terzan 2 1.8 5 11.070 Yes 20.515 Yes
NGC 6624 2.3 5 11.070 Yes 20.515 Yes
NGC 6541 2.6 5 11.070 Yes 20.515 Yes
NGC 6316 5.8 5 11.070 Yes 20.515 Yes
NGC 6652 6.2 5 11.070 Yes 20.515 Yes
NGC 6752 6.2 5 11.070 Yes 20.515 Yes
GLIMPSEO1 7.3 5 11.070 Yes 20.515 Yes
NGC 6266 7.4 5 11.070 Yes 20.515 Yes
NGC 6397 9.3 6 12.592 Yes 22.458 Yes
NGC 6341 9.5 6 12.592 Yes 22.458 Yes
NGC 6218 9.7 5 11.070 Yes 20.515 Yes
47 Tuc 10.9 5 11.070 Yes 20.515 Yes
NGC 6717 12.4 6 12.592 Yes 22.458 Yes
2MS-GCO01 12.7 6 12.592 No 22.458 Yes
NGC 5139 13.0 5 11.070 No 20.515 Yes
NGC 6388 13.5 5 11.070 No 20.515 Yes
NGC 6441 28.0 5 11.070 No 20.515 No
Terzan 5 34.2 5 11.070 No 20.515 No
NGC 7078 36.5 6 12.592 No 22.458 No
NGC 1904 43.0 6 12.592 No 22.458 No
NGC 6304 48.8 6 12.592 No 22.458 No
NGC 6139 87.4 6 12.592 No 22.458 No
NGC 6440 135.9 5 11.070 No 20.515 No
NGC 6838 177.0 5 11.070 No 20.515 No
GLIMPSEO02 288.0 5 11.070 No 20.515 No
NGC 6626 359.8 5 11.070 No 20.515 No
NGC 6656 579.1 5 11.070 No 20.515 No
NGC 6528 927.6 5 11.070 No 20.515 No
Terzan 1 4.44E+13 5 11.070 No 20.515 No

Table 7.6 Testing the goodness-of-fit of the Lloyd model to GC spectral models (100 MeV —10
GeV) using the y? test statistic. The number of GCs where the Lloyd model is consistent
with the GC spectral model (x> < critical value), is 18 and 21, at significance level o = 0.05
and o = 0.001 respectively. Terzan 1’s very high x? arises from the very narrow energy
range of its log parabola spectral model and consequent sharp cut-offs which generates fluxes
far below those of Lloyd.
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population of GCs which have SEDs and spectral models well fitted by the Lloyd model (in
Tables 7.5 and 7.6), can be compared to those that do not, with the Kolmogorov-Smirnov
(KS) test, by individually considering GC characteristics which are expected to influence
the formation of MSPs in those GCs such as encounter rate, I', metallicity [Fe/H], GC mass,
MERP and binary encounter rate (BER), A, (which I determine using Eqn. 3.1 from [264]
and list in Table A.4). I compare the distribution of these characteristics using the KS test,
with the null hypothesis, Hy, being that the two GC populations have the same distribution of
characteristics. All characteristics for all GCs are compared with the exception of 2MS-GCO1
and GLIMPSEO1 which are compared only on the basis of mass, GLIMPSE(02 compared
on metallicity alone and NGC 6838, which is compared on all characteristics except I" and
MERP, due to some characteristics being undefined in the literature. I obtain the KS test
statistic* (D). In all cases, both for Lloyd model fit to the SED and GC spectral model, and
not, D is less than the critical value at the 95% confidence level (CL), and thus Hy cannot be
rejected at the 95% CL (Table 7.7).

Therefore, the GC characteristics relevant to MSP formation are distributed similarly
whether GCs are well fitted by the Lloyd model or not. It might be expected that the MSP
populations derived from similarly distributed GC characteristics are similar and, as an
ensemble, should have similar MSP like spectra, equally well fitted by Lloyd. I take this as
further indirect support for another source of gamma-ray emission in GCs, apart from MSPs,
which prevents GCs being well fitted by the Lloyd MSP model in some cases.

In relating the GC SEDs to any proposed source model of emission or characteristic of
the GC, it is necessary to look for diagnostic features in the SED which can be compared
quantitatively with the proposed source model or range of GC characteristics relevant to that
model. Half of the detected GCs have a relatively flat spectra in the range 562 MeV—3.16
GeV, spanning the middle 3 energy bins of the SED, and lack distinctive spectral features for
quantitative comparison. As such it is useful to use other spectral features for comparison
outside this range, in the lower and higher energy bins where the flux differences between
bins are more readily apparent, and the lever arm is greater.

In this regard, the GC SEDs can be grouped by whether fluxes are detected in the lowest
and medium energy bins, hereafter, LEB and MEB respectively. The LEB spans 100—177
MeV centered on 133 MeV and the MEB spans 5.6—10 GeV centered on 7.5 GeV. NGC
6624 and NGC 6626 are GCs where the emission is presumed be largely due to a single
dominant MSP. Both NGC 6624 and NGC 6626 have an UL in the LEB which is markedly
lower than the energy flux of the next bin and have fluxes in all bins up to and including the

4D = max(IF(x); -F(x),!) where F(x) 2 is proportion of x values less than current x for populations 1 and 2
being compared
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Fig. 7.12 The spectral energy distributions of NGC 6626 and NGC 6624 showing PL super
exponential spectra with a cut-off and flux in all bins except at 133 MeV which has an UL
markedly lower than the best fit model.
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Fig. 7.13 The spectral energy distributions of Terzan 1 has few flux points and only ULs
below 1 GeV.

MEB (Fig. 7.12). The SEDs of 17 other GCs share these same features of a much lower UL
in the LEB and a flux point in the MEB. A further 10 GCs have ULs in the LEB and MEB.
Only 3 GC have a flux in the LEB instead of an UL, 47 Tuc, NGC 6341 and NGC 1904.
The SEDs of NGC 6341 and NGC 1904 (Fig. 7.14) show the clearest examples of a soft PL
spectrum in the detected GCs, which is in tension with the PL super exponential spectra,
characteristic of MSPs, as seen in NGC 6626 and NGC 6624. A further 2 GCs, Terzan 1
(Fig. 7.13) and NGC 6218 have SEDs with noticeably fewer flux points and only ULs below
1 GeV.

I now consider the individual binned fluxes of the best quality (in terms of having few
ULs) GC SEDs in more detail to determine if there are spectral characteristics correlated
with either systematic effects or GC characteristics of relevance to MSP formation.

The sharp UL observed in the lowest energy bin (centered on 133 MeV and spanning
100—177 MeV), in the majority of GC SEDs (with the exception of 47 Tuc, NGC 6341 and
NGC 1904) is also worthy of comment. These GC LE ULs are in tension with the Lloyd
model, where 26 of the 98 MSPs have mean flux of (2.56 & 0.39) x 10® MeV cm? s’!,
rather than an UL in the 133 MeV bin. The mean flux in the 1.3 GeV bin (which is usually
co-incident with the peak flux) is (5.68 £ 1.02) x 10° MeV cm? s for MSPs with a flux
in the 133 MeV bin as compared to (1.99 £ 0.20) x 10 MeV cm™2 s7! for MSPs with an
UL in the 133 MeV bin. This suggests that the 133 MeV UL in MSP SEDs is an instrument
sensitivity effect arising from including MSPs with lower peak flux. As such it might be
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Fig. 7.14 The spectral energy distributions of NGC 6341 and NGC 1904 are best fit with soft
PL spectra and have flux at 133 MeV rather than an UL.
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Fig. 7.15 The spectral energy distribution of Terzan 5 with a high flux of ~ 10 MeV cm™
s'! in bins from 177 MeV to 4 GeV but a markedly lower UL below 177 MeV.

expected that if detectable GC emission arises from an ensemble of MSPs, then the combined
sub UL emission at 133 MeV should be seen as a flux points in GCs with high observed
fluxes such as Terzan 5 (which has ~ 10 MeV cm™? s'! in bins from 177 MeV to 4 GeV,
with an UL below 177 MeV), when in fact, an UL is nearly always observed. On the other
hand, the magnitude of the difference in flux between the UL in the 133 MeV bin and the
flux value in the following 237 MeV bin seems to be influenced by the systematic effect
of the Galactic latitude as can be seen in Fig. 7.16. The flux difference tends to increase at
lower Galactic latitudes suggesting the presence of a systematic effect of the gamma-ray
background in the Galactic plane. It also noteworthy that the three GCs with a flux in the
133 MeV bin are at higher Galactic latitudes (i.e. NGC 1904, NGC 6341 and 47 Tuc have
latitudes of -29.35, 34.86 and -44.89 degrees respectively). NGC 7078 at a Galactic latitude
of 44.89 degrees is a transitional case with an UL in the 133 MeV bin just above the flux of
the 237 MeV bin.

Similarly, towards higher energies, in the top 2 bins, some GCs have ULs in the bin
centered on 7498 MeV (spanning 5623 MeV—10 GeV) and fluxes in the proceeding bin
centered on 4216 MeV (spanning 3162 MeV —5623 MeV), whereas in the Lloyd model, 71
of the 98 MSPs have fluxes in both bins.

In order to further investigate if the ULs in the GC bins at 133 MeV and 7498 MeV are
related to systematic effects or related to the MSP population in the GC, I define two colour
bands, low energy, LE and medium energy, ME, with the LE band defined as the flux in
133 MeV bin / flux in 237 MeV bin and the ME band defined as flux in 4216 MeV bin /
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Fig. 7.16 The flux difference between the UL in the 133 MeV bin and the flux in the
following 237 MeV bin for 22 GCs against the absolute value of GC Galactic latitude. The
flux difference tends to increase at lower Galactic latitudes suggesting the presence of a
systematic effect of the gamma-ray background.

flux in 7498 MeV bin. Where an UL is present at 133 MeV or 7498 MeV, then the LE and
ME colours represent upper and low limits respectively. The LE and ME colours for the
Lloyd model are 0.3940.02 and 1.97+0.07 respectively. I plot the individual GC colours
against GC heliocentric distance, Galactic latitude, and gamma-ray luminosity between
100 MeV —10 GeV, to determine if there are systematic background or sensitivity effects,
and metallicity, binary encounter rate and MERP to determine if factors relevant to MSP
formation are correlated with the colour distribution in Fig. 7.17. It can be seen that the GC
LE colour UL falls below the Lloyd model in nearly all cases implying that the 133 MeV
GC bin has a much lower UL cut than predicted. In addition, the distribution of the LE UL
colour ratio exhibits no correlation with any characteristics plotted. It is noteworthy that
there are only two LE flux colours in the figure (47 Tuc and NGC 1904) and that a LE UL
persists across the full range of gamma-ray luminosity. Similarly, the GC ME UL and flux
colours mostly fall on or below the Lloyd model implying that the 7498 MeV flux is higher
in proportion to the 4216 MeV flux. The distribution of ME colour is again insensitive to
all characteristics with the exception of gamma-ray luminosity where higher GC luminosity
(Ly >2x 10** erg s™') seems to favour a flux point in the 7498 MeV bin as opposed to a UL
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in the SED, leading to flux colours rather than flux colour lower? limits, on the colour plot, at
higher luminosities.

The colour difference between GC spectra and the Lloyd model could be explained by an
additional source of gamma-ray emission, apart from MSPs, which increases the flux between
177—316 MeV and 5.6—10 GeV or, less likely, by GC MSPs having spectral differences
which, in aggregate, favour emission in these bands, although there is no evidence for such a
MSP population in GCs.

It is useful to ask whether there is a MSP sub-population of the 98 MSPs in Lloyd which
have spectral characteristics functionally related to a pulsar observable such as E. If such a
population were to exist then a blend of MSPs spectral characteristics could be derived from
the known E's of the MSP population in well studied GCs such as 47 Tuc and Terzan 5. This
could allow the determination of additional GC spectral components superimposed on the
GC MSP gamma-ray emission. I now consider if there are any such sub-populations within
the Galactic field MSP population, which could be used to infer the emission properties of
the ensemble MSP population in GCs.

The Lloyd model is a summation of an ensemble of MSPs and their fluxes, and that
within Lloyd, 21 MSPs have a UL at 7498 MeV (average ME colour > 1.92 + 0.32) and
45 MSPs have an UL at 133 MeV (average LE colour < 0.63 4 0.08). It may be possible,
therefore, that the GC MSP population is more characteristic of these MSPs in the Lloyd
model displaying ULs in the LE and ME bins, rather than fluxes, as low and upper limits
predominate in the GC colour ratio plots of Fig. 7.17.

The MSP gamma-ray luminosity and the spectral index (/ndexI) parameter of the PLSu-
perExpCutoff2 spectral model for MSPs are positively correlated with MSP E as shown in
the 2PC [11]. It therefore seems reasonable to suppose that £ could affect spectral features
and hence colour ratios. Thus, I consider whether there is a MSP E to colour relationship
which favours ULs in 133 MeV and 7498 MeV bins, as this could be used to determine
the GC MSP population characteristics. However, a plot of MSP spectral colours against
E, indicates that there is no apparent correlation between these quantities, with LE and ME
colours scattered evenly above and below the Lloyd model colours (Fig. 7.18).

The discussion of sub-populations of MSPs, also prompts the question of whether the
gamma-ray luminosity function (i.e. the expected distribution of MSP luminosities as a count
binned by luminosity) is similar in the Galactic field population used to construct the Lloyd
model and in GCs, because if the MSP luminosity and by implication the E is greater, than
the positive spectral index vs E relation would skew the spectral shape of the SED, increasing

3 A colour ratio lower limit arises from dividing an SED flux point by an UL flux in the next SED bin and as
such the maximum of the colour ratio is unconstrained.
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Fig. 7.17 The low energy (LE, 133/237 MeV, blue points) and Medium Energy (ME,
4216/7498 MeV, red points) colour bands of detected GCs plotted against characteristics
to exclude systematic effects (Distance, Galactic latitude, b) and effects relevant to MSP
formation (Metallicity, Binary Encounter Rate (BER), and MERP). Red and blue bands
are ME and LE colour ranges from the Lloyd model stacked MSP spectrum of this work.
The colour offset of individual GCs from the colour bands of the Lloyd model appears
uncorrelated with distance / b systematics or by MSP formation related to metallicity or BER
or MERP. There is a preference for higher luminosity GCs, >2 X 1034 erg sl to have fluxes
in the 7498 MeV bin rather than ULs, leading to defined ME colours at higher luminosity
rather than lower limits (bottom right panel). The LE colour distribution is insensitive to all
characteristics.
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Fig. 7.18 The LE and ME colours for the MSPs in the Lloyd model plotted against their £
values. There is no apparent correlation, with LE and ME colours distributed evenly above
and below the Lloyd average colour values (red and blue bands).
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the flux in higher energy bins with increasing positive index while decreasing the flux in
lower energy bins.

The MSP luminosity function has been examined in a population study [138], constrained
by the spatial distribution of Fermi-LLAT observations of MSPs from the 2PC. The authors
of [138] obtain a central value luminosity of 4.7x 1032 erg s”! for field MSPs and predict
that the MSP luminosity function should be similar for both the GC and Galactic field MSP
population for Ly in the range 1032 — 10%* erg s'!. They also constrain the incidence of high
luminosity MSPs in GCs by considering MSP J1823-3021A in NGC 6624 with an Ly of 7.0x
103* erg s'!. They note that this luminosity is 10% of the gamma-ray emission of 16 other
GCs which they predict to have a population of 2000 MSPs, by their modelled luminosity
function, and from this they predict that the remaining GCs will have ~ 0.04 MSPs with
Ly > 1034 erg s'. A similar study [111] using three different MSP emission models (two
pole caustic slot gap, outer gap and pair starved polar cap emission) predicts an average Ly of
8.0x 1032 erg s! for the MSPs in 47 Tuc and yields an estimated number of MSPs of 43 +
6, in broad agreement with the original estimate of Fermi-LAT collaboration, 33 + 15 [10].
Assuming a gamma-ray efficiency of ~ 10%, this places the average GC MSP E at ~ 1034
erg s™', within the centre of the range of most E values in the Lloyd model (Fig. 7.18). This
allows me to conclude that for the most part GC MSPs are not unusually bright and so my
comparison of the MSPs in the Lloyd model with those of the GC MSP population remains
valid.

I now turn to energies above 10 GeV (HE). In the Lloyd model, HE emission is rarer,
with only 20, 12 and 3 MSPs having significant emission in the bins centered on 13.3 GeV,
23.7 GeV and 42.2 GeV respectively. In addition, the energy flux at 23.7 GeV and 42.2 is a
factor of 10 and 43 times less than at 7498 MeV. This implies that detectable HE emission
from MSPs in GCs should be rarer, consistent with the detection of just 2 GCs (47 Tuc and
Terzan 5) at HE. On the other hand, the HE spectrum of Terzan 5 is flat with significant flux
up to 100 GeV which appears at odds with an MSP interpretation (Fig. 7.19). As previously
discussed in Chapter 3, there are weak indications for TeV emission in a stacked analysis of
MSPs using HAWC [137]. The proposed mechanism is that MSP leptons are accelerated
across the voltage drop of the pulsar wind nebulae termination shock, to generate gamma-ray
emission through the inverse Compton process along with radio emission via the Synchrotron
process. Although the detection indication is weak, the modelling of [137] also suggests a
flat spectrum up to TeV energies can be generated by MSPs. However, at the time of writing,
Terzan 5 remains undetected by HAWC at TeV energies [14], so direct evidence for this
mechanism in GCs is lacking.
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Fig. 7.19 The spectral energy distribution of Terzan 5 between 10 and 100 GeV from this
work. The spectrum is flat with significant flux up to 100 GeV.

The gamma-ray spectrum (1 GeV—1 TeV) is predicted for 3 GCs, NGC 6624, NGC
6626 and NGC 7078 [55], by modelling the inverse Compton scattering of infra-red, optical
and microwave-background photons by MSP leptons which are advected in MSP and stellar
winds and emitted by MSPs offset from the GC centre. The model predicts increasing
gamma-ray flux up to ~ 100 GeV where a spectral turn-over occurs. However, the predicted
fluxes at 10 GeV are at odds with those observed in this work, with the predicted flux of
NGC 6624 and 6626 being only 16 and 50% of the actually observed flux, respectively. In
contrast, at 10 GeV, NGC 7078 has an UL a factor of 3 higher than the predicted flux and as
such the model of [55] cannot be excluded for this GC based on my observations.

The model of [55] is tested against 165 h of observations of NGC 7078 using MAGIC in
[17]. However NGC 7078 remains undetected using MAGIC (contrary to expectation) and
this is used to set constraints on relativistic lepton injection rate by MSPs into the GC. The
authors of [17] conclude that the injection rate must be lower than from classical pulsars or

that leptons are removed more efficiently by MSP winds in the GC than expected.

7.4.4 Simulating the Detectability of 4FGL GCs with CTA

CTA is expected to improve on Fermi by providing increasing sensitivity above 60 GeV,
(~ an order of magnitude improvement for CTA at 1 TeV as compared to the sensitivity
of Fermi-LAT at 10 GeV ), and superior angular resolution above ~ 200 GeV (0.05°, 68%
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Model and GC KS KS Critical Value
Characteristic Test Statistic D at the 95% CL
Lloyd to GC SED (o = 0.05)

Encounter Rate, I 0.22 0.53
Metallicity 0.22 0.52
Mass 0.26 0.51
MERP 0.19 0.53
BER, A 0.20 0.52
Lloyd to GC SED (o = 0.001)

Encounter Rate, I 0.15 0.57
Metallicity 0.25 0.53
Mass 0.37 0.51
MERP 0.28 0.57
BER, A 0.28 0.55
Lloyd to GC model (a = 0.05)

Encounter Rate, I 0.25 0.50
Metallicity 0.35 0.48
Mass 0.34 0.48
MERP 0.38 0.50
BER, A 0.21 0.49
Lloyd to GC model (@ = 0.001)

Encounter Rate, I 0.31 0.52
Metallicity 0.36 0.49
Mass 0.32 0.49
MERP 0.27 0.52
BER, A 0.21 0.50

Table 7.7 Comparing the GC characteristics relevant to MSP formation between the popula-
tion of GCs which are well fitted by the Lloyd model, and those that are not, using the KS
test. All models and characteristics have a KS test statistic D less than the KS critical value
and so the null hypothesis that the characteristic distributions are the same, between GCs
fitted and not fitted by the Lloyd model, cannot be rejected at the 95% CL.
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containment for CTA-S at 1 TeV, rising to 0.03°at 20 TeV, vs 0.1°of Fermi-LAT PASS 8 at 20
GeV). These improvements will be important to distinguish between different spectral models
of MSP emission whilst simultaneously allowing the morphology of any emission to be
probed to distinguish between emission arising from sources in the GC core and shock-front
emission.

Therefore, I consider to what extent the 30 GC sources (listed in Table A.3) identified
as associated with a GC in the 4FGL are detectable using CTA-N and CTA-S using its
publicly-released prod3b-v1 instrument response functions (IRFs),® and the CTOOLS analysis
suite [160]. I first determine the maximum altitude that the GCs can attain when observed
from the CTA-N and CTA-S using my own Python code employing the ASTROPLAN package
(version 0.4)7. ASTROPLAN is built on the well known package ASTROPY and allows the
definition of observatories and targets for observing. For GCs which attain an altitude >
60° I use the CTA IRFs applicable to a zenith angle of 20° whereas for lower altitudes |
use the zenith 40° IRFs, both averaged over the azimuth angle. I use the spectral models
obtained from the 0.1—100 GeV analysis above of 30 4FGL GCs and simulate events using
CTOOLS, version 1.6.1, (with my simulation chain previously described in Chapter 2) for
times of 5h and 50h for a single GC source in the energy range 0.03—50 TeV over a selection

radius of 3° from a 5° simulated region. For each GC, I perform 880 simulations®

using
random number seeds of 1—-880. The analysis output is a results file with a detection TS
value calculated for each GC. Although the bulk of emission will usually be in the 0.1—10
GeV band, I use the spectral model produced by the 0.1—100 GeV analysis as this allows the
spectral model to be fitted and constrained by events above 10 GeV. In Table 7.8, I list all
GCs which achieve a significant detection (TS>25) along with the percentage number of
runs with a simulated significant detection. The simulation predicts that 2MS-GCO1 will be
detectable with just 5 h of observations, and NGC 6717, 6218, 6139 and Terzan 1 should
be reliably detected in 50 h of observations as > 98% of simulations result in a significant
detection. I also plot histograms of the simulated distribution of TS values obtained for all
GCs where > 98% of simulation runs have a detection significance of TS>25 in Fig. 7.22.
In 50 h of CTA-N observations, Terzan 1 and NGC 6218 are expected to be detected with a
peak TS of ~ 310 and 300, respectively. In 50 h of CTA-S observations, NGC 6139, NGC
6717 and 2MS-GCO01 can expect to be detected with a greater peak significance of ~ 1100,
1300 and 5800, respectively. The high significance predicted detection of NGC 6139, 6717

and 2MS-GCO1 (Fig. 7.22) is as expected from their hard PL spectral fits with predicted

6 Available from http://cta.irap.omp.eu/ctools/users/user_manual/irf_cta.html?highlight=prod3b

7 Available from https://astroplan.readthedocs.io/en/latest/what-is-astroplan

81 use 880 runs, instead of my preferred 1000, as this is the highest common number of simulations
successfully performed, for all GCs, as due to run time errors some simulations were restarted.
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fluxes > 2 x 107 MeV ecm™ s7! at 100 GeV (Fig. 7.20), while their higher significance
detection with CTA-S in comparison to CTA-N is expected from their southerly declinations
(-38.8, -22.7 and -19.8° for NGC 6139, 6717 and 2MS-GCO01 respectively). In contrast the
other GCs have predicted fluxes at least an order of magnitude less than this at 100 GeV and
so are are undetected in more simulations. The predicted detections of Terzan 1 and NGC
6218 are more difficult to account for, as they have a log parabola model and a sharp cut-off,
with much lower fluxes of ~ 2 x 108 MeV cm™ s°! at 20 GeV. Further simulations will be
required to probe this discrepancy. Based on the other predicted detections, I recommend the
use of CTA-S in future observations of GCs.

It is useful to compare these results with the GCs predicted to be detected by CTA using
the previously mentioned emission model of [205], which employs MSPs as the source of
relativistic particles which up-scatter the soft photons of the modelled GCs to gamma-ray
energies and produce X-rays via the synchrotron process. In [205] it is predicted that 5 GCs,
(47 Tuc, NGC 6388, Terzan 5, Djorg 2 and Terzan 10, from a sample of 15 GCs previously
observed by H.E.S.S.) are the most promising for future detection using CTA. However of
these 5 favoured GCs only 47 Tuc, NGC 6388 and Terzan 5 are gamma-ray sources detected
with Fermi-LAT and the CTOOLS simulation predicts that these GCs will not be detectable
on the basis of their 0.1—100 GeV spectral models alone.

The SEDs from X-ray to gamma-ray energies of 47 Tuc, Terzan 5 and NGC 6388 are also
predicted in [205]. Their model uses MSPs as the relativistic particle source whilst solving
transport equations to predict emission from inverse Compton scattering and synchrotron
process for varying B field, lepton diffusion, lepton injection spectrum and maximum lepton
energy. However the SED model used is conservative because it omits the pulsed curvature
radiation produced by MSPs. It can be seen that the energy fluxes obtained from my Fermi-
LAT analysis between 1—100 GeV strongly constrain the gamma-ray emission models for
47 Tuc in [205] but are compatible with the models of Terzan 5 and NGC 6388 (Fig. 7.21),
the unknown MSP pulsed emission notwithstanding. In Terzan 5, I may be detecting the start
of the inverse Compton component while the NGC 6388 model predicts fluxes below my
own and H.E.S.S. ULs and hence cannot be further constrained with current observations.
Future observations with CTA will be very useful to select between these models and refine
spectral features below the current ULs of both Fermi-LAT and H.E.S.S.
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100 MeV —100 GeV, showing a hard predicted spectra to 100 GeV which accounts for their
predicted detection in most simulation runs using CTOOLS.
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7.5 Conclusion

By using an X-ray gamma-ray relation in the 2PC, which I call the "Abdo Ratio", I estimate
the gamma-ray flux contribution of 20 MSPs with published X-ray flux values in 47 Tuc
(out of a resolved MSP total of 25 in that GC) and show that in a median case they likely
account for only half the gamma-ray emission, but could account for the total emission at
the extremes of uncertainty of both flux and the Abdo Ratio. The large log uncertainties on
the Abdo ratio mean that standard error propagation rules cannot be used and so an overall
propagated uncertainty cannot be calculated to limit this estimate further.

I consider whether the gamma-ray spectra of selected GCs can be accounted for by MSPs,
through comparison with my stacked MSP model and by examining GC spectra. On an
individual basis, the spectra of many GCs resemble those of MSPs with cut-offs a few GeV
and this is likely the predominant emission mechanism in GCs, but there is certainly tension
between the GC spectra and stacked models of MSP emission at low and medium energies
which suggest other sources of emission. GCs are known to contain CVs and LMXBs and in
some cases may have co-incident background AGN but there are unlikely to be predominant
sources of emission, as gamma ray emitting CVs and background AGNs of the blazar class
are rare, whereas LMXBs are rarely gamma-ray emitters. In addition the lack of GC reported
variability on multi-month timescales would seem to exclude these sources as important
emitters.

I show, using the minimum value of the AIC statistic, that my stacked model of 98 MSPs
("Lloyd") is the preferred model in the case of 47 Tuc, over that of the Fermi-LAT analysis
spectral fit, the MSP models of Xing and Wang, and of McCann.

I show using a x? statistic, that my stacked model of 98 MSPs is again a preferred model
of individual GC spectral emission over that of the alternative models of McCann and Xing
and Wang and a valid fit to ~ third to a half of the GC SEDs depending on significance
level chosen, (i.e. a valid fit in 11 and 20 GCs at a=0.05 and 0.001 respectively), and to
the GC spectral models, (18 and 21 GCs at &=0.05 and 0.001 respectively). The fit of the
Lloyd model to the GCs is slightly poorer than that of the Fermi analysis GC spectral models
obtained in Chapter 5 (16 and 25 GCs at =0.05 and 0.001 respectively). The fact that only
a third to two-thirds of GCs are well fitted by the Lloyd MSP model, (depending on the
significance level chosen) again shows the importance of MSP emission but hints at other
sources of emission. This view is further supported by my analysis of those GCs well fitted
by Lloyd, and those are not, which shows that the distribution of characteristics relevant to
MSP formation in these populations, cannot be proved to be different.

A detailed GC spectral analysis considering the fluxes and colours of the first (LEB) and
last two energy bins (MEB) is then used to draw comparisons with the Lloyd MSP emission
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Globular CTA Array Zenith Angle Observation Percentage
Cluster (Degrees) Time of 880 runs
(h) with TS> 25
NGC 6093 North 40 50 1
TERZAN 5 South 20 50 1
NGC 1904 North 40 50 2
TERZAN 2 North 40 5 3
GLIMPSEO1 South 20 50 4
NGC 7078 South 40 50 5
TERZAN 2 South 20 50 6
NGC 6304 South 20 50 6
NGC 6397 South 20 50 13
NGC 6341 South 40 50 25
NGC 6717 North 40 5 75
NGC 6139 North 40 5 75
NGC 6304 North 40 50 76
NGC 6397 North 40 50 80
NGC 6717 South 20 5 82
NGC 6139 South 20 5 82
NGC 6218 North 40 5 85
TERZAN 1 North 40 5 86
2MS-GCO01 North 40 5 98
NGC 6717 North 40 50 99
NGC 6717 South 20 50 99
2MS-GCO01 South 20 5 99
NGC 6218 North 40 50 100
NGC 6139 South 20 50 100
2MS-GCO01 North 40 50 100
NGC 6139 North 40 50 100
TERZAN 1 North 40 50 100
2MS-GCO01 South 20 50 100

Table 7.8 GCs ordered by the percentage of 880 seeded CTOOLS runs which resultin a TS >
25 detection by either CTA-N or CTA-S for observation times of 5h and 50h. The spectral
model assumed for each GC is that of my Fermi-LAT analysis from 0.1—100 GeV and the
CTOOLS prod3b-v1 azimuth averaged IRFs are used throughout.
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Fig. 7.22 TS distributions for GCs simulated with CTOOLS for CTA-N and S and observations
of 5 and 50 h. For 50 h observations > 98% of simulation runs have TS > 25. Plots are

arranged in order of increasing maximum TS peak value. 2MS-GCO1 is detectable by both
CTA-N and CTA-S after 5 h of observations.
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model. The presence of ULs in the majority of GC LEBs is in tension with Lloyd which
suggests LEB fluxes should be seen, but this is likely due to systematic effects of Galactic
background emission, as ULs increase with Galactic latitude, until, LEB fluxes are seen in
the highest latitude GCs. An analysis of GC LEB and MEB colours shows that these are
unaffected by factors relevant to MSP formation, and that the MEB is harder than that of the
Lloyd MSP model, hinting at spectral components other than MSPs in these energy bins. It
is possible that this harder component than that seen in Galactic field MSPs arises from the
relativistic electron population generated by unresolved GC MSPs as discussed above. The
LEB and MEB MSP colours appear unrelated to MSP E, and so, cannot be used to infer the
characteristics of an underlying MSP population in GCs.

Finally, I examine the higher energy GC and MSP results above 10 GeV. In my spectral
model, HE emission occurs in far fewer MSPs and produces much reduced flux as compared
to emission between 1 — 10 GeV. This is consistent with the non-detection of most GCs at
these energies. The spectra of the sole HE detection, Terzan 5 is relatively flat to 100 GeV
and the tentative detection of TeV halos around MSPs using HAWC, may account for Terzan
5’s HE spectrum. However, Terzan 5 is, as yet, undetected by HAWC.

A simulation of GC detectability by the proposed gamma-ray observatory CTA, using
the spectral models produced by a 0.1—-100 GeV analysis, suggests at least 5 GCs should
be detectable in 50 h of observations. I also show that my Fermi-LAT analysis of 47 Tuc
can be used to constrain models where MSPs produce gamma-ray emission through inverse
Compton scattering. Future observations with CTA will be able to constrain both MSP
emission models and the morphology of GC high energy emission.

The presence of IMBHs in some GCs [159] could indicate a dark matter annihilation
component to the emission in the more massive objects and could account for the emission
seen in some objects such as 47 Tuc although the evidence for IMBHs in GCs more generally
is not strong. I have also shown that both an MSP only emission model, and a model with a
dark matter component and reduced MSP emission, can equally well account for the 47 Tuc
spectrum, although a preferred model cannot be determined.

In conclusion, these results do not rule out MSPs being the major contributor of gamma-
ray emission in GCs but the differences between the GC spectra and the Lloyd model coupled
with the weak correlation of gamma-ray emission with characteristics relevant to MSP
formation do suggest other important components of gamma-ray emission in GCs apart from
that of MSPs. This view is re-enforced by the third to two-thirds of GCs (depending on the
significance level chosen), which are not well fitted by my MSP model. The harder medium
energy spectrum observed in some GCs combined with the GC diffuse X-ray / gamma-ray

detection connection suggests that the relativistic electron population of unresolved MSPs is
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a major additional component. More speculatively, the soft components of the GC spectrum
could be due to a dark matter component, and as an exemplar of the constraints that can be
placed on dark matter properties through the analysis of pulsars, I turn next in Chapter 8 to
the case of a hypothetical dark matter particle, the axion, which may be produced in pulsar

cores.



Chapter 8

Constraining the Axion Mass through
Gamma-ray Observations of Pulsars

8.1 Introduction

The mass of the axion m, can be constrained, in the main, either by astrophysical scenarios
involving direct axion emission, acting as an energy loss channel, with the axions possibly
converting to a photon flux, or by direct detection experiments which seek to measure the
conversion of the axion flux impinging on the Earth to photons in a strong magnetic field.
I do not consider here the further important case of spectral modulation arising from the
conversion of photons from a bright source which, when travelling large distances in the weak
Galactic magnetic field, can convert to axions, as these effects tend to result in small spectral
features of low detection significance and hence are less compelling than other observations,
yielding less restrictive limits than axion solar telescopes such as CAST [187].

The use of direct astrophysical axion emission scenarios to place limits on the axion
mass has a long history. Shortly after the supernova event SN-1987A, the duration of its
neutrino burst (5—10 s) was used to determine the cooling due to neutrino emission, and
subsequently to calculate m, < 5 x 107 eV [157] by assuming that the energy loss due to
axion emission via nucleon-nucleon Bremsstrahlung was sub-dominant to that of the neutrino
energy loss. This estimate was later refined to m, < 107> eV when fluctuating nucleon spin
and collisional effects were included [149]. The energy loss due to axion emission is also
expected to shorten the lifetime of He core burning stars on the horizontal branch (HB) as
opposed to hydrogen shell burning stars on the red giant branch (RGB). This lowers the
number ratio of HB stars to RGB stars from expectation, and direct observations of these
counts in 39 globular clusters yields axion-photon couplings of < 0.66 x 10710 GeV-! [40],
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corresponding to a limit of m, < 1 eV. In [240] the authors have used cooling simulations,
combined with surface temperature measurements of 4 thermal X-ray emitting pulsars (PSRs)
including Cas A, to determine m, < (0.06-0.12 eV).

Axions can also be probed by direct detection experiments such as the Axion Dark
Matter Experiment [236] where Galactic halo axions convert to microwave photons in a
magnetic field, excluding m, in the range (1.9-3.53) x 10 eV [37, 100, 118, 140, 99]. In
[80] the CERN Axion Solar Telescope (CAST) has set constraints on the conversion of axions
produced from the Sun into X-ray photons inside a 9 T magnet to produce axion-photon
couplings of < 0.66 x 10710 GeV-! | the same as the determination from globular clusters
above.

In the gamma-ray regime, the authors of a 2016 paper "Constraints on axions and axion
like particles from Fermi large area telescope observations of neutron stars" [58], hereafter
"BGM16", have used 5 years of PASS 7 Fermi-LAT gamma-ray observations of radiative
axion decay in 4 nearby pulsars to constrain m, < 0.079 eV. The work of BGM 16, though
innovative, can be improved upon by considering a larger sample of pulsars and using
FERMIPY with its proven energy and photon flux upper limit calculation routines instead of a
bespoke MINOS UL calculation.

The latest data release of the Fermi-LAT is now PASS 8, which incorporates improvements
to further reduce gamma-ray background uncertainty, improve instrument effective area and
point spread function (PSF) and to permit low-energy analysis down to 60 MeV. In this
chapter, I refine the work of BGM16 to take advantage of the improved low-energy analysis
in PASS 8, coupled with improved photon statistics (with 9 years of event data) and a larger
sample of 17 pulsars which are undetected in gamma-rays. I then obtain improved gamma-ray
ULs and a more robust determination of UL m, than was possible previously.

The content of this chapter is as follows: in Section 8.2, I describe the phenomenology of
the axion and its production in neutron stars. In Section 8.3, I list the criteria used to select
pulsars for analysis. In Section 8.4, I describe the analysis method for the determination of
gamma-ray upper limits from the pulsar sample. In Section 8.5, I present UL energy and
photon flux determinations for the pulsar sample and from these is derived the axion mass
upper limit m, for two independent methods. In Section 8.6, I discuss the validity of the UL
m, determination with respect to pulsar core temperature. I then consider the determination of
UL m, in magnetars: In Section 8.7, I explain why magnetars are a good target for this work,
In Sections 8.8 and 8.10 respectively, I discuss the core temperatures expected in magnetars
and why their quiescent soft-gamma ray emission might be expected to be suppressed as a
background signal. I present the UL m, values obtained from magnetars in Section 8.9 and

propose further observations with the Fermi-Gamma Ray Burst Monitor (GBM) in Section
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8.12. Finally, in Section 8.13, I summarise my findings and make suggestions for future
work.

It should be noted that my pulsar analysis and the resulting UL m, determination and
pulsar core temperature discussion have also been published in my paper [182] whereas my
discussion of magnetar temperature, soft-gamma ray background and proposed Fermi-GBM
observations have been published in my paper with Kuver Sinha and Huai-ke Guo [183], who
used the legacy magnetar fluxes listed in this chapter to obtain the axion-photon coupling
constraints which I discuss here. The listed UL m,, in this chapter, which I obtained from

magnetars using an alternative model, has not yet been published.

8.2 Phenomenology

In the very early Universe, axions are created through the Peccei-Quinn (PQ) transition, when
the temperature falls below the PQ symmetry breaking scale, £, ~ 108—10° GeV. The PQ
scalar field, &, settles to a potential minimum and the postulated U (1) pp symmetry is broken,
causing P to achieve a non-zero vacuum expectation value, which generates axions and
an axion-string network which further decay to non-relativistic axions. Later, in a seperate
transition, at a lower temperature, Agcp, axions acquire a small mass, m,, which is related to

[, through a scaling relation (Eqn. 8.1).

- fo N7
Ma & 6W(m> 8.1)

In the more general case of axion-like-particles (ALP) this restriction is relaxed and an
unconstrained mass is possible. The timing of the PQ transition is uncertain and could occur
either before inflation or afterwards, the former leading to a wide range of possible m, < 1
meV whilst the latter yields values of m, in a narrow meV range as seen in Fig 1.7, with one
theoretical value of m, being 1—15 meV [69].

Axions may also be produced in pulsar cores through the process of nucleon-
nucleon Bremsstrahlung as depicted in the Feynman diagram of Fig. 8.1. The Bremsstrahlung
process assumes a one pion exchange (OPE) approximation [146] and the nucleons involved
are considered to be neutrons. Incoming nucleons N;, N, and outgoing nucleons N3, Ny
undergo one pion exchange to produce axions of energy ® via the Bremsstrahlung process.
The axions then undergo radiative decay to gamma-ray photons.

The spin structure function Sq(®) (Eqn. 8.2) is a phase space integral corresponding
to the Bremsstrahlung process depicted in Fig. 8.1. The phase space integral, shown in
Eqn. 8.2, accounts for nucleon spin and the balanced energy (E; 7 3 4) and momenta (p1,2,3,4)

transfer between nucleons N ; 3 4 with conservation of momenta and energy provided by
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Fig. 8.1 Feynman diagram depicting the nucleon-nucleon Bremsstrahlung process which
produces axions. Incoming nucleons Ni,, undergo a one-pion exchange producing an axion
a and outgoing nucleons N3,4 with different energy and momenta from those of Ny,,. The
axion undergoes radiative (conservative) decay to two gamma-ray photons.

Dirac 6 functions. The momenta p; have integration limits in the range 0 < p; < 2pp, where
Prn 18 the neutron Fermi momentum. ppr, is 300-400 MeV in supernova cores [147] and
typically > 100 MeV in neutron stars [119]. .% in Eqn. 8.2 is the product of thermodynamic
functions as defined in Eqn. 8.3. 7, is the hadronic tensor incorporating nucleon spin with
value 10/w?. The rate of axion production can be determined independently of the OPE
approximation using the soft-neutrino radiation rate which is proportional to the nucleon
nucleon on-shell scattering amplitude. This soft-neutrino approximation (SNA) method
gives an axion emission rate which is a factor of four smaller than that given by the OPE
approximation [119]. It can be shown that a value of JZ; = 10/w? largely includes the
reduction in axion emission rate expected for the SNA by considering expressions for the
scattering kernel of neutrinos produced by Bremsstrahlung in supernova cores as presented
in [120] where the SNA has not been applied. I do this by taking the spin structure function
So(®) (Eqn. 8.2) to be analogous to the neutrino scattering kernel S(®) of [120] and thus
equate 7, to the spatial trace, M, in the neutrino scattering kernel expression of [120].
By combining the expressions presented in [120] for a generic scattering kernel, the spin
fluctuation rate and an effective degeneracy parameter, I obtain a JZ;; value of 30/ ®?. Thus,
a value of 10/w? for ; results in a factor of 3 reduction in axion emissivity which is
comparable with the factor of 4 reduction expected from the SNA. The thermodynamic
function (Eqn. 8.4) is the Fermi Dirac distribution in natural units (kg = 1) for the nucleons
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applicable to degenerate matter [62] incorporating energy E, temperature 7 and neutron star
degeneracy u. I take the value of u/T = 10 as used in the analysis of BGM16.

3,
Sc(co)=%/ LEL é;ﬂ

< (21)8 (p1+ P2 — 3 — pa) (82
X3(E1+E2—E3—E4—(D)y<%ﬂij

F = f(E\)f(E2)(1 = f(E3)(1 — f(E4)) (8.3)

FE)=1/(1+exp((E—u)/T)) (8.4)

The axion emissivity or energy loss rate per volume in natural units (i.e. i=c = 1), &,, is
defined by Eqn. 8.5 as given in [119] where My is the nucleon mass of 938 MeV and gy, is
the axion-nucleon coupling with g, = CyMn/f,. Cy encapsulates the vacuum expectation
values for the Higgs u and d doublets with the doublets giving mass to the up and down
quarks of the nucleons. The value of Cy depends on the coupling model considered with 0 <
Cy < 2.93 [193]; [ take Cy = 0.1 as BGM16.

2
g ann 4
g=——"— | 0'Ss(0)dw 8.5

487r2M]%,/ o(®) (8:2)

The expected photon flux arising from axion decay for a photon of energy E is given by
Eqn. 8.6 from BGM 16 where d is the distance to the pulsar in parsecs and At is the timescale
for the emission of axions from a neutron star with a core temperature of 20 MeV (Eqn. 8.7).
I take the value of Sg(®) to be 2.4 x 107 MeV? and 6.25 x 10* MeV? for axion energies
of 100 MeV and 200 MeV respectively from the values of ®*Sq(®) in the axion emissivity
versus energy plot of BGM16 for a pulsar of core temperature 20 MeV and (/T = 10 (Shown
as the green line on Fig. 8.3, reproduced from BGM16). I choose Sq(®) at @ = 100 MeV
and ® =200 MeV in my calculations because these represent reasonable extremes on the
emissivity plot, with emissivity peaking and being less sensitive to energy near @ = 100 MeV
and an emissivity cut-off at @ = 230 MeV.

£ = 19107 (5) (555) (FF)

8.6)
< IOOZf/IeV)4 ( 153 ﬁf\)ﬂ) em 257!
At =232 (%)2 8.7)
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By combining Eqn. 8.6 and Eqn. 8.7 the UL axion mass can be expressed in terms of the

UL gamma-ray photon flux ® of a pulsar (Eqn. 8.8).

2
ULm, = [Uchcm*zs*1 % 55.5 x <100pc>

y ( IOOMeV)4 ( 107 MeVzﬂ i
2E So(2E)

Alternatively, instead of using photon flux methods as described above, axion mass can

(8.8)

be constrained using an expression for the energy lost from the pulsar as a result of axion
production. The energy loss rate £, for a given mass of neutron star material arising from
the production of axions in the pulsar core (Eqn. 8.9) is as presented in [110] based on [146]
and [62] with , as Eqn. 8.10. Ty is the neutron star core temperature in MeV and p 5
is the neutron star mass density in units of 10'> g cm™. I include a further factor of 0.25 in

Eqn. 8.9 to allow for the SNA reduction in axion emission rate.

" =025x 1. 74 x 103 ergg"'s ' p, TG, (8.9)
CnvMy 2
o, = ( N N) Jan (8.10)
fa

The measured UL gamma-ray luminosity, Ly can be equated to the expected gamma-ray
luminosity arising from the axion energy loss rate for the total mass of the neutron star as
Ly=€aD NSnass Pa — y» where NS;,455 1s the neutron star mass expressed in grams and P, _, 4 18
the axion to photon conversion probability (0—1.0) in the pulsar B field. In the case of axion
radiative decay where an axion decays to two gamma-ray photons, without conversion in the
pulsar B field being required, I take P, ., y to be 1.1 X 102* 571 (m,/1 eV) 3 [226]. From the
above expression for Ly and by combining Eqns. 8.1, 8.9 and 8.10, I obtain an expression
for UL my,, hereafter called the "alternative model" (Eqn. 8.11). The alternative model uses a

canonical pulsar mass of 1.4 M, or 2.786 x 10* g and a density of 0.056 x 10! g cm™.

6.0 x 1013

ULm, = CuMn

1

(8.11)

4mLyerg s7! ?
0.435 x 103lergg—1s-1 pl_52/3 TS v NSmassPa — v
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8.3 Pulsar Selection

I make the simple assumption that axions are emitted in a continuous isotropic fashion by
the pulsar and are unaffected by pulsar rotation. In making my pulsar selection I want to
maximise the probability of detecting isotropic gamma-ray emission arising solely from the
decay of axions to gamma-rays. Thus I wish to exclude the pulsed gamma-ray emission
arising from pulsar magnetospheric emission which would be unrelated to axion production
and a background to the axion signal that I wish to measure. Therefore, my selection of 17
pulsars (Table 8.1) from version 1.57 of the Australia Telescope National Facility (ATNF)
catalogue [190] ! is based on the following criteria to minimise gamma-ray background and
to select well-measured pulsars which are most likely to emit detectable gamma-rays solely

through axion decay:

* Pulsars which are located off the Galactic plane (161> 15°) thus reducing the uncertainty

arising from the Galactic gamma-ray background model of the Galactic disc
* Pulsars away from the Galactic centre with [/ > 30° and / < 330°

* Nearby pulsars with a heliocentric distance of 0.5 kpc or less and possessing an E > 0
in the ATNF catalogue

* Pulsars which are not known to have binary companions in the ATNF catalogue
and have not been identified as prior sources of gamma-ray emission in either the
Public List of LAT-Detected Gamma-Ray Pulsars” (which lists all publicly-announced
gamma-ray pulsar detections whose significance exceeds 40) or in the Second Fermi
Large Area Telescope Catalog of Gamma-Ray Pulsars [11].

Ihttp://www.atnf.csiro.au/research/pulsar/psrcat/

Zhttps://confluence.slac.stanford.edu/display/GLAMCOG/
Public+List+of+LAT-Detected+Gamma-Ray-+Pulsars, list last updated 19" Oct 2018, accessed on 14" Feb
2019
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8.4 Analysis

8.4.1 Photon Event Data Selection

The data in this analysis were collected by Fermi-LAT between 4th Aug 2008 to 18th
October 2017 (Mission Elapsed Time (MET) 2395574147[s] to 530067438[s]). I consider
all PASS 8 events which are source class photons (evclass=128), with Front converting events
(evtype=1), spanning the energy range 60 to 500 MeV. I use Front® converting events because
of the improved point spread function (PSF) of this event class with 95 per cent containment
of 60 MeV photons at a containment angle of 13° as opposed to 20° for both Front and Back
converting events. I select a conservative energy range of 60-500 MeV, as axion decay has
previously been expected to produce gamma-rays in the range 60-200 MeV, with a cut-off
by 200 MeV as determined in BGM16. Throughout my analysis, the FERMIPY software
package*[275] with version V10ROPS of the Fermi Science Tools is used, in conjunction
with the PER2_SOURCE_V6 instrument response functions. I apply the standard PASS 8 cuts
to the data, including a zenith angle 90° cut to exclude photons from the Earth limb and
good-time-interval cuts of DATA_QUAL > 0 and LAT_CONFIG = 1. The energy binning

used is 4 bins per decade in energy and spatial binning is 0.1° per image pixel.

8.4.2 Determining if Pulsars are Gamma-ray Emitters

I first determine if any of the pulsars in my selection are significant unpulsed gamma-ray
emitters. For each pulsar I consider a 20° Radius of Interest (ROI) centred on the pulsar
co-ordinates. I use an ROI of 20° as my analysis is made down to a low energy of 60 MeV
and I wish to be certain to allow for the contribution of low energy sources given the PSF of
13° above.

I include known sources using a point source population derived from the Fermi-LAT’s
third point source catalog (3FGL), diffuse gamma-ray emission and extended gamma-ray
sources. The diffuse gamma-ray emission consists of two components: the Galactic diffuse
flux and the isotropic diffuse flux. The Galactic component is modelled with Fermi-LAT’s
gll_iem_v06.fit spatial map with the normalisation free to vary. The isotropic diffuse emission
is defined by Fermi’s iso_P8R2_SOURCE_V6.txt tabulated spectral data. The normalisation
of the isotropic emission is also left free to vary. In addition, all known sources take their

spectral shape as defined in the 3FGL catalogue.

31 have repeated the same analysis using the PSF3 event class which is the best quartile direction reconstruc-
tion. This does not change the determined m, significantly considering all 17 PSRs. I therefore retain the Front
analysis to allow direct comparison with BGM16.

4FERMIPY change log version 0.12.0
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An energy dispersion correction is applied to the pulsar test source but disabled for all
3FGL sources in line with Fermi Science Support Centre recommendations for low energy
analysis.

I perform an initial BINNED likelihood analysis using the optimize method with the
normalisation of all point sources within 20° of the pulsar being left free.

From this initial likelihood fit, all point sources (with the exception of the target pulsar)
with a TS < 4 or with a predicted number of photons, Npred, < 4 are removed from the
model. Thereafter, I free the spectral shape of all TS > 25 sources in this refined model and
undertake a further secondary likelihood fit using optimize and fit methods.

The best-fit model from this secondary likelihood fit is then used with the Fermi Science
Tool GTTSMAP to search for new point sources that were not already present in the 3FGL. In
particular, I run the FERMIPY find_sources method to detect all sources above 30 significance.
Find_sources is a peak detection algorithm which analyses the test statistic (T'S) map to find
new sources over and above those defined in the 3FGL model by placing a test point source,
defined as a power law with spectral index 2.0, at each pixel on the TS map and recomputing
likelihood. Lastly, I again run the fir method to perform a final likelihood fit, which fits
all parameters that are currently free in the model and updates the TS and predicted count

(N pred) values of all sources.

8.4.3 Pulsar Upper Limit Gamma-ray Emission

In order to determine PSR gamma-ray flux upper limits I repeat the analysis of Section
8.4.2 with a source model which includes a pulsar test source for each of the 17 pulsars.
The differential flux, dN/dE, (photon flux per energy bin) of the test source for each pulsar
is described as a power law > as defined in Eqn. 8.12 where prefactor = Ny, index=y and
scale=Ey. The test source has index of 2.0, a scale of 1 GeV and a prefactor =1 x 1011 T
leave the prefactor (normalisation) and index of the test source free to vary.

AN ENY
9N _ N, (—) 8.12
E o\ &, (8.12)

I then obtain UL photon and energy fluxes integrated over the energy analysis range (at
2 o significance, 95 percent confidence level) from the flux_ul95 and eflux_ul95 attributes
respectively of the FERMIPY sources entry for each pulsar test source. The UL photon and
energy fluxes are defined as the values where the likelihood function, 2ALog(L.), which
compares the likelihood of a model with the source and without, has decreased by 2.71 from

its maximum value across the range of flux values arising from the analysis. In addition, 1

SFrom the Fermi Science Support Centre at https //fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/source_models.html
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use a composite likelihood stacking technique to improve the UL photon flux determination
by considering all test sources in the analysis together. I extract a likelihood profile of
ALog(L) vs photon flux for each test source using the FERMIPY profile_norm method. Next
I determine the functional form of this likelihood profile for each test source using numpy
polyfit and polyld and interpolate the likelihood profile with numpy polyval between the
overall minimum and maximum photon flux value obtained by considering the UL photon
flux of all test sources. I then sum the ALog(L) values of each interpolated likelihood profile
to obtain a single stacked ALog(L) vs photon flux profile for the test sources as a whole.
Finally, I determine the maximum photon flux where the stacked ALog(L) has decreased by

1.35 from its peak value to give the one-sided upper limit photon flux.

8.5 Results

8.5.1 Pulsar UL Gamma-ray Fluxes

I list the UL photon, energy fluxes and gamma-ray luminosities (assuming the distances in
Table 8.1) for my sample of pulsars in Tables 8.2 and 8.3. The UL photon flux at 95 percent
confidence obtained by likelihood stacking of all 17 pulsars is 7.8 x 10710 cm™ 57!

8.5.2 Upper Limit m, Determination

I list my determination of UL m, in Tables 8.2 and 8.3 for each pulsar derived from the UL
photon flux and Eqn. 8.8 for axions of energy 100 MeV and 200 MeV. The average UL m,
considering all 17 pulsars is 9.6 x 1073 eV and 3.21 x 102 eV for axions of energy 100
MeV and 200 MeV respectively. I obtain an average UL m, for the 4 pulsars analysed in
BGM16; J0108-1431, J0953+0755, J0630-2834 and J1136+1551 of 9.8 x 10 eV and 3.29
x 1072 eV for axions of energy 100 MeV and 200 MeV respectively.

My determination of UL m, = 9.6 x 107 eV is a factor of 8 improvement® on the result
of BGM 16 who determined an UL m, of 7.9 x 102 eV.

Finally, I note that the UL m, obtained by likelihood stacking is improved two-fold
compared to the averaged result above, with UL m, of 4.8 x 10 eV and 1.61 x 10~ eV for
axions of energy 100 MeV and 200 MeV respectively.

®My result is also published in the Particle Data Group Review of Particle Physics 2020 [114].



“UOISSTUI ABI-RWIWES 9SNJJIP PIPUAIX JO SBAIR M PAIBIOOSSE a1k Yorym siesind ¢ oy)
I0J AQIN 00T Pu® (001 JO S9I319ud uoIXe I0J Yur 1) pue Aysourun| ewwes () ‘xng A310ud T ‘xng uoyoyd T Onsnes 1sa], €] JqeL

TLs L1 ST'8 L8T Tl v1  STTT+LOETL
97 8¢'T LT SST €0'1 Tl €T65-60L0f
Trs €51 (7 6S°€ 68'1 61  ¥£8T-0£90(
€re €6°0 11 v9°¢ LT 0T  0120-6S+0r
$9°C 6L°0 86°0 L8V 89°C €€ 10£9-9€L0f

(A2 2.01) (A2 20D) (18810 [ 01) (S, wd810,,00) (-8 WO ¢ 0])

APIN 00T =0 "W TN APIN 00l =@ "w 0 AnsourunA T X AS10ug TN Xnjuoloyd I0  SL Tes[ng

‘s1es[nd pajoajopun 71 oY)
I0J AQIN 00T Pu® (001 JO SQI3I9ud uoIxXe I10J Y 1) pue Aysourun| ewwes () ‘xng A310ud ) ‘xng uoyoyd T onsneIs 1s91, '8 JqeL

Constraining the Axion Mass through Gamma-ray Observations of Pulsars

01°¢ €6°0 611 S0 €0 0 6TPL+i180f
vTe L60 9¢'T 1L°0 1€°0 0  6SLI-TSYOr
80°S ST 09°¢ 80T €1 € 6¥SH-9£90r
4N ¥6°0 €Tl SLO €0 0  6¥7S-95901
67'¢ 01 0L’ oIl 0S°0 0 ISSI+OCIIS
v0'¢ 16°0 2 8I'1 6£°0 T L£9TH+9T80f
99°¢ 601 91 €Ll 060 I CCIP9ILIS
18°C ¥8°0 LO'T (43! L¥'0 T SSLO+ES60L
SL'T Ts0 12°0 840 81°0 0 I€rI-8010f
061 LS0 LT0 €9°0 LTO 0  0190+LES0r
SH'l 340) Tro €50 TT0 0  €¥SL-9¢SOr
0L°0 120 44\ 161 #0°0 €  0£89-11L0f

(A2 201 (A2 ;01) (18810 .01) (| S, WS, 01) (S Wd Q)

APIN 00T =0 "w 10 APN 00 =® "w 0 AnsourwunAd T xnp AS10ug 0 Xnfuoloyd J0 SL Tes[ng

168



8.6 Discussion 169

8.5.3 Pulsars Near Extended Emission

I note that the UL test sources for 5 pulsars are detected with a significance which exceeds 3
o , namely J0736-6304 5.7 o (TS 33), J0630-2834 4.4 ¢ (TS 19), 1230742225 3.7 6 (TS
14), J0709-5923 3.5 ¢ (TS 12) and J0459-0210 3.2 o (TS 10). However, the initial analysis
which searches for point sources (whilst not introducing a pulsar test source), detects no
point sources at the pulsar co-ordinates and thus I discount these apparent detections as true
detections of the pulsars concerned. The lack of significant point source pulsar detections can
also be seen on TS maps for the analysis (Fig. 8.2) where the pulsars are spatially coincident
with regions of extended gamma-ray emission uncharacteristic of the point source emission
expected from a pulsar.

I also check for source extension of the pulsars by running the GTAnalysis extension
method. extension replaces the pulsar point source spatial model with an azimuthally
symmetric 2D Gaussian model. It then profiles likelihood with respect to spatial extension
in a 1 dimensional scan to determine the likelihood of extension. Only the J0736-6304
test source has some evidence of extension with an extension TS value of 14 (3.7 ¢). The
remaining 4 pulsars with significance < 4.4 ¢ are consistent with background and as expected
have no significant extension.

I make the assumption that axion emission is isotropic and so the extended emission of
J0736-6304, which is asymmetric and exhibits its highest significance offset from the pulsar,
would seem to be inconsistent with an axion source. Instead, this emission is more likely to
be consistent with variations in the Galactic diffuse gamma-ray background.

These 5 pulsars generally exhibit higher UL fluxes (Table 8.3) than the other 12 (Table
8.2) and so omitting these 5 pulsars from the determination of UL m,, yields an improved
average UL m,, for the 12 remaining pulsars of 8.9 x 10 eV and 2.97 x 1072 eV for axions
of energy 100 MeV and 200 MeV respectively.

8.6 Discussion

8.6.1 Upper Limit Determination

In the BGM16 work, the authors analysed 4 pulsars (JO108-431, J0953+0755, J0630-2834
and J1136+1551) with an UNBINNED likelihood analysis using the 2FGL catalogue, 5 years
of Fermi-LAT PASS 7 event data in the energy range 60—200 MeV and employing front
converting source photon events. They detected no gamma-ray emission and determined a 95
percent confidence UL photon flux for each of the 4 pulsars using the MINOS method of the
Fermi Science Tools. In contrast, I analyse 17 pulsars (including the 4 pulsars of BGM16)
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Fig. 8.2 TS maps for my gamma-ray analysis of the 5 pulsar test sources detected at > 3
o significance (Table 8.3) showing that these sources are inconsistent with a point source
detection, which is characteristic of pulsars, and part of extended diffuse features. The
horizontal contour scale is the TS value, the red diamond is the pulsar position, horizontal
axis is RA in decimal degrees, vertical axis is Dec in decimal degrees.
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with a BINNED likelihood analysis using the 3FGL catalogue and 9 years of Fermi-LAT
PASS 8 event data in the energy range 60—500 MeV, again using front converting events. |
determine the UL photon flux using the FERMIPY flux_ul95 entry for each pulsar. Using
this analysis I obtain UL photon fluxes (Table 8.5) comparable to BGM16 for the 4 pulsars
they consider, which serves as a useful check of my gamma-ray analysis method, and do not
detect any pulsars in my sample.

My method to determine UL m, differs from BGM16 in that I use UL photon fluxes
directly as input to Eqn. 8.8 whilst they fit a model of the spectral energy distribution (SED)
of differential flux to a stacked likelihood analysis of the 4 pulsars using the COMPOSITE?2
module of the Fermi science tools and take the UL normalisation of this model to be UL
(m, /eV)’ from which they obtain UL m, with all flux dependencies on astrophysical factors
being accounted for in the SED model.

I can use the UL photon fluxes obtained by BGM16 to consider the improvement in UL
m, determination which arises from my UL m, calculation method alone. The average UL m,
for the 4 pulsars using the BGM16 photon fluxes (Table 8.5) and my method (Eqn. 8.8) is 9.7
x 1073 eV and 3.25 x 1072 eV for axions of energy 100 MeV and 200 MeV, improving on the
7.9 x 107 eV determination of BGM16 by a factor of 2.4—8.1. Despite this improvement, I
note that my determination of UL m, is conservative because I assume that the integrated
UL photon flux arises solely from a specific axion energy (100 MeV or 200 MeV) rather
than the lower UL flux (and hence more constraining) UL m, determination which would
be expected if I could determine UL photon flux for each energy bin in the analysis energy
range of 60—500 MeV.

I determine a very similar UL m, in my sample of 17 pulsars of 9.6 x 10~ eV and 3.21
x 107 eV for axions of energy 100 MeV and 200 MeV respectively. These results are also
comparable with UL m, values obtained by modelling the cooling of Cassiopeia A observed
by Chandra. By assuming that the cooling results from both neutrino and axion emission and
that a state of superfluidity exists in the star, an UL m, of (1.7 — 4.8) X 102 eV is obtained
for Cy =(0.14 —-0.05) [174].

As a final check to test whether the SED differential flux model used by BGM16 can
be fitted individually to any of my 17 pulsars, I add a test source with the SED differential
flux model from BGM 16 implemented using the FileFunction spectral model (Eqn. 8.13)
with flux values as Table 8.4 and re-analyse as Section 8.4 above. All 17 pulsars remain
undetected with the differential flux model test source exhibiting a consistent normalisation
of 10 - for all pulsars which is equivalent to m, < 0.1 eV.

dN N0<dN) (8.13)

de ~ "°\dE

file
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Energy Differential Flux
MeV  cm?s! MeV!

50 2x 1073
60 8§ x 10
70 4x10*
80 1 x 10
90 6 x 107
100 2x 107
200 1 x 1011

Table 8.4 Definition of the FileFunction spectral model with differential flux at a given energy

8.6.2 The Effect of Pulsar Core Temperature

The emission rate for axions is strongly dependent on pulsar core temperature, 7, being
proportional to 7.0 [62]. I therefore re-examine the applicable value of 7, for modeling
axion emission and the effect of lowering 7. on that emission. In the BGM16 work the
authors select T, = 20 MeV on the basis of the range temperatures applicable to equation
of state (EOS) simulations of pulsar degenerate matter [235, 241, 27], slower neutron star
cooling due to super-fluidity [207, 171] and surface temperature observations of the pulsar
J0953+0755 [213].

I now consider to what extent the works cited above explicitly support the choice of 7,
=20 MeV. In EOS modeling both [235] and [241] use T as a free model parameter (in the
range 0—60 MeV and 0—15 MeV respectively) for the construction of phase diagrams but
this does not indicate a preferential value for 7. In [27], a specific Fermi temperature, TF,
of 20 MeV per nucleon is supported but no preferred value of 7, is indicated. The cooling
of quark hybrid (QH) stars (a special case of a higher density neutron star where quarks
experience deconfinement from nucleons) is considered in [207] with QH stars in fact cooling
more quickly than hadron neutron stars unless a colour flavour locked (CFL) quark phase
with a higher CFL gap parameter of 1 MeV is considered. However, by 107 yr all modelled
QH stars again exhibit greater cooling than hadron neutron stars. As all neutron stars in my
pulsar sample have age > 10° yr (Table 8.1), this QH star slow cooling regime will not result
in a higher value for 7, in my sample than might be expected from normal cooling processes.
The discussion of crustal heating arising from super fluidity in neutron stars also refutes 7
=20 MeV, with one neutron star J0953+0755 (PSR 0950+08) analysed in BGM 16 having
an internal temperature of between 0.09 keV and 0.11 keV [171]. Although there is more
recent evidence of internal heating of J0953+0755 from far UV HST observations (surface
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temperature (ST) = (1-3) x 10° K [214] vs 7 x 10* K of [213]), this would still only result
in a maximum 7, of 1.34 keV assuming 7. = 12 X (ST/10° K)!-82 keV [171, 115].

The authors of [210] have modelled the cooling of neutron stars using a fully general
relativistic stellar evolution code, without exotic cooling, allowing for inputs for equations of
state and uncertainties in superfluidity along with a finite time scale of thermal conduction.
They determine 7 to be initially 3.98 x 10° K (343 keV) when the neutron star is 9 hours
old, decreasing to 1.99 x 10° K (171 keV) at 1 yr, 6.31 x 10% K (54 keV) at 1000 yr and
1.99 x 108 K (17 keV)) at 10° yr. This cooling trend agrees well with the modelling of pulsar
cooling in [279] where the highest pulsar surface temperatures (in all scenarios) of 3.98 x
106 K at 1 yrand 1.99 x 10° K at 10° yr yield a T, of 148 keV and 12 keV respectively using
the ST to T, conversion above. It should also be noted that Chandra observations of the very
young pulsar Cas A (age ~ 330 yr), yield an ST of 2.04 x 10° K [126] equivalent to T, =
43.9 keV using the ST to T, conversion above. Similarly, in their modeling of Cas A cooling
using the observations of [126], the author of [174] determines the 7. of Cas A to be 7.2 x
103 K, equivalent to 62 keV.

I therefore consider 7, =20 MeV to be a high temperature choice more consistent with the
neutron star core just after the supernova event. In [247], EOS and hydrodynamic modeling
is performed in the first second after the supernova core bounce and proto neutron star (PNS)
creation. Here, at 150 ms post bounce, 7,. can be 14 MeV at the core, falling to 10 MeV at a
radius of 10 km, before rising to a peak of 32 MeV at radius 12 km. Other modeling work
demonstrates that a peak PNS 7, of 30 to 43 MeV is possible, falling to 5 to 18 MeV within
50 s [222] due to efficient cooling by neutrino emission. A very short time later, at 120 s, the
PNS T, is 2.2 MeV [204]. This suggests that plausible values of 7, are much less than 20
MeV with T, = 1 MeV being achieved within seconds [285].

I re-evaluate ®*S4(®), on which the axion emissivity depends (Eqn. 8.5), for 7, < 20
MeV. I use the analytic simplification for the phase space integral for Sg(®) from [120] and
perform a 5 dimensional numeric Monte Carlo integration as described in the Appendix B. In
order to check my method I first reproduce the @S (@) plot from BGM16 (Fig. 8.3) using a
T. of 10—50 MeV, u/T, =9—11 and pr, = 300 MeV in Fig. 8.4.

In Fig. 8.4, I obtain the essential features of the original plot from BGM16 (reproduced

in Fig. 8.3) both in magnitude and in the following respects:
* Increasing the value of u/T, for fixed 7, = 20 MeV decreases amplitude of 0?Ss(w)

o 0*Ss(w) for T, = 10 MeV cuts-off at a lower value of @ = 100 MeV than for 7, = 20
MeV
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e The 7. = 50 MeV case has lower values of ®*Sq(®) than the 7. = 20 MeV case, with
®?Ss(®) remaining broadly flat across higher @ values of 100—300 MeV with no
pronounced cut-off at 200—300 MeV

* The value of ®?Ss(®) spans one order of magnitude for the 20 MeV case and varying
uw/T,=9—-11

I then evaluate w?Sg(®), in a lower temperature regime, for pr, = 300 MeV, p/T,. = 10
and consider lower pulsar core temperatures with 7, = 1-20 MeV (Fig. 8.5). Lowering 7,
from 20 MeV to a plausible PNS temperature of 4 MeV reduces axion emissivity and hence
gamma-ray emission by a factor of 108 for axions of energy @ = 100 MeV. It therefore seems
implausible that there would be detectable gamma-ray emission to allow the determination
of m, using the astrophysical model of gamma-ray emission from BGM16 (Eqn. 8.6),
for realistic pulsar core temperatures. I note however that this model is based on a quite
conservative assumption that gamma-ray emission arises solely from axion radiative decay
as opposed to axion to gamma-ray photon conversion in the B field of the pulsar. It is
therefore possible that an alternative model allowing axion to photon conversion could
produce detectable gamma-ray emission.

The probable lack of detectable gamma-ray emission in the lower temperature regime
leads us to derive values for UL m, from an alternative model (Eqn. 8.11) based on the
axion power equation which defines an energy loss rate due to axion production in the pulsar
core (Eqn. 8.9). Using the UL gamma-ray luminosity (Table 8.2) I determine UL m, from
Eqn. 8.11 whilst varying T, and the probability of axion to photon conversion in the pulsar
B field. On Fig. 8.6 I show the range of UL m, values that I obtain. The conversion of
axions to gamma-ray photons via radiative decay results in the highest UL m, (67.5 eV at
0.1 MeV, 9.4 eV at 1 MeV and 0.7 eV at 20 MeV, points A, B and C respectively) which
is above the classic m, search range of 102—10° eV. Similarly by varying the axion to
photon conversion probability from 0.001 to 1.0 (total conversion), I only obtain an UL m,
above the lower search bound of 10 eV for 7. < 0.1 MeV independent of the degree of
axion to photon conversion or 7. < 0.4 MeV assuming a probability of < 0.001 for axion to
photon conversion (Points E and F of Fig. 8.6 respectively). At T, = 1 keV the lowest UL
my, obtainable would be 3.0 eV assuming total conversion of axions to photons (Point D of
Fig. 8.6). I do not offer a view on the degree of axion to photon conversion in the pulsar B
field but simply present a range of conversion alternatives to give indicative values of the UL
M.

The determination of a plausible and precise UL m, from this alternative model thus

requires both realistic lower values of 7, and a knowledge of the precise extent of the axion
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to photon conversion in the pulsar B field. I have dealt with the value of 7 in the PNS and
old pulsar cases above; however, whilst the authors of the BGM16 work consider there to be
no axion to photon conversion in the pulsar B field (using vacuum bi-refringence arguments)
there is no consensus on the extent of axion to gamma-ray photon conversion in pulsar B
fields. More attention has been paid to axion to X-ray photon inter-conversion in pulsars
[218] and in axion like particle (ALP) to X-ray conversion in the higher B field (20 x 104
G) of magnetars by [107]. In this paper, P, —, y = 0.225 for @ = 3 keV (the peak emission)
and P, .,y = 0.025 for @ = 200 keV when T, = 50—250 keV. The lower B field of my
sample notwithstanding (average B = 2.78 x 10'? G) such values of P, _, yand T, could yield
constraints on m, in the classic axion search range using the alternative model (Fig. 8.6).

The normalized axion energy spectrum dN,/d® peaks at /T, =2 [110]. This implies that
the photon energy spectrum would peak at energy 7,.. Therefore for the values of 7. discussed
above, in the 1 MeV range or below, the determination of an UL for unpulsed gamma-ray
emission in my pulsar sample, or preferably younger pulsars with a potentially higher 7, by
future low-energy gamma-ray observatories such as the All-Sky Medium Energy Gamma-
ray observatory (AMEGO) or e-ASTROGAM, with greater sensitivity than any current
observatory in the 0.2—10 MeV band [229], [33] may allow an improved determination on
the UL m, from pulsars presented in this work.
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Fig. 8.3 The energy dependence of axion emissivity ®*Ss(®) on axion energy @ for varying
pulsar core temperature 7, and /7T, derived by Monte Carlo numerical integration of an
analytic simplification of Ss(®), reproduced with permission from BGM16. The green line
is the fiducial line in BGM16 from which I derive my values for the spin structure function
at axion energies of 100 and 200 MeV.
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Fig. 8.4 The energy dependence of axion emissivity 0*S,(®) on axion energy o for varying
pulsar core temperature 7, and u/7T, derived by Monte Carlo numerical integration of an
analytic simplification of Ss(®).
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= 1-20 MeV and u/T. = 10 derived by Monte Carlo numerical integration of an analytic
simplification of Ss(®). Reducing 7, from 20 MeV to 4 MeV lowers emissivity by a factor

of 10% at @ = 100 MeV.
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Pulsar UL Photon Flux UL Photon Flux UL m, UL m,

(60—200 MeV)  (60—500 MeV) o =100MeV o =200 MeV
(From BGM16)  This analysis (102 eV) (102 eV)
102 ecm?Z st (102 em?2 s

J0108-1431 4.03 1.75 0.69 2.31

J0953+0755 7.40 475 0.97 3.26

J0630-2834 4.82 18.90 0.97 3.25

J1136+1551 8.52 5.01 1.25 4.17

Table 8.5 The UL photon flux for 4 pulsars from BGM16 (60—200 MeV) compared to my
analysis (60—500 MeV) and UL m, which I derive from the BGM16 fluxes for axions of
energy 100 MeV and 200 MeV using Eqn. 8.8.

8.7 Magnetars

The determination of a plausible and precise UL m, from the alternative model (Eqn. 8.11
and Fig. 8.6), thus requires both realistic lower values of 7, and a knowledge of the precise
extent of the axion to photon conversion in the pulsar B field. I have dealt with the value of
T, in the PNS and old pulsar cases above; however, whilst the authors of BGM16 consider
there to be no axion to photon conversion in the pulsar B field (using vacuum bi-refringence
arguments) there is no consensus on the extent of axion to gamma-ray photon conversion in
pulsar B fields. More attention has been paid to axion to X-ray photon inter-conversion in
pulsars [218] and in axion like particle (ALP) to X-ray conversion in the higher B field (20
x 10'* G) of magnetars by [107]. In [107] the authors use coupled differential equations to
calculate the ALP-to-photon conversion probability in the magnetosphere and its dependancy
on ALP energy, mass, ALP-photon coupling, magnetar surface B field and the angle between
the magnetic field and the direction of the ALP propagation. They find P, —, , = 0.225 for @
= 3 keV (the peak emission) and P, , y = 0.025 for @ = 200 keV when T, = 50—-250 keV
which they take as the likely range of T, in magnetars. Such values of P, _, y and T, can yield
constraints on m, in the classic axion search range using the alternative model (Fig. 8.6) and
flux observations in the soft gamma-ray regime. Furthermore such conversion could occur at
several hundred NS radii (K. Sinha - personal communication), allowing bounds to be set
on m, if the quiescent emission of the magnetar itself could be discounted. I now go on to
consider the likely range of 7. in magnetars and explain how their quiescent emission within
a few NS radii in the soft gamma-ray band of 300 keV—1 MeV is likely to be suppressed.
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8.8 Magnetar Heating and T,

I now summarise the need for a magnetar heating mechanism over and above that found in
conventional pulsars and discuss temperature modelling which supports my choice for the
magnetar core temperature (7).

The quiescent X-ray luminosity of magnetars of 103 —10% erg s! exceeds the spin down
luminosity of 1032—10%* erg s7!, thus excluding rotation spin down as the sole magnetar
energy source. Furthermore, the lack of Doppler modulation in X-ray pulses arising from
magnetars indicates a lack of binary companions, which combined with the slow periods of
magnetars (2—12 s) excludes an accretion powered interpretation [106, 156].

In reference [155], the authors show the need for heating by theoretical cooling curves for
neutron stars of mass 1.4 My, with and without proton superfluidity in the core, which yields
effective surface temperatures below those observed in seven magnetars (including four
which I will use in my selection below, namely: 1E 1841-045, 1RXS J170849.0-400910, 4U
0142+61 and 1E 2259+586). They then use a general relativistic cooling code which accounts
for thermal losses from neutrino and photon emission and allows for thermal conduction
to show that magnetars are hot inside with 7. = 1034 K at age 1000 yr and temperatures of
10%! K in the crust, where the heat source should be located for efficient warming of the
surface, to offset neutrino heat losses from the core.

The authors of [86] consider the case of magnetars born with initial periods of < 3 ms
combined with a strong internal toroidal B field of > 3 x 10'® G and an exterior dipole B
field of < 2 x 10'* G. In this case, efficient heating of the core can occur via ambipolar
diffusion which has a time-varying decay scale as a function of 7, and B field strength. As
the core cools, an equilibrium is established between increasing B field decay and reducing
neutrino emission, leading to reduced cooling which can keep 7, at 1039 K 2250 yr after
magnetar creation.

The magnetar temperature modeling of [134] considers heating throughout the magnetar
core arising from magnetic field decay and ambipolar diffusion, together with the cooling
caused by the neutrino emission of the modified urca process (where an electron neutrino and
a neutron is produced from a proton and an electron using the additional momentum from
other nucleons via a pion) and Cooper pairing of nucleons. In this case, the authors find that
strong core heating cannot account for the observed surface temperatures and conclude that,
as in the case of [155], high surface temperatures require heating of the crust, rather than the
core, with the crust and the core being thermally decoupled from one another. However the
authors of [134] show that T, at 10* yr can vary between 0.8 x 10® K with no heating of the
superfluid core, 1.4 x 10% K with heating of the crust and 5 x 10® K with core heating. At
103 yr, with heating of the superfluid core, T, can reach 7 x 108 K.
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Instrument Detector Material Energy Range
ISGRI Cadmium-Telluride 15keV — 1 MeV [173]
SPI Germanium 20 keV — 8 MeV [262]
COMPTEL Liquid scintillator / Sodium Iodide 750 keV — 1 MeV [239]
Fermi-GBM Sodium Iodide < 1 MeV
" Bismuth Germanate 150 keV — 30 MeV [197]

Table 8.6 Soft gamma-ray detectors with detector material used, energy range measured and
instrument description reference in brackets.

The strong B field of magnetars can produce strongly anisotropic thermal conductivity
in the neutron star crust whilst also allowing the synchrotron neutrino process to become a
predominant cooling mechanism while other contributions to the neutrino emissivity are far
more weakly suppressed. These effects allow the temperature at the base of the crust (which
acts as an insulating layer) to reach 10°% K while the surface temperature remains at 10
and 10%7 K [224], for a B field parallel and radial to the neutron star surface respectively.
This is compatible with the observed surface temperatures of 105> — 1053 K for the seven
magnetars in [155] and could allow T, to exceed 10° K.

Finally, the quiescent luminosity of magnetars 10°*—10% erg s™' implies a T of (2.7 —
> 8.0) x 10® K for a magnetar with an accreted iron envelope and (1.0 — 5.5) x 10® K for
an accreted light element envelope [57].

Given the range of crust and core temperatures above, I therefore assume 7. to be 1 x 10°
K (86.18 keV), which although at the upper limit of temperatures presented above, remains
plausible.

8.9 Determination of UL m, from Magnetars

I select the 6 magnetars which have published spectral energy distributions (SEDs) for
differential energy fluxes in the soft gamma-ray band 300 keV to 1 MeV (Table 8.7). The
SEDs are obtained from observations made by the INTEGRAL Soft Gamma-Ray imager
(ISGRI) detector, on the angular resolution Image on Board instrument (IBIS) and INTEGRAL
spectrometer (SPI), and from the non-contemporaneous observations of the COMPTEL
instrument on the Compton Gamma-Ray Observatory CGRO and the Fermi-GBM. [97, 166,
251]. I summarise the detection materials employed and energy ranges observed for each of
these instruments in Table 8.6.

I extract 20 UL fluxes from the original spectral energy distributions of [97, 166], in

a conservative manner, as the sum of CGRO COMPTEL determinations in range 0.3—1
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MeV and adjacent INTEGRAL IBIS-ISGRI measurements in the 200-300 keV band. The
flux obtained from the Fermi-GBM (using only the sodium iodide detectors) for 1E 1547.0-
5408 [251], is a single pulsed flux in the 0.5-2 MeV band, however the overall detection
significance of this magnetar is just 2.7¢ and as such this flux point will have significance
below 20. I therefore approximate this pulsed flux as an UL. I determine the UL luminosity
in the 300 keV—1 MeV band for the summed UL fluxes and using the alternative model,
with P, _, y = 0.025, calculate an UL m, for each magnetar (Table 8.7) with the average UL
my being 8.05 x 1073 eV. This is in good agreement withe the UL axion m, of 9.6 x 107 eV

which I obtain above.
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8.10 Soft Gamma-ray Background

Magnetars exhibit thermal X-ray emission below 10 keV and a hard, pulsed, non-thermal
X-ray emission with power law tails above 10 keV. This hard X-ray emission can extend to
between 150 — 275 keV [165, 112, 96] and appears to turn over above 275 keV on the basis
of ULs obtained with INTEGRAL SPI (20—1000 keV) and CGRO COMPTEL (0.75—-30
MeV) [97]. A spectral break above 1 MeV is also inferred by the non-detection of 20
magnetars using Fermi-LAT above 100 MeV [177]. The hard X-ray emission is most likely
caused by resonant Compton upscattering (RCU) of surface thermal X-rays by non-thermal
electrons moving along the magnetic field lines of the magnetosphere. The initial modeling
of [45], using B field strengths typical of magnetars, at three times the quantum critical field
strength, B, of 4.413 x 10'3 G, produces flat differential flux spectra with sharp cut-offs at
energies directly proportional to the electron Lorentz factor (7.) and places the maximum
extent of the Compton resonasphere (the spherical volume around the star in which the RCU
process takes place) within a few stellar radii of the magnetar surface.

In [282], Monte-Carlo models of the RCU of soft thermal photons, incorporating the rel-
ativistic QED resonant cross section, produces flat spectra up to 1 MeV for highly relativistic
electrons (Y. = 22), whilst mildly relativistic electrons (. = 1.7) demonstrate spectral breaks
at 316 keV. In [56], an analytic model of RCU, considering relativistic particle injection
(Ye>> 10) and deceleration within magnetic loops, predicts a spectral peak at ~ 1 MeV and
a narrow annihilation line at 511 keV (both as yet unobserved). This model also places the
active field loops emitting photons at 3— 10 stellar radii for a surface B field of ~ 10'5 G.

The analysis of [45] is recently extended in [268], allowing for a QED Compton cross
scattering section which incorporates spin-dependent effects in stronger B fields. Electrons
with energies < 15 MeV will emit most energy below 250 keV, which is consistent with
the hard inferred X-ray turnover above. In [268], the maximum resonant cut-off energy can
reach a peak of 810 keV for 7. = 10 at some magnetar rotational phases and viewing angles.
This violates COMPTEL ULSs, however the model neglects the effects of Compton cooling
and attenuation processes such as photon absorption due to magnetic pair creation (Y — e*e”)
and photon splitting (L —||||). Also, the effect of electron Compton cooling is expected to
steepen the cut-offs seen in the predicted hard X-ray spectral tails, which allows the models
to be in agreement with the COMPTEL ULs. The emission region is placed at 4 — 15 and
2.5—30 stellar radii for 7, values of 10 and 100 respectively.

The attenuation processes of magnetic pair creation and photon splitting, which act to
suppress photon emission in RCU, are considered in detail in [141] for typical magnetar
surface B fields of 10 B.. In this case, the photon splitting opacity alone constrains the
emission region of observed 250 keV emission in magnetars to be outside altitudes of 2-4
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stellar radii and photons emitted from the magnetar surface at magnetic co-latitudes < 20°
can escape with energies > 1 MeV for typical magnetar surface B fields of 10 B.. Also the
emission of photons from field loops at < 2 stellar radii is suppressed, with photon escape
energies of no greater then 287 keV. In contrast, emission regions at altitudes of > 5 stellar
radii guarantee escape of 1 MeV photons at nearly all co-latitudes. The photon opacity
caused by pair creation is shown to be much less restrictive and does not impact the < 1 MeV
band. Finally, [141] determines the maximum energies produced by the resonant Compton
process alongside the photon escape energies allowed by the photon splitting process (i.e.
the maximum photon energies which can escape to an observer) as a function of magnetar
rotational phase and obliqueness of rotation (which is the misalignment of the magnetic and
rotational axis) and observer angle. It shows that photon emission > 1 MeV is permitted at
some but not all rotational phases in the meridional case and that in most cases the RCU
emission will vary with rotational phase in the 300 keV — 1 MeV band.

Therefore, the RCU process may produce a background to the signal I wish to measure
and this background might be expected to produce pulsed emission when photon opacity due
to photon splitting is taken into account. On the other hand, a spectral turn over is possible
if the electrons in the magnetosphere field loops are mildly relativistic. In addition, pulsed
emission in magnetars has not been observed in the 300 keV — 1 MeV band which would be
suggestive of an RCU emission mechanism. I also note that photon splitting / pair creation
opacity will not attenuate photon emission < 1 MeV at > 10 stellar radii [141]. As axion to
photon conversion will occur at ~ 300 stellar radii, photon opacity processes can therefore
be disregarded. In addition, the 440 magnetar bursts observed with the Fermi-Gamma Ray
Burst Monitor (GBM), over 5 years, have been spectrally soft with typically no emission
above 200 keV[82].

It is thus reasonable to assume that there is no RCU background and that all emission in
the 300 keV — 1 MeV band results from ALP-to-photon conversion. A more conservative
approach is to require that any emission from ALP-photon conversion be bounded by the

observed emission, which can then constrain m, using the alternative model.

8.11 Constraints on ALP-photon coupling

The soft-gamma ray fluxes 5 of the 6 magnetars listed in Table 8.7 are also used to set
constraints on the axion-photon coupling constant (g4yy) by K. Sinha and H. Guo in our paper
[183], using an energy resolved analysis. The magnetar 1E 1547.0-5408 [251] is excluded
because the exact significance of its pulsed emission flux point is unknown and we wish all

ULs to be at the same 20 level to make a statistically valid comparison with CAST. In [183]
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they model the case of relativistic ALPs produced by nucleon-nucleon Bremsstrahlung which
convert to gamma-ray photons in the pulsar magnetosphere and provide expressions for the
photon refractive indices in the strong and weak magnetic field regimes. They then solve
the coupled ALP-photon propagation equations numerically using the appropriate refractive
indices. By assuming that g,y is such that ALP production from nucleon Bremsstrahlung
in the core is just sub-dominant to neutrino production by modified urca processes, the
calculated photon flux spectrum coming from ALP conversions is used to constrain g,yy
by requiring that this flux be less than the observed soft-gamma-ray flux UL in the range
300 keV—1 MeV as taken from the same spectral energy distributions of [97, 166] as used
above. The constraints on g,y for T, = 10° K are shown in Figure 8.7. It can be seen that for
magnetars IRXS J170849.0-400910 and 4U 0142461, the limits on the ALP-photon coupling
are better than the current CAST limits for ALP masses m, < 10~* eV. The ULs on 8ayy for
the magnetars from my sample are listed in Table 8.8. For 1IRXS J170849.0-400910 and 4U
0142+61, the ULS on g,yy are 6.16 x 10711 GeV~! and 4.39 x 10~ GeV !, respectively.
For 1E 2259+586, the UL is weaker, but still almost competitive with CAST limits.

The constraints become weak and taper off for m, > 10~ eV. This is because the ALP-
photon mixing angle becomes small for large ALP masses and the probability of conversion

becomes highly reduced.
Magnetar 8ayy (GeV )
1E 22594586 8.21 x 10~ 1
4U 0142461 439 x 101
IRXS J170849.0-400910 6.16 x 10~ !
1E 1841-045 1.31 x 10710
1E 1048.1-5937 1.69 x 1010

Table 8.8 Results: The 95% CL UL on the ALP-photon coupling g4yy obtained from con-
versions for the magnetars in our sample. The ALP mass is chosen to be 107 eV for all
benchmarks shown in this table. The ALP-nucleon coupling is taken to be such that the
ALP luminosity is just sub-dominant to the neutrino luminosity at a given temperature. The
assumed core temperature is 10° K.

8.12 Proposed Magnetar Observations with the GBM

I now consider how further observations of magnetars with the GBM could provide further
UL flux information which could improve the determination of UL m,. The GBM is a
non-imaging instrument with a wide field of view which is unable to assign gamma-ray

fluxes to point sources by default. However, it is possible to assign detected events to pulsar
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Fig. 8.7 The 95% CL upper limits on the ALP-photon coupling g,yy for the five magnetars
in our sample, obtained for emissions in the energy range 300 keV—1 MeV, assuming
T. = 10°K. The ALP-nucleon coupling g, is assumed to be such that the ALP luminosity is
just sub-dominant to neutrino luminosity at a given temperature. All other constraints are
taken from Fig. 6 of [32].
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point sources with either a spatial event cut using the Earth Occultation Technique (EOT) or
a temporal event cut using pulsar timing models. EOT uses a predefined catalogue of sources
which exhibit step like changes in photon count rate as seen by the GBM when the sources
are eclipsed by or rise above the Earth limb. Initially, 209 sources have been monitored
using 3 years of data with 9 sources detected in the 100-300 keV energy band [274]. The
Fermi-GBM Occultation project currently monitors 248 sources in the energy range 8 keV —
1 MeV with the majority of the signal being in 12-50 keV band’.

The 53 day orbital precession period of Fermi can also be used to apply EOT without
the use of a predefined source catalogue. Using the Imaging with a Differential Filter using
the Earth Occultation Method (IDEOM), the Earth limb is projected onto the sky and used
to determine count rates from 600,000 virtual sources with a 0.25° spacing, a technique
which has identified 17 new sources [234]. This could also serve to process historical event
data collected by the GBM since 2008 to recover legacy gamma-ray flux information if
gamma-ray flares from magnetars and other bright sources were excluded.

In contrast, the author of [251] uses a pulsar timing method rather than an occultation
technique. The CTIME data of the GBM are used to provide photon counts for 4 magnetars,
IRXS J170849.0-400910, 1E 1841-045, 4U 0142+61 and 1E 1547.0-5408, obtained with
all 12 Nal detectors. The photon counts are attributed to the peak pulsed emission of each
magnetar by epoch folding and the use of timing models (obtained with the Rossi X-ray
Timing Explorer), which allow each event to be tagged by pulsar phase. This count rate is
converted to an energy flux for 7 energy channels between 11 keV — 2 MeV by determining
the GBM effective area as a function of photon direction, energy and probability of detection
of a photon with a given energy. This yields pulsed ULs, a factor of just a few above
those obtained by COMPTEL (which also serves as a useful check on the method) for
the magnetars J170849.0-400910, 1E 1841-045 and 4U 0142+61. There are a further 7
magnetars (in addition to the 4 above) exhibiting a linear decrease in pulse frequency with
time derived from X-ray observations in their glitch-free periods of between 100 to 6000
days [71]. This implies that these magnetars have a glitch-free timing model and so the
method of [251] could be applied in 11 magnetars to GBM observations over the glitch -free
period to determine soft-gamma ray UL fluxes and potentially place much tighter constraints
on both m, using the alternative model above (Eqn 8.11) and g,yy using the ALP-to-photon
conversion model of [183].

The GBM is thus a very useful instrument, with a range of independent proven techniques,
to determine the UL soft gamma-ray fluxes of the 23 confirmed magnetars® as listed in the

"https://gammaray.msfc.nasa.gov/gbm/science/earth_occ.html accessed on 25th November
2019
8http://www.physics.mcgill.ca/~pulsar/magnetar/main.html accessed on 25th November 2019
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McGill Magnetar Catalog [212], most of which have no ULs defined in the 300 keV — 1
MeV band of interest in axion conversion.

8.13 Conclusion

I analyze 9 years of PASS 8 Fermi-LAT data in the 60—500 MeV range and determine
flux upper limits (UL) for 17 gamma-ray dark pulsars as a probe of axions produced by
nucleon-nucleon Bremsstrahlung in the pulsar core. Using a previously published axion decay
gamma-ray photon flux model for pulsars which relies on an unrealistic high core temperature
of 20 MeV, I improve the determination of the UL axion mass (m,), at 95 percent confidence
level, to 9.6 x 107 eV, which is a factor of 8 improvement on previous results. I show that
the axion emissivity (energy loss rate per volume) at realistic lower pulsar core temperatures
of 4 MeV or less is reduced to such an extent that axion emissivity and the gamma-ray signal
becomes negligible. I then consider an alternative emission model based on energy loss rate
per mass to allow m, to be constrained with Fermi-LAT observations. This model yields a
plausible UL m, of 10 eV for pulsar core temperature < 0.1 MeV but knowledge of the
extent of axion to photon conversion in the pulsar B field (=~ 10 '? G) would be required to
make a precise UL axion mass determination. I show that the core temperatures of magnetars
are sufficiently high to produce axions observable in the soft gamma-ray spectrum and that
the quiescent emission of magnetars is relatively suppressed in this energy band, potentially
mitigating the effect of background emission in the determination of UL m, from these
sources. | use literature soft gamma-ray flux observations of magnetars in the energy range
300 keV—1 MeV with an alternative emission model to determine an UL m, for the ALP of
8.05 x 1073 eV, in good agreement with the 9.6 x 10 eV value above. The same magnetar
fluxes are used with ALP-to-photon propagation equations and the appropriate refractive
indices to set limits on the ALP-photon coupling that are better than current CAST limits for
2 magnetars and for ALP masses m, < 107* eV.

The peak of axion flux is likely to produce gamma-rays in the < 1 MeV energy range
and so future observations with medium energy gamma-ray missions, such as AMEGO and
e-ASTROGAM, will be vital to further constrain UL m,. Specifically, I expect observations

of magnetars with the Fermi-GBM to set improved constraints.






Chapter 9

Conclusion

9.1 Globular Cluster Gamma-Ray Emission

9.1.1 Basic Results

In this work, I analysed 111 globular clusters, (GCs), 75% of the known Galactic GC
population, out to the distance of the furthest 4FGL catalogue detection, NGC 1904 at 12.9
kpc, using 10.5 yr of Fermi-LAT event data, in the energy range 100 MeV—10 GeV and
10—100 GeV. This is the most complete gamma-ray survey of these GCs to-date, as it uses
the most event data (10.5 yr) and the 4FGL catalogue as a source model for the first time.
In the energy range 100 MeV—10 GeV, I detected 34 GCs, all known sources in the 4FGL,
producing their spectral energy distributions along with fitted models, test statistic maps and
energy and photon fluxes. I showed that these GCs have no strong evidence for extension
or emission beyond the GC tidal radius, indicating that emission is from sources in their
cores. I reconfirmed my previous work that NGC 6254 is a gamma-ray source, associated
with 4FGL J1656.4-0410, which is a new association not listed in the 4FGL. I reported flux
upper-limits for the 77 remaining undetected GCs. I also demonstrated that Terzan 5 and 47
Tuc are the only GCs in the sample exhibiting significant gamma-ray emission in the energy

range 10—100 GeV, in agreement with previous findings.

9.1.2 GC Millisecond Pulsar Gamma-Ray Connection

I next considered GC characteristics which influence millisecond pulsar (MSP) formation to
explore if GC gamma-ray emission has a clear link to MSPs (as is the literature consensus
view). I considered the relationship between gamma-ray luminosity and GC stellar encounter

rate and metallicity; high values of which are thought to favor the production of MSP binary
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systems in GCs and hence increase luminosity. I found that the proportionality of luminosity
vs encounter rate (I',) is twice that previously reported but with significant outliers, both at
high and low I',, whereas a plot of luminosity vs metallicity is so highly scattered that no
relationship can be drawn, at odds with previous reports. On the basis that encounter rate is
perhaps too crude a measure, I plotted a new quantity, derived in this thesis and introduced
in my paper [181], the mass encounter rate product (MERP), which whilst correcting the
outliers at high I',, showed a significant high luminosity outlier at low MERP. I was able to
derive a functional relationship between gamma-ray luminosity and MERP, albeit within
a wide error band. In addition, I noted that GC mass alone was not of primary importance
with NGC 6205 (initially predicted to be a gamma-ray emitter the equal of 47 Tuc before
the Fermi era) being undetected whereas the smaller and equally distant GC NGC 6093 was,
despite having no known MSPs. Finally, I showed that there was no correlation between
resolved MSPs in GCs and gamma-ray luminosity, with GCs with no reported MSPs being
similar in luminosity to those with MSPs.

These indications led me to further consider the connection between unresolved diffuse
X-ray emission and gamma-ray emission in GCs (first identified in my paper [181]). 1
showed that 9 GCs displaying diffuse X-ray emission were detected in gamma-rays whereas
6 GCs which lack diffuse X-ray emission were not. I also identified transitional cases; 2
further GCs which lack reported diffuse X-ray emission but were detected in this work with
gamma-ray luminosities of similar order to the least luminous of the 9 detected GCs above.
I speculated that this correlated X-ray and gamma-ray emission could arise through the
synchrotron process from a relativistic electron population produced by MSPs or alternatively
from unresolved X-ray binaries and/or CVs.

The positive correlations of gamma-ray luminosity with I',, MERP and unresolved diffuse
X-ray emission combined with the lack of correlation with metallicity and mass allowed me
to conclude that MSPs, though important, are not necessarily the sole emission mechanism
in GCs.

9.1.3 Construction of a Composite MSP Spectrum

I produced my own model of stacked MSP emission, analogous to the cumulative emission
of a GC MSP population using all reported gamma-ray emitting MSPs. I analysed 103
MSPs, detecting 98 and 25 MSPs in the energy range 100 MeV—10 GeV and 10—100 GeV,
respectively, with no emission detected above 56 GeV. I summed the spectral fluxes of the
detected MSPs to form my own stacked spectrum of gamma-ray emission and derived its
functional form, ("Lloyd"), in the range 100 MeV—10 GeV, as a power law with super
exponential cut-off, (Eqn. 6.1), in common with the model of the majority of individual



9.1 Globular Cluster Gamma-Ray Emission 193

MSPs. I demonstrated that the Lloyd spectrum functional form is a very good fit, (using
%), to the MSP stacked spectrum between 562 MeV and 10 GeV. I also showed through
the Akaike Information Criterion (AIC) statistic, that the Lloyd MSP model is the preferred
model for describing the MSP stacked spectrum, when compared to alternative MSP models;
Xing and Wang, and McCann, which employ just 39 MSPs. I therefore was able to use the
Lloyd MSP model as the analogue of an ensemble population of MSPs in GCs for the GC
spectral analysis that followed.

9.14 GC Spectral Analysis

I next examined the spectra of the 34 detected GCs in both a qualitative and quantitative
fashion to determine the correlation of GC spectral characteristics with presumed MSP
gamma-ray emission. The spectral fits produced in my Fermi-LAT analysis above were of
varying quality with 16 and 25 GCs having a well fitted model by the x? statistic at the
a=0.05 and =0.001 significance level respectively. The poorer spectral models arose from
upper limit fluxes in tension with the spectral model below 250 MeV. On a qualitative level
the spectral shapes of the majority of GCs were consistent with MSP emission in that they
exhibited a cut-off at a few GeV , but others were not, with some showing hard emission up
to 10 GeV, whilst others had a soft PL spectrum at odds with an MSP origin.

More quantitatively, I used an X-ray/gamma ray flux relation from the 2PC catalogue to
estimate gamma-ray emission from 20 X-ray resolved MSPs in 47 Tuc demonstrating that
they likely accounted for only half the GC gamma-ray emission.

I compared the population of GCs well fitted by the Lloyd MSP model, and those that
were not, and was unable to prove using the Kolmogorov-Smirnov (KS) test that the two
populations were different in GC characteristics relevant to MSP formation (encounter
rate, metallicity, mass, MERP and binary encounter rate). One might expect that the GCs
well-fitted by the Lloyd MSP model would have a distribution of characteristics favoring
MSP formation, which would differ from that of the poorly fitted GCs. The lack of such a
difference reinforced the view that other components of emission are present in addition to
MSPs.

My consideration of spectral features using low energy (LE) and medium energy (ME)
gamma-ray colours in GCs showed that these were also uncorrelated with factors relevant
to MSP formation and that ME emission was somewhat harder in GCs than that of my
MSP model. The presence of ULs below 177 MeV in the majority of GCs, although at
odds with the Lloyd MSP model, was shown to be a systematic effect with UL magnitude
correlated with Galactic latitude, most likely due to uncertainties in the Galactic background
emission model, with the UL flux increasing with increasing latitude, until fluxes in the 133
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MeV bin were observed in high latitude GCs. Furthermore my scatter plots of LE and ME
colours to show the spectral differences between the individual GCs and my MSP model were
unaffected by factors relevant to MSP formation, suggesting that these spectral differences
were unrelated to MSPs. In order to probe if there were distinct sub-populations of MSPs
spectra whose blend could account for differences between GC spectra and the Lloyd MSP
model, I considered the link between LE and ME colours in MSP spectra and pulsar E, which
through its positive correlation with gamma-ray luminosity should be expected to change
spectral shape and found no correlation.

In the very high-energy regime (VHE >50 GeV), I noted that GCs are generally under-
observed with ground based gamma-ray telescopes, with only 3 of 15 GCs observed by
H.E.S.S. being recognised gamma-ray emitters using Fermi-LAT. Terzan 5 is the only
detected GC at VHE, with the H.E.S.S. results showing emission offset from the GC center.
I showed that this offset emission is unlikely to be due to a proposed shock-front mechanism
[54], where MSP winds interact with the denser Galactic medium at low latitudes, as the
emission observed with Fermi-LAT, between 10—100 GeV, is radially centered and not offset
both in the case of Terzan 5, (situated in a low latitude, high density environment) and 47
Tuc (in a high latitude, lower density environment).

9.1.5 Likely Emission Candidates in GCs

To conclude, for the first time in this work, I have examined the detailed spectral character-
istics of both my own stacked MSP spectrum and the spectra of gamma-ray detected GCs
to determined the extent to which they agree and examine if this agreement is affected by
GC characteristics relevant to MSP formation. The poor fit of my stacked MSP model to
between one and two-thirds of GCs, whose characteristics relevant to MSP formation cannot
be shown to be different from the well fitted cases, combined with the lack of GC spectral
features which correlate with characteristics related to MSP formation, strongly suggest that
other components exist in GC emission apart from MSPs.

On the basis of the evidence above the prime source of emission in GCs remains direct
MSP emission by curvature radiation but the X-ray / gamma ray connection and slightly
harder emission than a pure MSP model, suggests that gamma-ray emission from inverse
Compton up-scattering of ambient soft photon fields by a MSP generated relativistic electron
population is a major additional component. More speculatively, the very soft PL emission
of some GCs, quite at odds with the spectrum of my MSP model, also hints at a role for dark
matter (DM), as has been noted in 47 Tuc [63], although the exact DM candidate particle or

decay channel is not examined in this work.
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Fig. 9.1 The differential flux sensitivity of CTA-N and S for 50 h observations offers an order
of magnitude increase in sensitivity compared to Fermi-LAT and existing IACTs: H.E.S.S,
MAGIC and VERITAS and the Cherekov Water Tank experiment HAWC.

I consider alternative sources of emission such as AGN or cataclysmic variables (CVs)
as less likely candidates due to the lack of variability in 6 high latitude GCs on 6 month
timescales.

9.1.6 Future Work
GC Gamma-ray observations with CTA and AMEGO

In this work, I have show that Fermi-LAT observations are useful to constrain MSP emission
models in GCs and that future VHE observations by the Cherenkov Telescope Array (CTA),
with an order of magnitude increase in sensitivity (Fig. 9.1), will be required to constrain
such models further. I predicted that on the basis of spectral models that GCs with hard flat
spectra and fluxes >2 x 107 MeV cm™ s™! will be detectable by 50 h of CTA observations.
The same simulations did not predict that Terzan 5 would be observable, but as the sole
ground based GC detection, it will be the prime target for CTA observations to further refine
the morphology and source of its offset, extended VHE emission.
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The weak indications for TeV halos around MSPs using HAWC [137] should also be
verified by CTA observations and if such features exist they should be observed in GCs as
well.

It would also be interesting to use the ephemerides of GC MSPs, combined with gating
and aperture photometry techniques to analyse which gamma-ray spectral components arise
from MSP peak and inter-phase emission. This could allow the isolation of GC spectral
components which arise from different sources than MSPs.

Further GC spectral analysis and detection of new GCs is also possible with the Fermi-
LAT, which at the time of writing has nearly 1.5 years more statistics and a newer data
release, PASS 8 DR2. Although there are few indications for GC variability it would be
prudent to conduct a finer binned light curve analysis, on the 1 month timescale, on the most
significant GC detections, Terzan 5 and 47 Tuc, to determine if variable sources contribute
to the observed emission. A stacked Fermi-LAT spectrum of cataclysmic variables, in the
outburst state, compared to the spectrum obtained in quiescence and outburst would also be
useful to determine what contribution they make (if any) to GC emission and to what extent
this is outburst dependent.

The Galactic latitude dependent systematics observed in GCs demonstrated that LE
analysis is challenging with Fermi-LAT. The LE analysis could be improved considerably
by using the proposed future All-sky Medium Energy Gamma-ray Observatory (AMEGO).
AMEGOQO, if approved, could be launched in 2029 and would allow GC observations in the
range 200 keV— >10 GeV whilst improving on COMPTEL sensitivity in the MeV band by
a factor of 20 as seen in Fig 9.2 [196].

Finally techniques used to detect sub-threshold point sources, such as the wavelet analysis
of unresolved MSPs, which may contribute to the Galactic center excess (GCE) [47] should
be applied to GC gamma-ray event data as the problem of MSP contribution to the GCE and

GC emission shares many similarities.

GC MSP Radio Searches

I recommend radio pulsar search surveys of GCs to identify and characterise the complete
MSP population of the detected GCs. From the Southern Hemisphere the Southerly GCs
(which are in the majority) could be observed by the newly-commissioned 64-dish MeerKAT
radio telescope in South Africa which has shown itself capable of determining the pulse
profiles of 34 MSPs in Terzan 5 in a single 2.5 hr observation and can time 1000 pulsars per
day[44]. In the Northern Hemisphere, the LOw-Frequency ARray (LOFAR) has identified
48 of the 75 known MSPs, at 110—188 MHz [161] and could characterise new MSPs in
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Fig. 9.2 AMEGO could provide >20 x better sensitivity in the MeV band compared to
COMPTEL and extends sensitivity to the LE band which is inaccessible to Fermi-LAT. The
AMEGO 30 continuum sensitivity is based on an all-sky exposure during a 5-year mission.
Figure taken from [196]

Northerly GCs either by direct observations or by reprocessing the LOFAR Tied-array All
Sky Survey (LOTAAS), which has detected 2 new MSPs in its initial run [238].

GC Gamma-ray and X-ray Connection

The connection between unresolved diffuse X-ray emission and gamma-ray emission should
be explored further. Fresh GC X-ray observations with Chandra or the successor satellite
for Hitomi would be useful to determine the precise empirical relation between diffuse
unresolved X-ray and gamma-ray emission along with its morphology in GCs. The gamma-
ray X-ray relation was not offered in this work due to the relatively low number of GC
X-ray observations and the diverse X-ray observation methods employed which hampered
the validity of any direct flux comparison.
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9.2 Constraints on the Axion and Axion Like Particles (ALPs)

9.2.1 Axion UL Mass from Pulsar Analysis

Whilst old millisecond pulsars are strong sources of gamma-ray emission in globular clusters,
younger classical pulsars and magnetars with their stronger B fields of 10'? and >10'* G,
respectively, are potential sources of hypothetical cold dark matter particles, the axion and
axion-like-particles. Using these pulsars, I placed very competitive constraints on the upper
limit (UL) mass (m,) of the axion, through considering gamma-ray ULs, and the use of
published emission models. I used a previously published gamma-ray photon flux model, and
my own analysis of 17 gamma-ray dark pulsars, to obtain an UL axion mass of 9.6 x 1073
eV, a factor 8 improvement on the previous result. However, I also showed by considering
published pulsar cooling studies and surface X-ray / core temperature relations that this
result relied on an unrealistic pulsar core temperature of 20 MeV. I demonstrated the strong
temperature dependence of the result through a numerical simplification and a Monte-Carlo
integration method and showed that at realistic pulsar core temperatures, axion emissivity
was reduced by a factor >10%. These results were published in my paper [182] and listed in
the PDG Review of Particle Physics 2020 (hereafter "PDG 2020", [114]).

9.2.2 ALP UL Mass from Magnetars

I then considered an alternative axion power equation model in 6 magnetars, which could
have core temperatures of 10°K (~ 86 keV) due to internal heating and a suppressed soft-
gamma ray background flux, arising from their strong B fields (above the quantum critical
limit), which causes splitting of the perpendicular mode of emitted photons to two parallel
modes. I used a published probability of axion-to-photon conversion in the strong B field
regime along with literature soft-gamma ray flux ULs in the energy range 300 keV—1 MeV,
to obtain an average UL m,, for axion-like-particles of 8.05 x 10~ eV, similar to my axion
determination using classical pulsars above. These limits are the most competitive among the
axion UL m, values derived from nucleon coupling as listed in PDG 2020 [114] (pp 1093,
Table; "Invisible A? (Axion) Limits from Nucleon Coupling").

9.2.3 Future Work

These axion constraints can be refined in future work using magnetar UL observations
in the soft-gamma-ray regime, using the Fermi-Gamma Ray Burst monitor with an Earth

Occultation Technique, and/or Integral SPI observations, combined with an energy resolved
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Magnetar Surface B Age Distance
Field  kyr kpc
10 G
SGR 1806-20 19.6 0.2 8.7[59]
1E 1547.0-5408 3.18 0.7 4.5[256]
SGR 1900+14 7 0.9 12.5[88]
CXOU J171405.7-381031  5.01 0.9 13.2[255]
SGR 1627-41 2.25 22 11.0[83]
PSR J1622-4950 2.74 4.0 9.0[176]
SGR J1745-2900 2.31 43 83[61]
Swift J1834.9-0846 1.42 4.9 42][172]
XTE J1810-197 2.1 11.3 3.5[198]
SGR 0501+4516 1.87 15.4 2.0[180]

Table 9.1 Magnetar candidates for proposed future observations Distances are from the
references shown, surface B field and age are from the online version of the McGill magnetar
catalog [212].

analysis of the axion-to-gamma ray emission spectrum. These new observations can be
performed not only on the 6 magnetars used in this study, but on a further 10 more recently
characterised magnetars, (Table 9.1), of comparable ages and distances which have no
published spectra to-date between 300 keV and 1 MeV.

9.3 Conclusion

In this work, I have presented the most complete gamma-ray study to-date of three-quarters
of the entire Galactic globular cluster (GC) population to probe their sources of gamma-
ray emission. I have shown that millisecond pulsars (MSPs) remain a plausible source of
GC emission through broad correlations such as GC gamma-ray luminosity and the mass
encounter rate product (MERP), as expected due to increased GC MSP formation (Fig. 9.3).

However the lack of luminosity correlation with other characteristics presumed to en-
courage MSP formation, e.g. metallicity, calls the MSP GC gamma-ray source connection
into question. I have also produced the most complete best fitted composite spectrum of all
known gamma-ray emitting MSPs (Fig. 9.4), as an analogue of the ensemble MSP emission
in GCs, and shown that this spectral MSP model whilst a good match for many GCs cannot
account for all components of emission in all GCs.

My high-quality spectra have allowed me to make colour comparisons between the
MSP spectrum and a population of 34 gamma-ray detected GCs, showing that any spectral
differences do not arise systematically from characteristics relevant to MSP formation (e.g



200 Conclusion

1026 o

Ter 5 Y
NGC 6441 °

NGC 6388
NGC 6440
NGC 6316

10% - NGC 6624 NGC 6266
NGC 6130 @ °2° @ C
NGC 1904 Y
NGC Ggﬁ—‘ NGC 609?. NGC 7078 ®
NGC o402 g 130 §oC 2805
prerl NGC 6541

NGC 6304 41

1034 NGC 5904 g
NGC 6752
NGC 6656 g, @

Luminosity erg/s

NGC 6397 ‘

1033

1032

10° 10t 10° 10° 10* 10°
Mass ( 10E5 M DOT ) * Encounter Rate

Fig. 9.3 Gamma-ray luminosity is correlated with MERP (the product of cluster mass in units
of 10° M, and a normalised encounter rate from [41]) for GCs detected in this study).

1073 ~
'n
!“ql
£
@]
> 104}
0]
=
Zk
~
w i :
— Lloyd Model - This work
— McCann 2015
— Xing Wang 2016
e o 98 MSPs Stacked - This Work
105 L1

102 10° 104
Energy (MeV)

Fig. 9.4 My MSP model (Lloyd), along with literature McCann and Xing and Wang MSP
models compared to the summed flux of 98 MSPs by normalising model flux to that of the
summed flux at 1.3 GeV. The Lloyd model is the preferred model.



9.3 Conclusion 201

10t ! !
‘ |
J LI S
: 3 Tf S
o 1 . } 3h e L; 3{'
= :
o H
3 - ¢
S i : i ? :
REETI ] e B ;3,
‘ ? ‘ P é
: ! ::3 ’
e o LE Colour : .
e o ME Colour | ; -3
10’2 | 1 | 1 1
101! 10° 10t 10? 103 10* 10°

MERP

Fig. 9.5 The low energy (LE, 133/237 MeV, blue points) and medium energy (ME, 4216/7498
MeV, red points) colour bands of detected GCs and their offset from the stacked MSP model
(red and blue bands) are uncorrelated with MERP.

MEREP colour plot, Fig. 9.5), which again makes the case for other sources of emission in
GCs.

I have also demonstrated a connection between GC gamma-ray and unresolved diffuse
X-ray emission which suggests either the presence of a relativistic electron population from
GC MSPs or other unresolved sources such as cataclysmic variables. It is also possible
in some cases that dark matter annihilating around a central GC intermediate black hole
(IMBH) could be a source of emission, although the evidence for IMBHs in GCs is not
strong. Finally, I considered how the upper-limit emission of gamma-ray dark pulsars and
magnetars, acting as sources of a cold dark matter particle, the axion, could be used to set
competitive constraints on axion mass provided that correct core temperatures were used.

Going forward, GCs and their sources of gamma-ray emission will remain a very excit-
ing source of study as more instruments become available allowing a co-ordinated multi-
messenger approach. Recently commissioned instruments such as the radio telescope arrays,
LOFAR and MeerKAT, will have the potential to detect and time many more MSPs in GCs,
permitting us to relate a directly detected MSP source population to GC gamma-ray emission
(as I have done in the case of the GC 47 Tuc in this work). In the gamma-ray regime CTA will
shortly allow GCs to be observed at very high energies (VHE) above 50 GeV to a few TeV
with an order of magnitude increase in sensitivity over existing instruments. My simulations
suggest that GCs possessing hard spectra up to 100 GeV will certainly be detected by CTA in
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just 50 h of observations and we should then be able to settle the question of VHE emission
mechanisms in GCs, such as, but not limited to, shock fronts from MSP winds or more
speculatively TeV emission halos from MSPs. Finally, Fermi-LAT should continue to operate
into the foreseeable future, leading to increasingly refined GC spectra and possible new GC
detections. The totality of these observation will allow us, in time, to put the sources of GC

gamma-ray emission beyond reasonable doubt.



Appendix A

Globular Cluster Analysis

GC Helio ra dec [ b Metallicity Mass Mass
Name Distance (Deg.) (Deg.) (Deg.) (Deg.) [Fe / H] x 10° Mg Ref
(kpc)

NGC 6121 2.2 24590 -26.53 350.97 15.97 -1.16 0.97 +£0.03 [48]
NGC 6397 2.3 265.18 -53.67 338.17 -11.96 -2.02 0.89 +0.02 [48]
NGC 6544 3.0 271.84 -25.00 5.84 -2.20 -1.4 0.63 £0.31 [48]
NGC 6656 3.2 279.10 -2390 9.89  -7.55 -1.7 4.16 = 0.05 [48]
NGC 6366 3.5 261.93 -5.08 18.41 16.04 -0.59 0.47 £ 0.06 [48]
2MS-GCO01 3.6 272.09 -19.83 1047 0.10 — 0.43 [132]
NGC 6752 4.0 287.72 -59.98 336.49 -25.63 -1.54 2.39+0.04 [48]
NGC 6838 4.0 298.44 18.78 56.75  -4.56 -0.78 0.49 +£0.05 [48]
GLIMPSEO1 4.2 28221 -1.50 3130 -0.10 — 0.80 £0.30 [89]
NGC 6254 4.4 25429 -4.10 15.14 23.08 -1.56 1.84 = 0.04 [48]
NGC 104 4.5 6.02 -72.08 305.89 -44.89 -0.72 7.79 £ 0.05 [48]
NGC 6218 4.8 251.81 -1.95 1572 26.31 -1.37 0.87 £0.06 [48]
Terzan 12 4.8 273.07 -22.74 836  -2.10 -0.5 0.28 [132]
NGC 3201 4.9 15440 -46.41 27723 8.64 -1.59 1.49 +0.09 [48]
2MS-GC02 4.9 27240 -20.78 9.78 -0.62 -1.08 0.26 [132]
NGC 5139 5.2 201.70 -47.48 309.10 14.97 -1.53 35.50 + 0.30 [48]
NGC 6540 5.3 271.54 -27.77 329  -3.31 -1.35 0.41 [132]
IC 1276 54 272.68 -7.21 21.83  5.67 -0.75 0.55 £0.26 [48]
NGC 6809 54 295.00 -3096 879 -23.27 -1.94 1.88 +0.12 [48]
GLIMPSEO02 5.5 274.63 -1698 14.13 -0.65 -0.33 —

NGC 6626 5.5 276.14 -2487 7.80  -5.58 -1.32 3.69 £0.38 [48]

continued . ..
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...continued
GC Helio ra dec [ b Metallicity Mass Mass
Name Distance (Deg.) (Deg.) (Deg.) (Deg.) [Fe / H] x 10° Mg Ref
(kpc)
NGC 6352 5.6 261.37 -4842 34142 -7.17 -0.64 0.94 +£0.35 [48]
NGC 4372 5.8 186.44 -72.66 300.99 -9.88 -2.17 2.49 +£0.25 [48]
Pal 6 5.8 26593 -26.22 2.09 1.78 -0.91 1.00 [132]
Terzan 10 5.8 27090 -26.07 4.49 -1.99 -1 2.50 [132]
NGC 6304 5.9 258.63 -29.46 355.83 5.38 -0.45 2.77 £0.29 [48]
Pal 10 5.9 289.51 18.57 52.44  2.72 -0.1 0.50 [132]
NGC 6553 6.0 27232 -2591 5.25 -3.03 -0.18 2.35+0.19 [48]
Djorg 2 6.3 270.45 -27.83 2.76 -2.51 -0.65 1.50 [132]
NGC 6171 6.4 248.13 -13.05 337 23.01 -1.02 0.87 £0.07 [48]
BH 261 6.5 273.53 -28.64 3.36 -5.27 -1.3 0.30 [132]
NGC 4833 6.6 194.89 -70.88 303.60 -8.02 -1.85 2.47 +£0.32 [48]
Terzan 1 6.7 263.95 -30.47 357.57 1.00 -1.03 2.70 [132]
NGC 6266 6.8 255.30 -30.11 353.57 7.32 -1.18 7.07 £0.05 [48]
Terzan 6 6.8 267.69 -31.28 358.57 -2.16 -0.56 1.17 £ 0.44 [48]
NGC 6535 6.8 27096 -0.30 27.18 10.44 -1.79 0.20 £ 0.06  [48]
Terzan 5 6.9 267.02 -2478 3.84 1.69 -0.23 5.66 £0.71 [48]
NGC 6712 6.9 283.27 -8.71 2535 -4.32 -1.02 1.27 £0.13  [48]
NGC 6205 7.1 250.42 3646 59.01 40091 -1.53 453 4+0.34 [48]
Terzan 9 7.1 27041 -26.84 3.60 -1.99 -1.05 0.46 [132]
NGC 6717 7.1 283.78 -22.70 12.88 -10.90 -1.26 0.18 [132]
Terzan 4 7.2 262.66 -31.60 356.02 1.31 -1.41 0.80 [132]
NGC 6558 7.4 272.57 -31.76 020  -6.02 -1.32 0.29 £0.11 [48]
NGC 6760 7.4 287.80 1.03  36.11 -3.92 -0.4 2.54 £1.08 [48]
NGC 5904 7.5 229.64 2.08 3.86  46.80 -1.29 3.72 £0.06 [48]
Terzan 2 7.5 261.89 -30.80 356.32 2.30 -0.69 0.40 [132]
NGC 6541 7.5 272.01 -43.71 349.29 -11.19 -1.81 2.77 £0.09 [48]
NGC 6362 7.6 262.98 -67.05 325.55 -17.57 -0.99 1.16 [132]
NGC 5927 7.7 232.00 -50.67 326.60 4.86 -0.49 3.54 £0.03 [48]
NGC 6522 7.7 270.89 -30.03 1.02 -3.93 -1.34 392 +£0.54 [48]
NGC 6325 7.8 259.50 -23.77 097 8.00 -1.25 0.77 [132]
UKS 1 7.8 268.61 -24.15 5.13 0.76 -0.64 0.80 [132]

continued . ..
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...continued
GC Helio ra dec [ b Metallicity Mass Mass
Name Distance (Deg.) (Deg.) (Deg.) (Deg.) [Fe / H] x 10° Mg Ref
(kpc)

NGC 6539 7.8 271.21  -7.59  20.79 6.78 -0.63 2.50 £0.35 [48]
NGC 6333 7.9 259.80 -18.52 5.54 10.71 -1.77 3.20 [132]
NGC 6528 7.9 271.21 -30.06 1.14 -4.17 -0.11 0.90 £0.19 [48]
NGC 6624 7.9 27592 -30.36 2.79 -791 -0.44 0.73 £0.02 [48]
NGC 6749 7.9 286.31 1.90 36.20 -2.20 -1.6 0.57 £0.36  [48]
Lynga 7 8.0 242,77 -55.32 328.77 -2.80 -1.01 1.00 [132]
E3 8.1 140.24 -77.28 292.27 -19.02 -0.83 0.31 £0.17 [48]
NGC 6642 8.1 27798 -2348 9.81 -6.44 -1.26 0.87 £0.55 [48]
NGC 7099 8.1 325.09 -23.18 27.18 -46.84 -2.27 1.33 £0.08 [48]
Terzan 3 8.2 247.17 -35.35 345.08 9.19 -0.74 0.55 +£0.23 [48]
HP 1 8.2 262.77 -2998 35743 2.12 -1 1.11 £0.38 [48]
Liller 1 8.2 263.35 -33.39 354.84 -0.16 -0.33 6.66 £ 1.17 [48]
Ton 2 8.2 264.04 -38.55 350.80 -3.42 -0.7 0.80 £ 0.40 [48]
1636-283 8.3 249.86 -28.40 35191 12.10 -1.5 —

NGC 6341 8.3 259.28 43.14 68.34 34.86 -2.31 2.68 £0.03 [48]
NGC 6342 8.5 260.29 -19.59 4.90 9.73 -0.55 0.46 = 0.16  [48]
NGC 6440 8.5 267.22 -20.36 7.73 3.80 -0.36 442 +0.64 [48]
NGC 362 8.6 15.81 -70.85 301.53 -46.25 -1.26 345+£0.05 [48]
NGC 6723 8.7 284.89 -36.63 0.07 -17.30 -1.1 1.57 £0.13 [48]
NGC 6273 8.8 255.66 -26.27 356.87 9.38 -1.74 6.80 £ 0.59 [48]
NGC 6637 8.8 277.85 -32.35 1.72  -10.27 -0.64 1.60 [132]
NGC 288 8.9 13.19 -26.58 151.28 -89.38 -1.32 1.16 £ 0.03 [48]
NGC 6144 8.9 246.81 -26.02 351.93 15.70 -1.76 0.46 +0.27 [48]
NGC 6681 9.0 280.80 -32.29 2.85 -12.51 -1.62 1.13 £0.02 [48]
NGC 6355 9.2 260.99 -26.35 359.58 543 -1.37 1.53 £0.77 [48]
NGC 6402 9.3 264.40 -3.25 2132 14.80 -1.28 7.74 £ 0.61 [48]
NGC 6287 9.4 256.29 -22.71 0.13 11.02 2.1 1.30 [132]
NGC 6638 9.4 277.73 -25.50 790 @ -7.15 -0.95 1.90 [132]
NGC 6779 9.4 289.15 30.18 62.66 8.34 -1.98 2.81 £0.52  [48]
NGC 6293 9.5 257.54 -26.58 357.62 7.83 -1.99 1.88 £0.18 [48]
NGC 2808 9.6 138.01 -64.86 282.19 -11.25 -1.14 7.42 +£0.05 [48]

continued . ..
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...continued
GC Helio ra dec [ b Metallicity Mass Mass
Name Distance (Deg.) (Deg.) (Deg.) (Deg.) [Fe / H] x 10° Mg Ref
(kpc)
FSR 1735 9.8 253.04 -47.06 339.19 -1.85 — 0.93 [132]
NGC 6388 9.9 264.07 -44.774 34556 -6.74 -0.55 10.60 = 0.10 [48]
NGC 6093 10.0 24426 -2298 352.67 19.46 -1.75 249 +0.12 [48]
NGC 6652 10.0 27894 -3299 153 -11.38 -0.81 0.52 [132]
NGC 6139 10.1 246.92 -38.85 34237 6.94 -1.65 3.59 £0.73 [48]
NGC 5272 10.2 205.55 28.38 4222 78.71 -1.5 3944+ 0.23 [48]
NGC 4590 10.3 189.87 -26.74 299.63 36.05 -2.23 1.23 £0.12 [48]
NGC 6256 10.3 254.89 -37.12 347.79 3.31 -1.02 0.72 £0.33  [48]
NGC 5986 10.4 236.51 -37.79 337.02 13.27 -1.59 3.01 £0.31 [48]
NGC 6316 10.4 259.16 -28.14 357.18 5.76 -0.45 3.75+£0.69 [48]
NGC 7078 10.4 32249 12.17 65.01 -27.31 -2.37 453 +0.05 [48]
NGC 5946 10.6 233.87 -50.66 327.58 4.19 -1.29 1.40 [132]
NGC 6401 10.6 264.65 -2391 3.45 3.98 -1.02 3.00 [132]
NGC 6517 10.6 27046 -8.96 19.23  6.76 -1.23 3.00 [132]
NGC 2298 10.8 102.25 -36.01 245.63 -16.01 -1.92 0.12+0.07 [48]
NGC 6380 10.9 263.62 -39.07 350.18 -3.42 -0.75 2.00 [132]
NGC 6569 10.9 273.41 -31.83 048 -6.68 -0.76 3.02£0.36 [48]
Pal 1 11.1 53.33  79.58 130.06 19.03 -0.65 0.02 [132]
NGC 6496 11.3 269.77 -44.27 348.03 -10.01 -0.46 1.06 = 0.16  [48]
NGC 6235 11.5 25336 -22.18 358.92 13.52 -1.28 1.00 [132]
NGC 7089 11.5 32336 -0.82 53.37 -35.77 -1.65 5.82 £0.12 [48]
NGC 6441 11.6 267.55 -37.05 353.53 -5.01 -0.46 12.30 £ 0.10 [48]
NGC 6453 11.6 267.72 -34.60 355.72 -3.87 -1.5 2.30 [132]
NGC 5286 11.7 206.61 -51.37 311.61 10.57 -1.69 4.01 £0.19 [48]
NGC 1851 12.1 78.53 -40.05 24451 -35.04 -1.18 3.02 £0.04 [48]
NGC 5897 12.5 22935 -21.01 34295 30.29 -1.9 2.03 £0.21 [48]
Pal 8 12.8 280.37 -19.83 14.10 -6.80 -0.37 0.60 [132]
NGC 1904 12.9 81.05 -24.52 227.23 -29.35 -1.6 1.69 = 0.11 [48]

continued . ..
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...continued

GC Helio ra dec [ b Metallicity Mass Mass

Name Distance (Deg.) (Deg.) (Deg.) (Deg.) [Fe / H] x 10° Mg Ref
(kpc)

Table A.1 Selection of 111 GCs ordered by increasing distance from the Sun with name,
helio distance (distance from Sun) in kpc, ra and dec are right ascension and declination
in degrees, [ and b are Galactic longitude and latitude respectively in degrees, metallicity
defined as [Fe/H]. GC masses and their errors where known are from the references listed. A

"—" value for metallicity or mass indicates that no value could be found in the literature.

Globular Energy flux UL Photon flux UL
Cluster (1013 erg em?2 s (100 cm?Zs )
E3 6.54 8.78
NGC 4372 1564.27 2099.27
NGC 4833 4.58 6.14
NGC 362 17.96 25.29
NGC 6362 2.78 3.73
Lynga 7 10.54 14.15
NGC 5927 3049.76 5466.27
NGC 6352 11.08 14.87
FSR 1735 8.78 11.78
NGC 3201 8.97 12.04
Ton 2 25.82 34.65
NGC 5986 1.89 2.53
NGC 6256 9.66 12.97
Terzan 3 6.9 9.27
Liller 1 72.46 97.24
NGC 6637 23.83 31.97
NGC 6681 22.95 30.79
NGC 6558 54.45 73.07
Terzan 4 9.52 12.78
Terzan 6 51.93 69.69
NGC 6809 6.72 9.02
NGC 6522 15.11 20.28
HP 1 54.62 73.30

continued ...
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...continued
Globular Energy flux UL Photon flux UL
Cluster (1013 erg cm? s (100 cm?Zs )
BH 261 4484.8 6018.66
1636-283 2807.55 4453.49
Djorg 2 32.16 43.15
NGC 6540 206.09 276.58
Terzan 9 14.79 19.85
NGC 4590 4.27 5.73
NGC 288 4.75 6.38
NGC 6293 35.07 47.06
NGC 6121 2562.14 3296.79
NGC 6355 6436.39 8637.71
NGC 6273 5.88 7.89
Pal 6 33.38 44.79
Terzan 10 2.99 4.01
NGC 6144 4.95 6.64
NGC 6553 6.85 9.20
NGC 6638 20.58 27.61
NGC 6544 12.83 17.22
UKS 1 46.23 62.04
NGC 6325 4443.48 5963.21
NGC 6642 8.54 11.46
NGC 7099 12.89 17.29
Terzan 12 2.81 3.77
NGC 6287 17.54 23.54
2MS-GC02 23751.64 32047.42
NGC 6342 254 34.09
NGC 6333 1.94 2.61
NGC 6171 2230.39 3614.74
NGC 6712 27.23 36.54
NGC 6539 22.97 30.83
IC 1276 7809.52 12983.21
NGC 6366 7.47 10.03
NGC 6535 4047.9 6750.22

continued ...
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...continued
Globular Energy flux UL Photon flux UL
Cluster (1013 erg cm?2 s (100 cm?Zs )
NGC 6760 14.5 19.45
NGC 6749 0.14 0.19
Pal 10 0.08 0.11
NGC 5272 6.17 8.29
NGC 6779 8.05 10.80
NGC 6205 8.01 10.75
NGC 6441 4858.93 8231.95
NGC 5946 10.81 14.51
NGC 6401 29.21 39.20
NGC 6517 39.65 53.21
NGC 2298 20.32 27.27
NGC 6380 39 52.33
NGC 6569 7.62 10.23
Pal 1 1.8 2.42
NGC 6496 3.31 4.44
NGC 6235 13.77 18.47
NGC 7089 3.76 5.05
NGC 6453 40.46 54.29
NGC 5286 1543.36 2676.35
NGC 1851 23.72 48.95
NGC 5897 5.19 6.96
Pal 8 4.71 6.31

Table A.2 The flux upper limits of undetected GCs at 95 percent confidence. The GCs are
modelled as PL point sources with spectral index 2.0 placed at the nominal GC co-ordinates
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Globular Cluster 4FGL Source ID

2MS-GCO01 4FGL J1808.8-1949
GLIMPSEO1 4FGL J1848.7-0129
GLIMPSEO02 4FGL J1818.5-1656

NGC 104 (47 Tuc) 4FGL J0024.0-7204

NGC 1904
NGC 2808

NGC 5139 (Omega Cen)

NGC 5904

NGC 6093 (M 80)

4FGL J0524.4-2413
4FGL J0912.1-6449
4FGL J1326.6-4729
4FGL J1518.84+0203
4FGL J1616.9-2257

NGC 6139 4FGL J1627.6-3852
NGC 6218 4FGL J1647.2-0154
NGC 6266 (M 62) 4FGL J1701.2-3006
NGC 6304 4FGL J1714.2-2928
NGC 6316 4FGL J1716.7-2808
NGC 6341 4FGL J1716.8+4310
NGC 6388 4FGL J1736.2-4443
NGC 6397 4FGL J1741.1-5341
NGC 6402 4FGL J1737.5-0313
NGC 6440 4FGL J1748.9-2021
NGC 6441 4FGL J1750.3-3702
NGC 6528 4FGL J1804.9-3001
NGC 6541 4FGL J1807.8-4340
NGC 6652 4FGL J1835.7-3258
NGC 6717 4FGL J1855.1-2243
NGC 6752 4FGL J1910.8-6001
NGC 6838 4FGL J1953.6+1846
NGC 7078 4FGL J2129.9+1208
Terzan 1 4FGL J1735.7-3026
Terzan 2 4FGL J1727.6-3050
Terzan 5 4FGL J1748.0-2446

Table A.3 The 30 sources of the 4FGL which are marked as associated with globular clusters
by virtue of having a source type attribute of "glc" in the catalog. The names, alternative
names in brackets and the 4FGL source ID are listed in name order.
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GC Core Central Luminosity Binary Encounter Rate
Radius Density A
(arcminutes) (Lope™x10%) (L% pc ! arcminutes™ x 10°)
47 Tuc 0.36 75.86 0.77
NGC 2808 0.25 45.71 0.86
NGC 6752 0.17 109.65 1.95
NGC 6397 0.05 575.44 15.17
NGC 5139 2.37 1.41 0.02
NGC 6388 0.12 234.42 4.03
NGC 6541 0.18 44.67 1.17
NGC 6139 0.15 46.77 1.44
NGC 6441 0.13 181.97 3.28
NGC 6652 0.1 30.20 1.74
Terzan 2 0.03 72.44 8.97
Terzan 1 0.04 7.08 2.10
NGC 6624 0.06 199.53 7.44
NGC 6266 0.22 144.54 1.73
NGC 6528 0.13 58.88 1.87
NGC 6304 0.21 30.90 0.84
NGC 6316 0.17 16.98 0.77
NGC 6626 0.24 72.44 1.12
Terzan 5 0.16 138.04 2.32
NGC 1904 0.16 12.02 0.69
NGC 6656 1.33 4.27 0.05
NGC 6093 0.15 61.66 1.66
NGC 6717 0.08 38.02 2.44
NGC 6440 0.14 173.78 2.98
NGC 6254 0.77 3.47 0.08
NGC 6402 0.79 2.29 0.06
NGC 6218 0.79 1.70 0.05
NGC 5904 0.44 7.59 0.20
NGC 7078 0.14 112.20 2.39
NGC 6838 0.63 0.68 0.04
NGC 6341 0.26 19.95 0.54

Table A.4 Binary encounter rate, A, for detected GCs calculated as [264]. Core radius and
luminosity density are from the Harris Catalogue (2010). GLIMPSEO1 and 2MS-GCO01 are
excluded as they have no central luminosity density in the catalogue.
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Fig. A.1 TS maps for GCs NGC 6397, NGC 6656, 2MS-GCO01, NGC 6752, NGC 6838 and
GLIMPSEO1 with tidal radii marked as red circle from Harris 2003 (http://www.naic.edu/ pul-
sar/catalogs/mwgc.txt) and green circle for NGC 6397, 6656 and 6752 from [92] and NGC
6838 [200]. 2MS-GCO01 and GLIMPSEO1 only have Harris 2003 Tidal Radius) and gamma-
ray detection localisation 95 percent containment (red dashed circle) marked. The GC
catalogue co-ordinates are indicated with a green cross. Graduated color bar (bottom of each
plot) shows the TS value. RA and DEC are horizontal and vertical axes respectively on the
white interior scale. Spatial bin size is 0.1°.
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Fig. A.2 TS maps for GCs NGC 6254, 47 Tuc, NGC 6218, NGC 5139, NGC 6626 and
GLIMPSEOQ2 with tidal radii (red circle Harris 2003, green circle more recent determination
of [92] for all GC except GLIMPSE(2) and gamma-ray detection localisation 95 percent
containment (red dashed circle) marked. This is almost too small to display for 47 Tuc and
NGC 5139. The GC catalogue co-ordinates are indicated with a green cross. Graduated color
bar (bottom of each plot) shows the TS value. RA and DEC are horizontal and vertical axes
respectively on the white interior scale. Spatial bin size is 0.1°.
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Fig. A.3 TS maps for GCs NGC 6304, Terzan 1, NGC 6266, Terzan 5, NGC 6717 and NGC
6541 with tidal radii (red circle Harris 2003), green circle more recent determination of
[92] for NGC 6266, 6717 and 6541 and NGC 6304 [200] whilst Terzan 5 is [169].) and
gamma-ray detection localisation 95 percent containment (red dashed circle) marked. The
GC catalogue co-ordinates are indicated with a green cross. Graduated color bar (bottom of
each plot) shows the TS value. RA and DEC are horizontal and vertical axes respectively on
the white interior scale. Spatial bin size is 0.1°.
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Fig. A.4 TS maps for GCs Terzan 2, NGC 5904, NGC 6624, NGC 6528, NGC 6341 and
NGC 6440 with tidal radii (red circle Harris 2003, green circle more recent determination
of [92] for NGC 5904, 6624 and 6341, whilst NGC 6528 is from [200]) and gamma-ray
detection localisation 95 percent containment (red dashed circle) marked. The GC catalogue
co-ordinates are indicated with a green cross. Graduated color bar (bottom of each plot)
shows the TS value. RA and DEC are horizontal and vertical axes respectively on the white
interior scale. Spatial bin size is 0.1°.
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Fig. A.5 TS maps for GCs NGC 6402, NGC 2808, NGC 6388, NGC 6652, NGC 6093 and
NGC 6139 with tidal radii (red circle Harris 2003, green circle more recent determination
of [92]) and gamma-ray detection localisation 95 percent containment (red dashed circle)
marked. The GC catalogue co-ordinates are indicated with a green cross. Graduated color
bar (bottom of each plot) shows the TS value. RA and DEC are horizontal and vertical axes
respectively on the white interior scale. Spatial bin size is 0.1°.
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Fig. A.6 TS maps for GCs NGC 6316, NGC 7078, NGC 6441 and NGC 1904 with tidal radii
(red circle Harris 2003, green circle more recent determination from RN416 for NGC 7078
and 1904 and from [200] for NGC 6316) and gamma-ray detection localisation 95 percent
containment (red dashed circle) marked. The GC catalogue co-ordinates are indicated with a
green cross. Graduated color bar (bottom of each plot) shows the TS value. RA and DEC are
horizontal and vertical axes respectively on the white interior scale. Spatial bin size is 0.1°.
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Fig. A.7 SEDs for GCs NGC 6397, NGC 6656, 2MS-GCO01, NGC 6752, NGC 6838 and
GLIMPSE-01. My Fermi-LAT observations are indicated as blue points with red error bars.
ULs are marked by black symbols. The best fit model from my analysis is shown with a red
line and spectral parameters and type of model are indicated in the legend as power law (PL)

or Log Parabola (LP).
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Fig. A.8 SEDs for GCs NGC 6254, 47 Tuc, NGC 6218, NGC 6139, GLIMPSE-02 and NGC
6304. My Fermi-LAT observations are indicated as blue points with red error bars. ULs are
marked by black symbols. The best fit model from my analysis is shown with a red line and
spectral parameters and type of model are indicated in the legend as power law (PL) or Log

Parabola (LP).
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Fig. A.9 SEDs for GCs Terzan 1, NGC 6266, Terzan 5, NGC 6717, NGC 6541 and Terzan 2.
My Fermi-LAT observations are indicated as blue points with red error bars. ULs are marked
by black symbols. The best fit model from my analysis is shown with a red line and spectral
parameters and type of model are indicated in the legend as power law (PL) or Log Parabola

(LP).
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Fig. A.10 SEDs for GCs NGC 5904, NGC 6528, NGC 6341, NGC 6440, NGC 6402 and
NGC 2808. My Fermi-LLAT observations are indicated as blue points with red error bars.
ULs are marked by black symbols. The best fit model from my analysis is shown with a red
line and spectral parameters and type of model are indicated in the legend as power law (PL)

or Log Parabola (LP).
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Fig. A.11 SEDs for GCs NGC 6388, NGC 6652, NGC 6093, NGC 6139, NGC 6316 and
NGC 7078. My Fermi-LAT observations are indicated as blue points with red error bars.
ULs are marked by black symbols. The best fit model from my analysis is shown with a red
line and spectral parameters and type of model are indicated in the legend as power law (PL)

or Log Parabola (LP).
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Fig. A.12 SEDs for GCs NGC 6441 and NGC 1904. My Fermi-LAT observations are
indicated as blue points with red error bars. ULs are marked by black symbols. The best fit
model from my analysis is shown with a red line and spectral parameters and type of model

are indicated in the legend as power law (PL) or Log Parabola (LP).
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Fig. A.13 SEDs for GCs NGC 6626 and NGC 6624. My Fermi-LAT observations are
indicated as blue points with red error bars. ULs are marked by black symbols. The best fit
model of form PLSuperExpCutoff2 from my analysis is shown with a red line and spectral

parameters are indicated in the legend.



Appendix B

Nucleon Phase Space Integration

The spin structure function of Eqn. 8.2 has an analytic simplification as presented by [120]
of which I repeat the relevant points here. From the original 12-dimensional integral, 7
dimensions may be integrated out analytically so that a 5-dimensional integral remains
to be solved through numerical integration (as opposed to numerical integration of the
4-dimensional integral of [120]).

Firstly the 3-dimensional momentum delta function is used to integrate out d>p4. Then,
the non-relativistic nucleons have energy E; = pl-2 /2My and so the energy balance term is

given by:
Ei+E—E3—Ei+ o

_ —2p3—2p1-P2+2P1-P3+2P2 D3
2My

+ (B.1)

Next, a polar co-ordinate system is used with & and 8 being the polar and azimuthmal
angles of p, relative to p; and 6 and ® those of p3. The medium is isotropic so the pj
momentum can be chosen in the z direction so [d>p; = 4x [dp, with p; = |p;|. The
medium isototropy also allows the azimuthmal angle d® to be trivially integrated to leave
three nontrivial angular integrations with the remaining angular variables expressed as
follows:

P1-P2 = pip2cos (B.2)

P1-P3 = pip3cos 6 (B.3)
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P2-P3 = p2p3 cos & cos 6 + sin o + sin 6 + cos B (B.4)

The integration over df3 is carried out using the 0 function with f(B) =E; + E; — E3 —
E4+ @ and B being the root of f() = 0 in the interval [0,7] giving:

2 2 af(B) p
dp o = G B.5
, BB = rmyzapy s s lsos) (B3
The derivative can be expressed as
‘L(ﬁ)’ =Vaz2+bz+c (B.6)
dp |p=p
where
Z=cCos O B.7)
a = p3(—pt — p3+2pi1p3cosh) (B.8)

b =20Myp1p2 — 2p1pap3 — 20Myprp3 cos O 59
+2pip3cos 6 +2p; p3 cos O — 2p; pyp3 cos” O '

c= a)ZM]%,JrZa)MNp%an%p%—p§—2a)MNp1p3cos9 (B.10)
+2p1p% cos 0 —p%p%cosze —p%pg cos’ 0 '
Finally the analytic simplification of equation B.5 can be solved by numerical integration
through a Monte Carlo method integrating over dpdp>dp3d cos 0d cos «.



Appendix C

MSP Analysis

Selected MSPs for Analysis

MSP Name RA  DEC Period E
(Deg.) (Deg.) (ms) 1034 erg s

J0931-1902 142.83 -19.05 4.64 0.14
J1730-2304  262.59 -23.08 8.12 0.15
J1455-3330 22395 -33.51 7.99 0.19
J1207-5050 181.84 -50.84 4.84 0.21
J2317+1439  349.29 14.66 3.45 0.23
JO030+0451 7.61 4.86 4.87 0.35
J1640+2224  250.07 224 3.16 0.35
J1713+0747  258.46  7.79 4.57 0.35
J1327-0755 20199 -793  2.68 0.37
J1732-5049 263.2 -50.82 5.31 0.37
J1744-7619 266 -76.32  4.69 0.37
J2302+4442 34577 4471 5.19 0.37
J1946+3417  296.6 3429  3.17 0.39
J1142+0119 17571 1.33 5.08 0.45
J1744-1134  266.12 -11.58 4.07 0.52
J1024-0719 156.16 -7.32  5.16 0.53
J1745+1017  266.39 10.3 2.65 0.53
J1946-5403  296.64 -54.06 2.71 0.54
J2051-0827  312.78 -8.46  4.51 0.55

continued . ..
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...continued
MSP Name RA  DEC Period E
(Deg.) (Deg.) (ms) 1034 erg s

J0533+6759 83.48 6799 4.39 0.57
J0636+5129 99.02 5148 2.87 0.57
JO737-3039A 114.46 -30.66 22.7 0.59
J2042+0246 310.5 2.8 4.53 0.6
J2124-3358 321.18 -33.98 4.93 0.69
JO751+1807  117.79 18.13  3.48 0.73
J0340+4130 55.1  41.51 3.3 0.75
J1552+5437  238.22 54.62 243 0.77
J2017-1614  304.44 -16.24 231 0.78
J1137+7528  174.26 7547  2.51 0.79
J1622-0315 24575 -3.26  3.85 0.79
J1125-6014 17148 -60.24  2.63 0.81
J1600-3053 240.22  -30.9 3.6 0.81
JO610-2100 92.56 -21.01 3.86 0.84
J1012-4235 153.05 -42.6 3.1 0.87
J1312+0051  198.19  0.85 4.23 0.93
J1855-1436 28398 -14.6  3.59 0.93
J0605+3757 91.27 3796 2.73 0.95
JO101-6422 153 -64.38 2.57 1.1

J1630+3734  247.65 37.58 3.32 1.1

J1858-2216  284.57 -22.28 2.38 1.1

J2047+1053  311.79 10.89 4.29 1.1

J2310-0555 347.53 -593 261 1.1

J0437-4715 69.32 -47.25 5.76 1.2
J1544+4937  236.02 49.63 2.16 1.2
J1614-2230  243.65 -22.51 3.15 1.3

J2017+0603  304.34  6.05 2.9 1.3

J0023+0923 5.82 9.39 3.05 1.5

JO613-0200 9343 -2.01 3.06 1.5
J2043+1711  310.84 17.19  2.38 1.5
J1514-4946 228.58 -49.77 3.59 1.6
J2234+0944 338.7 9.74 3.63 1.6

continued . ..
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...continued
MSP Name RA  DEC Period E
(Deg.) (Deg.) (ms) 103 erg s

J0102+4839 1571 48.66  2.96 1.7
J1124-3653 171  -36.89 241 1.7
J1832-0836  278.11 -8.62  2.72 1.7
J1231-1411 187.8 -142  3.68 1.8
J2214+3000  333.66 30.01 3.12 1.8
J0740+6620 115.19 66.34  2.89 2

J0307+7443 4698 7472  3.16 2.2
J0614-3329 93.54 -335 3.5 2.2
J1741+1351 26538 13.86 3.75 2.2
J1909-3744 28745 -37.74 295 2.2
J2339-0533 35491 -555 2.88 2.2
J2241-5236  340.43 -52.61 2.19 2.5
J1811-2405 272.83 -24.09 2.66 2.8
J0034-0534 8.59 -5.58 1.88 2.9
J1536-4948 234.1 -49.82 3.08 2.9
J1036-8317 159.17 -83.3 341 3.1
J1658-5324  254.66 -534 244 3.2
J0248+4230  42.13 42.51 2.6 3.8
J1446-4701 221.65 -47.02 2.19 3.8
J1810+1744  272.66 17.74  1.66 4

J0621+2514 953 2523 272 4.8
J1311-3430 197.94 -3451 2.56 4.9
J1921+0137  290.38 1.62 2.5 4.9
J1816+4510 274.15 45.18 3.19 5.2
J2215+5135  333.89 51.59 2.61 5.2
J1843-1113 28092 -11.23 1.85 6

J1431-4715 217.94 -47.26 2.01 6.8
J1902-5105 285.51 -51.1 1.74 6.8
J0955-6150 148.83 -61.84 2 7

J1543-5149 23593 -51.83 2.06 7.3
J1035-6720 158.86 -67.34 2.87 7.7
J1125-5825 171.43 -5842 3.1 8.1

continued . ..
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MSP Analysis

...continued
MSP Name RA  DEC Period E
(Deg.) (Deg.) (ms) 1034 erg s
J1227-4853 186.99 -48.9 1.69 9
J1513-2550  228.35 -25.84 2.12 9
J1903-7051 28591 -70.86 3.6 9.9
J1747-4036  266.95 -40.62 1.65 12
J1959+2048 299.9  20.8 1.61 16
J0218+4232 3453 4254 232 24
J1823-3021A 27592 -30.36 5.44 83
J1939+2134 29491 21.58 1.56 110
J1824-2452A 276.13 -24.87 3.05 220
J0251+2606 4276  26.1 2.54 —
JO318+0253 49.56  2.88 5.19 —
J1301+0833 19541  8.57 1.84 —
J1302-3258 195.61 -3298 3.77 —
J1628-3205 247.03 -32.1 3.21 —
J1805+0615 271.43 6.26 2.13 —
J1908+2105  287.24 21.08 2.56 —
J2052+1218 3132 1233 1.99 —
J2129-0429 32244 -449  7.61 —
J2205+6012  331.39 6022 242 —
J2256-1024 34423 -1041 2.29 —

Table C.1 Analysis selection of 103 MSPs from the "Public List of LAT-Detected Gamma-
Ray Pulsars" ordered by E. RAJ and DEC]J are right ascension and declination in degrees.
11 MSPs have no E given in the online catalogue as indicated by a "—".

MSP Analysis Results
MSP Name Source ID TS Offset Energy Flux Photon Flux
(Degrees) 107! ergem? st 108 cm™? 57!
J1455-3330  4FGL J1455.9-3332 10.3 0.050 0.08 + 0.03 0.05 £ 0.02
J2317+1439  4FGL J2317.3+1433 12.9 0.104 0.08 + 0.03 0.08 + 0.03
J1137+7528  4FGL J1137.6+7527  23.7 0.043 0.07 £ 0.03 0.02 + 0.02
J1125-6014 4FGL J1126.4-6011 29.1 0.086 0.34 +£0.08 0.29 £ 0.06
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MSP Name Source ID TS Offset Energy Flux Photon Flux

(Degrees) 107! ergem?s! 108 cm? 57!
J1832-0836 4FGL J1832.4-0847 51.1 0.174 1.25 +0.20 0.69 + 0.11
J0931-1902 4FGL J0931.2-1906 59.8 0.066 0.18 £ 0.03 0.12 + 0.02
J1908+2105  4FGL J1908.9+2103 62.7 0.020 0.42 £ 0.07 0.34 + 0.06
J0248+4230  4FGL J0248.6+4230  66.0 0.021 0.20 £0.10 0.19 + 0.07
J1730-2304 4FGL J1730.8-2303 67.4 0.106 0.67 £ 0.09 0.86 = 0.12
J1640+2224  4FGL J1640.1+2222  71.2 0.047 0.24 + 0.05 0.31 = 0.10
J2051-0827 4FGL J2051.0-0826 88.4 0.028 0.26 £ 0.04 0.14 £ 0.02
J1125-5825 4FGL J1125.6-5825  100.3 0.012 0.49 £ 0.07 0.27 + 0.04
J2047+1053  4FGL J2047.3+1051 101.1 0.058 0.38 £ 0.06 0.35 £ 0.05
JO0621+2514  4FGL J0621.2+2512  109.3 0.026 0.50 £+ 0.08 0.32 + 0.09
J1544+4937  4FGL J1544.0+4939  109.9 0.022 0.26 £0.11 0.35 + 0.09
J1741+1351  4FGL J1741.4+1354  118.2 0.051 0.37 £ 0.05 0.27 £+ 0.09
J1732-5049 4FGL J1732.7-5050  129.8 0.021 0.56 £ 0.06 0.67 + 0.08
J1552+5437  4FGL J1553.1+5438  134.1 0.042 0.24 +0.03 0.19 + 0.03
J1939+2134  4FGL J1939.6+2135  136.5 0.016 1.90 + 0.26 3.09 4+ 0.45
J1036-8317 4FGL J1036.5-8318 1384 0.013 0.38 £0.16 0.30 + 0.07
J1805+0615  4FGL J1805.6+0615  153.1 0.007 0.52 £ 0.06 0.38 + 0.04
J0740+6620  4FGL J0741.0+6618  158.3 0.038 0.29 + 0.03 0.30 + 0.04
J1024-0719 4FGL J1024.5-0719  163.8 0.034 0.42 +0.05 0.43 +0.05
J1012-4235 4FGL J1012.1-4235  179.9 0.011 0.48 £0.20 0.46 + 0.10
J0955-6150 4FGL J0955.4-6151 185.1 0.024 0.66 £+ 0.29 0.74 £ 0.15
J1543-5149 4FGL J1543.6-5148  185.9 0.016 1.42 + 0.96 2.07 £ 0.46
J1921+0137  4FGL J1921.4+0136  198.3 0.027 0.99 + 0.09 1.05 = 0.10
JO251+2606  4FGL J0251.0+2605  202.6 0.007 0.44 + 0.05 0.32 + 0.04
J1207-5050 4FGL J1207.4-5050 2054 0.012 0.52 £ 0.05 0.36 + 0.04
J1446-4701 4FGL J1446.6-4701  210.1 0.008 0.60 £ 0.06 0.50 + 0.05
J2042+0246  4FGL J2042.2+0245  210.6 0.074 0.56 + 0.05 0.68 + 0.06
J2017-1614 4FGL J2017.7-1612  230.7 0.036 0.65 £ 0.06 0.79 + 0.08
JO318+0253  4FGL J0318.2+0254  231.2 0.028 0.59 £ 0.06 0.51 £ 0.05
J1843-1113 4FGL J1843.7-1114  244.1 0.021 1.63 +0.22 2.88 + 0.37
J1713+0747  4FGL J1713.8+0747  270.9 0.010 0.69 £ 0.07 0.51 £+ 0.05
J1513-2550 4FGL J1513.4-2549  274.5 0.024 0.67 £ 0.06 0.69 + 0.12
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MSP Name Source ID TS Offset Energy Flux Photon Flux

(Degrees) 107! ergem?s! 108 cm™? 57!
J2129-0429 4FGL J2129.8-0428  285.3 0.026 0.60 £ 0.06 0.58 = 0.05
JO605+3757  4FGL J0605.1+3757  287.8 0.009 0.66 + 0.09 0.42 + 0.05
J1630+3734  4FGL J1630.6+3734  289.6 0.010 0.54 £ 0.06 0.53 £ 0.14
J0610-2100 4FGL J0610.2-2100  292.2 0.010 0.60 + 0.05 0.62 + 0.06
J1622-0315 4FGL J1623.0-0315  298.1 0.004 0.88 +0.23 1.04 £ 0.16
J1903-7051 4FGL J1903.4-7053  301.2 0.033 0.63 £ 0.06 0.73 £ 0.17
J1628-3205 4FGL J1628.1-3204  302.0 0.026 1.07 £ 0.25 1.52 £ 0.23
J1142+0119  4FGL J1142.8+0120  308.9 0.011 0.61 £+ 0.08 0.57 £ 0.17
J0023+0923  4FGL J0023.4+0920  324.5 0.053 0.75 £ 0.06 0.81 + 0.07
J1600-3053 4FGL J1600.9-3054  326.9 0.012 0.75 £ 0.07 0.45 + 0.04
J1745+1017  4FGL J1745.5+1017  358.3 0.011 0.80 £+ 0.07 0.57 = 0.05
J1747-4036 4FGL J1747.7-4037  382.2 0.004 1.33 £0.26 1.81 £0.23
J1301+0833  4FGL J1301.6+0834  392.6 0.005 0.76 £ 0.19 0.83 £ 0.12
J2256-1024 4FGL J2256.8-1024  416.2 0.014 0.75 £ 0.06 0.83 +0.11
J1823-3021A 4FGL J1823.5-3020  456.2 0.027 1.29 £ 0.09 1.29 £+ 0.09
J1858-2216 4FGL J1858.3-2216  484.7 0.005 1.03 £ 0.07 0.65 + 0.05
JO533+6759  4FGL J0533.8+6800  487.2 0.012 0.77 £ 0.06 0.57 + 0.04
J2234+0944  4FGL J2234.7+0943  495.7 0.012 0.94 +0.07 0.76 + 0.06
J1959+2048  4FGL J1959.5+2048  501.2 0.009 1.51 = 0.53 1.93 +0.30
J1824-2452A  4FGL J1824.6-2452  603.9 0.028 2.05+0.54 3.03 £0.33
J1302-3258 4FGL J1302.4-3258 6759 0.015 1.04 £+ 0.08 0.70 + 0.09
JO751+1807  4FGL J0751.2+1808  684.0 0.016 1.00 + 0.10 0.66 + 0.15
J1946-5403 4FGL J1946.5-5402  712.0 0.011 1.01 = 0.06 1.14 +0.14
J1816+4510  4FGL J1816.5+4510  743.2 0.007 0.93 £ 0.06 0.88 + 0.05
J2310-0555 4FGL J2310.0-0555  754.7 0.013 1.66 + 0.08 4.49 £+ 0.25
J1658-5324 4FGL J1658.6-5323  789.4 0.007 1.93 +0.09 2.61 +0.12
JO102+4839  4FGL J0102.8+4839  823.2 0.003 1.29 + 0.07 1.35 £ 0.13
J1124-3653 4FGL J1124.0-3653  872.6 0.015 1.30 = 0.07 1.17 £ 0.07
J2215+5135  4FGL J2215.6+5135  877.3 0.008 1.67 £ 0.09 1.88 £ 0.10
J1312+0051  4FGL J1312.7+0050 1021.2 0.008 1.34 £ 0.07 1.35 + 0.07
J1035-6720 4FGL J1035.4-6720 1192.9 0.003 1.86 + 0.09 1.53 £0.07
J0307+7443  4FGL J0307.8+7443 1233.5 0.004 1.52 +0.07 1.26 + 0.06

continued ...



233

...continued

MSP Name Source ID TS Offset Energy Flux Photon Flux

(Degrees) 107! ergem?s! 108 cm? 57!
J1744-7619 4FGL J1744.0-7618 1274.5 0.005 1.78 £ 0.08 1.32 +0.06
J1810+1744  4FGL J1810.5+1744 1301.9 0.012 2.27 +0.30 3.98 +0.29
J0340+4130  4FGL J0340.3+4130 1303.2 0.001 1.74 + 1.84 1.04 £0.33
J1227-4853 4FGL J1228.0-4853 13144 0.020 229 +0.17 3.80 £ 0.45
JO101-6422 4FGL JO101.1-6422  1436.4 0.012 1.30 £ 0.27 1.50 +0.14
J0034-0534 4FGL J0034.3-0534 17153 0.006 2.04 +0.48 2.76 + 0.26
J1614-2230 4FGL J1614.5-2230  1876.6 0.010 244 +£0.10 1.44 + 0.06
J1902-5105 4FGL J1902.0-5105 1988.3 0.010 2.39 +0.23 3.82+0.24
J2043+1711  4FGL J2043.3+1711  2000.7 0.004 249 +0.10 2.54 +0.17
J1744-1134 4FGL J1744.4-1135  2059.6 0.009 3.86 = 0.12 4.55 £0.15
J0613-0200 4FGL J0613.7-0201  2155.5 0.014 3.60 = 0.12 4.62 +£0.24
JO437-4715 4FGL J0437.2-4715  2383.9 0.006 1.75 £ 0.06 2.89 £ 0.15
J2339-0533 4FGL J2339.6-0533  2430.1 0.001 247 +£0.11 242 +0.16
J2017+0603  4FGL J2017.4+0602 2666.1 0.012 328 +0.14 2.03 £0.15
J1514-4946 4FGL J1514.3-4946  2667.2 0.003 393 +0.15 3.36 £ 0.21
J2241-5236 4FGL J2241.7-5236  2719.5 0.005 2.59 £ 0.09 2.07 £ 0.07
J2214+3000  4FGL J2214.6+3000 3795.8 0.009 3.06 £ 0.10 2.57 £ 0.08
J2302+4442  4FGL J2302.7+4443  3973.7 0.010 349 +0.11 2.80 +0.13
J2124-3358 4FGL J2124.7-3358  5108.8 0.010 393 +0.11 2.69 + 0.08
JO218+4232  4FGL J0218.1+4232  5413.7 0.007 477 £ 0.11 8.09 £0.25
J1536-4948 4FGL J1536.4-4948  5437.8 0.004 7.13 £ 1.38 6.99 + 0.39
J1311-3430 4FGL J1311.7-3430  7418.1 0.007 5.88 £ 0.55 8.35+0.35
JO030+0451  4FGL J0030.4+0451 8611.2 0.001 5.67 £ 2.75 6.36 + 1.23
J1231-1411 4FGL J1231.1-1412 15720.4 0.002 9.72 £ 0.19 7.64 +0.18
J0614-3329 4FGL J0614.1-3329 19856.3 0.003 10.04 £0.19 7.61 £ 0.16

Table C.2 Analysis results for all MSPs in the energy range 100 MeV—10 GeV with a
PLSuperExp2 spectral model in detection significance (TS) order, with 4FGL source id,
offset from catalogue co-ordinates and fluxes.

MSP Name Source ID TS Offset Energy Flux Photon Flux
(Degrees) 107! ergem?s! 108 cm? 57!
J2205+6015 4FGL J2205.5+6016 15.2 0.050 0.24 +0.07 0.31 = 0.16
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MSP Name Source ID TS Offset Energy Flux Photon Flux
(Degrees) 107! ergem?s! 108 cm™? 57!
J1855-1436  4FGL J1855.9-1435 53.7 0.017 0.44 + 0.08 0.45 +0.13
J1431-4715 4FGL J1431.4-4711 59.8 0.080 0.47 +0.07 0.99 £ 0.19
J2052+1219 4FGL J2052.7+1218 64.4 0.015 0.39 + 0.06 0.61 £ 0.16
J1811-2405 4FGL J1811.3-2403 91.6 0.035 1.54 +0.20 2.86 + 0.50

Table C.3 Analysis results for all MSPs with a PL spectral model, in the energy range 100
MeV—10 GeV , with 4FGL source id, detection significance (TS), offset from catalogue
co-ordinates and fluxes.

MSP Name Prefactor Index1 Scale  Expfactor
1013 1073

J1455-3330 11.10 £ 4.21 -0.11 2119 19.20
J2317+1439 31.67 £ 10.98 0.00 1538 26.04
J1137+7528 2.19 +4.45 0.00£0.01 3321 11.00+7.63
J1125-6014 3.46 +0.78 -1.22 2465 6.29
J1832-0836 65.89 £ 10.29 -0.26 3068 13.87
J0931-1902 20.03 £3.83 -0.18 2172 17.76
J1908+2105 7.55+ 1.24 -0.96 2624 9.23
J0248+4230 20.02 £ 1449 -0.51+042 2122 18.25+0.24
J1730-2304 174.30 £+ 23.81 -0.50 1361 24.81
J1640+2224 7.40 £+ 1.85 -1.14 +£0.23 2184 12.78 £0.52
J2051-0827 17.74 £ 2.92 -0.17 2237 14.80
J1125-5825 11.17 £ 1.57 -0.57 3096 10.11
J2047+1053 5.45 +£0.80 -1.26 1910 6.44
J0621+2514 3319 £526 -032+£0.22 2787 15.254+0.48
J1544+4937 6.43 +3.11 -1.66 £ 0.35 1068 5.02 £ 0.00
J1741+1351 14.04 £9.80 -0.72£0.46 1848 11.43 +4.02
J1732-5049 16.15 + 1.87 -1.29 1541 9.68
J1552+5437 8.38 +1.14 -0.90 1489 9.99
J1939+2134 40.16 £8.03  -1.58 £0.11 1651 9.63 £0.01
J1036-8317 19.63 £10.71 -0.61 £0.34 2089 13.69 4+ 0.01
J1805+0615 19.90 + 2.36 -0.68 2071 11.90
J0740+6620 11.01 £ 1.31 -1.09 1416 10.44
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MSP Name Prefactor Index1 Scale  Expfactor
10713 103

J1024-0719 22.10 + 2.64 -1.03 1187 11.40
J1012-4235 10.65 £4.71  -1.244+030 1475 7.14+0.02
J0955-6150 2233+ 1158 -1.24+033 1332 9.32+0.02
J1543-5149 4486 +47.73 -1.40£0.55 1505 10.76 = 0.01
J1921+0137 16.97 + 1.61 -1.27 1989 8.11
J0251+2606 87.69 £+ 9.60 -0.03 1861 21.12
J1207-5050 41.95 +4.40 -0.36 1951 15.90
J1446-4701 27.72 +2.79 -0.82 1495 11.81
J2042+0246  444.94 £+ 42.27 0.00 1164 33.22
J2017-1614 10.62 £ 1.03 -1.54 1476 5.64
J0318+0253 34.53 £ 3.51 -0.79 1281 12.54
J1843-1113 101.17 £ 18.64 -1.47 +£0.12 1096 13.65 £ 0.00
J1713+0747 34.01 4+ 3.20 -0.61 1845 12.90
J1513-2550 4090+3.75 -0914+0.13 1349 13.31 £0.01
J2129-0429 29.15 £ 2.77 -1.04 1131 10.46
J0605+3757 99.19 £ 13.68  0.00 £0.00 1901 19.24 +0.42
J1630+3734 2572+ 1159 -0.83+0.30 2018 13.80 £ 2.53
J0610-2100 4723 +4.21 -0.86 1136 13.97
J1622-0315 1873 +£533  -1.50£0.19 1281 5.89 £0.13
J1903-7051 5.50 £2.61 -1.57 £ 0.27 2004 4.68 +2.51
J1628-3205 84.39 £27.16 -1.12+0.20 1232 15.44 £0.02
J1142+0119 8.56 + 4.89 -1.42+ 039 1492 452+ 3.70
J0023+0923 67.71 £5.72 -0.90 976 14.00
J1600-3053 19.29 + 1.71 -0.71 1907 9.34
J1745+1017 54.45 +4.52 -0.45 1881 14.77
J1747-4036 60.92 +16.19 -1.28+0.16 1292 11.66 4+ 0.00
J1301+0833 43.60 +11.07 -1.09+£0.19 1075 11.27 +£0.01
J2256-1024 5136 £4.13  -1.05£0.10 1009 12.11 +0.01
J1823-3021A 1891 £ 1.30 -1.29 1969 6.99
J1858-2216 150.90 £ 10.65 -0.01 2004 19.09
J0533+6759 20.55 £ 1.49 -0.95 1499 8.34
1223440944 4431 £+ 3.41 -0.80 1401 11.54
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MSP Name Prefactor Index1 Scale  Expfactor
10713 103

J1959+2048 125.68 + 61.16 -0.96 £0.27 1356 16.10 + 0.02
J1824-2452A  47.03 £20.07 -1.50+£0.21 1610 9.38 +0.00
J1302-3258 4341 +£999  -0.64 £0.17 1599 11.39 £ 1.46
JO751+1807 4747 +£31.52 -052+£041 1949 12.76 +3.86
J1946-5403 66.23 +£22.21 -091 +£0.19 1500 14.67 +2.26
J1816+4510 43.74 + 2.66 -1.05 1099 10.00
J2310-0555 4.96 + 1.48 290+ 0.12 1247 -3.74 £ 2.17
J1658-5324 256.68 £+ 12.29 -0.89 1113 18.61
J0102+4839 3421 +£196  -1.31+£0.06 1298 7.37 +0.01
J1124-3653 45.97 £2.59 -1.04 1333 9.41
J2215+5135 28.22 +1.44 -1.46 1519 597
J1312+0051 94.84 +5.21 -0.82 1348 14.23
J1035-6720 144.49 £ 6.69 -0.55 1642 15.40
J0307+7443 190.40 + 8.38 -0.37 1506 18.24
J1744-7619 209.03 £9.71 -0.31 1306 17.40
J1810+1744 11035+ 17.77 -1.77+0.10 838 7.76 £0.01
J0340+4130 5521 £53.12  -0.67 £0.64 1604 9.83 +0.04
J1227-4853 29.06 =690 -1.92+£0.13 1360 4.09 £ 1.68
J0101-6422 100.87 £21.32 -1.07+0.15 938 12.49 +£0.01
J0034-0534 129.11 £27.89 -1.49+0.15 739 8.04 +0.01
J1614-2230 210.73 £ 8.66 -0.18 1614 15.79
J1902-5105 101.77 £ 12.69 -1.57 £0.07 1055 9.53 £ 0.00
J2043+1711 82.12+£3.38  -1.21£0.05 1244 8.46 £0.01
J1744-1134 652.83 £ 20.89 -0.61 1265 20.72
J0613-0200 17203 £6.04 -136+0.04 1001 9.30 +0.00
J0437-4715 44742 £69.29 -1.03+0.11 668 20.89 + 1.77
J2339-0533 73.14 £8.83  -1.32£0.08 1072 6.43+0.93
J2017+0603 63.45+7.84 -0.89+£0.09 1710 7.28+£0.69
J1514-4946 61.56 +2.79 -1.23£0.05 1710 6.15£0.25
J2241-5236 136.28 £ 4.61 -0.63 2000 13.71
J2214+3000 252.24 +£7.96 -0.66 1085 14.12
J2302+4442 151.78 £4.58 -0.86 £0.04 1286 10.54 +0.00
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MSP Name Prefactor Index1 Scale  Expfactor
10713 103
J2124-3358 408.51 +11.42 -0.30 1144 16.33
J0218+4232 203.10 £5.02 -1.82+0.02 822  6.20+£0.00
J1536-4948 121.02 £25.08 -1.394+0.12 1438 5.37 +£0.00
J1311-3430 24831 £23.52 -1.66 £0.06 825 5.99 4+ 0.00
J0030+0451  572.63 +£252.02 -0.98 +£0.30 808 13.45 £ 0.01
J1231-1411 667.44 £11.68 -0.69+0.02 1047 12.66 £ 0.00
J0614-3329 33145+£539 -1.03+0.02 1075 7.58+0.00

Table C.4 The spectral parameters for MSPs, in the energy range 100 MeV —10 GeV, with a
PLSuperExp2 spectral model in detection significance order as from Table C.2 above. The
index2 parameter (not shown) has value 0.67 throughout.

MSP Name Prefactor Index1 Scale
1013

J2205+6015 0.79 +0.26 -1.96 £0.26 2052

J1855-1436  1.80 +0.33 -1.81 £0.15 1905

J1431-4715 1047 +£1.64 -2.41 £0.12 765

J2052+1219 3.61 £0.59 -2.11+£0.14 1197

J1811-2405 240+ 0.34 -2.26+£0.08 2532

Table C.5 The spectral parameters for MSPs, in the energy range 100 MeV—10 GeV , with a
PL spectral model in detection significance order as Table C.3 above.

MSP Name Source ID TS Offset Energy Flux Photon Flux
(Degrees) 107! ergem?s! 108 cm? 57!
J1810+1744  4FGL J1810.5+1744 9.0 0.015 0.07 £ 0.05 0.003 + 0.002
J1816+4510  4FGL J1816.5+4510 9.8 0.012 0.07 £0.10 0.003 + 0.004
J1431-4715 4FGL J1431.4-4711 104 0.011 0.02 + 0.02 0.001 £ 0.001
J1614-2230 4FGL J1614.5-2230  10.7 0.020 0.03 + 0.02 0.001 £ 0.001
J1125-5825 4FGL J1125.6-5825 12.6 0.002 0.12 + 0.05 0.006 £ 0.003
J1302-3258 4FGL J1302.4-3258  12.7 0.015 0.02 + 0.02 0.001 £ 0.001
J2302+4442  4FGL J2302.7+4443 13.6 0.007 0.14 + 0.06 0.007 £ 0.003
JO533+6759  4FGL J0533.8+6800 13.6 0.080 0.13 £ 0.10 0.002 £ 0.001

continued ...



238 MSP Analysis
...continued
MSP Name Source ID TS Offset Energy Flux Photon Flux
(Degrees) 107! erg cm™ 108 cm?2 57!

J1855-1436 4FGL J1855.9-1435  13.7 0.003 0.16 = 0.10 0.006 £ 0.004
J1823-3021A 4FGL J1823.5-3020 14.4 0.004 0.46 + 0.09 0.019 £ 0.004
J1124-3653 4FGL J1124.0-3653  16.2 0.010 0.02 £ 0.02 0.001 £ 0.001
JO101-6422 4FGL JO101.1-6422  21.2 0.010 0.02 + 0.02 0.001 £ 0.001
J2234+0944  4FGL J2234.7+0943  23.0 0.012 0.02 + 0.04 0.001 £ 0.002
JO102+4839  4FGL J0102.8+4839 23.6 0.007 0.01 +=0.01 0.001 £ 0.001
J0340+4130  4FGL J0340.3+4130 24.3 0.027 0.04 + 0.02 0.002 £ 0.001
J2215+5135  4FGL J2215.6+5135 24.3 0.028 0.09 + 0.10 0.003 £ 0.002
J1514-4946 4FGL J1514.3-4946  28.7 0.017 0.05 + 0.05 0.002 £ 0.003
J2043+1711  4FGL J2043.3+1711 29.4 0.027 0.02 + 0.02 0.001 £ 0.001
J0030+0451  4FGL J0030.4+0451 36.3 0.012 0.22 + 0.06 0.010 £ 0.003
J2339-0533 4FGL J2339.6-0533 41.3 0.004 0.10 = 0.09 0.004 £ 0.003
J1311-3430 4FGL J1311.7-3430  68.6 0.008 0.10 + 0.06 0.003 £ 0.002
J2017+0603  4FGL J2017.4+0602  85.5 0.012 0.09 + 0.08 0.004 £ 0.003
J1231-1411 4FGL J1231.1-1412  102.7 0.005 0.01 = 0.02 0.001 £ 0.001
J1536-4948 4FGL J1536.4-4948  146.6 0.010 0.07 £ 0.06 0.003 £ 0.002
J0614-3329 4FGL J0614.1-3329  452.7 0.001 0.15 +0.09 0.005 £ 0.002

Table C.6 Analysis results for all MSPs, ordered by detection significance (TS), in the energy
range 10—100 GeV , with 4FGL source id, detection significance, offset from catalogue
co-ordinates and fluxes.
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