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Abstract

Blazars are an extremely luminous and highly variable type of Active Galactic
Nucleus (AGN), which possess a relativistic jet with a small viewing angle
towards the observer. Recent results, such as the 3 spatial and temporal
coincidence of TXS 0506+056 with the IceCube neutrino alert 1C-170922A,
have motivated an ongoing discussion of how these astrophysical sources can
produce high-energy neutrinos during a aring state and which scenario can

successfully describe the observed gamma-ray behaviour.

In this thesis, the possibility of a hadronic contribution to the very high energy
(VHE) gamma-ray emission of blazars, as well as the possible detection of
neutrino events, are explored by considering photohadronicyf ) interactions
in a lepto-hadronic scenario. The model is applied to t the aring period
of Markarian 421 in 2010, for which a dedicated analysis oFermi-LAT data
from the source was performed in the MeV range (100 MeV - 1 GeV). The t
results were compared with two leptonic models using the Akaike Information
Criterion (AIC) test. In all cases the photohadronic model was favoured as a

better t description in comparison to the one-zone leptonic model.

The photohadronic model was also applied to the blazar 4FGL J0658.6+0636,
which was found within the 90% localisation region of the IceCube neutrino
alert IC-201114A. By analysing 12:3-years of Fermi-LAT data, the periods

in which the blazar was detected signi cantly were identi ed and studied. For
one of these periods, it was found that the photohadronic aring model results
are consistent with the observed gamma-ray behaviour of 4FGL J0658.6+0636
and the 1C-201114A is discussed under the photohadronic scenario. These
results show the potential of a photohadronic contribution to a lepto-hadronic

origin of gamma-ray ux of blazars.




The nal part of this thesis describes the neutrino and gamma-ray simulations
performed for the Neutrino Target of Opportunity (NToO) program for the
Cherenkov Telescope Array (CTA). The detection probability with CTA of the
gamma-ray ux associated with the simulated IceCube hot-spots for steady
neutrino source populations is investigated, and the performance of the CTA
Omega con guration array is analysed to predict the potential science reach

of the NToO program.
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[ University, Gamma-ray Group, |https://www.dur.ac.uk/cfai’'vhegammaraygroup/

grouphistory/australia/ , last accessed on 01/08/22. . ... ... .. 43

|11.28 Mark 6 gamma-ray telescope deployed at Narrabri, Australia in 1994. |

| Three 42-nt parabolic re ectors on a single mount working in 3-fold |

[ coincidence to trigger data recording. The central mirror was provided |

L with a 109 PMT camera and the side mirrors with a 19 PMT camera. |
| Image credit: Armstrong et al. (1999)) . . . . . ... ... ... ... .. 44
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[1.29 One of the High-Energy Gamma-ray Astronomy [HEGRA) telescopes |

| built in La Palma, at Roque de los Muchachos observatory (up) and |

| the front view of the mounted hexagonal camera (down), a pixel matrix |

[ conformed of 271 PMIs. ThelHEGRA IACT system was operational |

| from 1996 to 2002. Image credit; HEGRA Collaboration (2003b).. . . . 46

[T.30 Evolution of the CANGAROO project throughout the years. On the |

| left, the 3.8-m CANGAROO-I telescope, In the central image the CANGAROQ-

[ [T 7-m telescope, and on the right image one of the 10-m telescopes from |

[ the CANGAROO-IT array. Image credits. CANGAROO Collaboration | |
| (2000) and/Mori[ (2003)] . . . . . o e 47

[1.31 Locations of the current operating (blue spots) and future (green spots) |

| gamma-ray observatories around the world, including SGSO (yellow el- |

| lipse). While Very Energetic Radiation Imaging Telescope Array System |

| (VERITAS), H.E.S.S., MAGIC and CTA are IACTs; HAWC, TIBET, |

[ TAIGA, LHAASO and the proposed SGSO are based on particle de- |

| tector arrays. Image credit: W. Hofmann (Talk at TeVPA2018); https:

/lindico.desy.de/event/18204/contributions/29702/ , lastaccessed |

[ ONOLOBI2Z] . o o o oo e e 49

[1.32 View of the Fred Lawrence Whipple Observatory (FL\WWQ) basecamp |

[ and the 4 telescopd VERITAS array at the base of Mount Hopkins in |

[ southern Arizona, USA. Designed to detect gamma-rays in an approx- |

| Imately energy range of 50 GeV to 30 TeV, the full array con guration |

[ started operafions in September 2007 and it was upgraded in 2009. Im- |

[ age credit:[VERITASICollaboration; |https://veritas.sao.arizona.

edu/, last accessed on 01/08/22. . . . . . .. ... ... ... ... ... 50
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[1.33 High Energy Stereoscopic System (H.E.S.S.) gamma-ray observatory in |

Namibia. The nal array consists of four 12 m diameter telescopes |

arranged on a square of side 120 m and a parabolic 28 m diameter |

telescope located at the centre. | H.LE.S.5. 1S the only operating hy- |

brid TACT array and its energy range covers from 30 GeV to 100 TeV. |

Image credit: [HE.S.Sl Collaboration; https://www.mpi-hd.mpg.de/

hfm/HESS/pages/about/telescopes/ | last accessed on 01/08/22. . . . 54

[T.34 The 17 m diameter Major Aimospheric Gamma-ray Imaging Cherenkov |

(MAGICY telescopes located at Roque de los Muchachos, La Palma. |

[MAGICTis optimised to perform gamma-ray observations from 50 GeV |

and up to 50 TeV, and to follow fast transient phenomena with its |

rapid rapid repositioning system. Image credit: Daniel Lopez;https:

//magic.mpp.mpg.de/ | last accessed on 01/08/22. . . .. ... ... .. 57

[T.35 Schematics of the 3 di erent telescope sizes developed for Cherenkov |

Telescope Array (CTA). From left to right: Small-Sized Telescopes |

(Small-Sized Telescope [(SST)s), Medium-Sized Telescopes (Medium- |

Sized Telescopel (MST)s), and Large-Sized Telescopes (Large-Sized Tele- |

scope (LST)s). For the[MSTIs, 2 designs are being built and tested. |

Image credit: [CTAIConsortium and Gabriel P@rez Diaz https://www.

cta-observatory.org/project/technology/ , last accessed on 01/08/22. 61

[1.36 Di erential sensitivity of CIA Northern and Southern arrays. The |

curves show the minimum ux to obtain a 5 detection of a point- |

like source. The curves for other major gamma-ray observatories are |

shown tor comparison. Image credit] CIA Consortium;https://www.

cta-observatory.org/science/ctao-performance/ , last accessed on |

01/08/22.| . . . . . . 62
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|11.37 Angular resolution of [CTAI Northern and Southern arrays as a func-

[ tion of the reconstructed energy. The curves show the 68% containment

[ angle along the full energy range of the arrays. Image credit_CIA Con-

| sortium, |https://www.cta-observatory.org/science/ctao-performance/

| last accessed on 01/08/22. . . . . . . . . . . ...

[1.38 The originally conceived Deep Underwaier Muon and Neufrino De-

| tector (DUMAND)| underwater cubic-kilometer detector and the dif-

[ ferent downgrading versions over the years, leading to the DUMANID-II

| array design. Image Credits:l DUMANDI Collaboration; 'Spiering (2012)|

65

|1.39 Schematic view of the Baikal NT200 neutrino telescope. The underwa-

[ ter detector operated for nearly a decade at Lake Baikal, Russia, and

[ was able to detect 400 upward-going muon evenis. Image Credit.

| Kuzmichev (1999)! . . . . . . . .

[1.40 Antarctic Muon and Neutrino Detector Array (AMANDA) Ineutrino

[ telescope array. Deployed at a depth of 1.5 2.0 Km under the Antarc-

| tic ice. The nal AMANDA-|I array consisted of 66/ optical modules

[ distributed In 19 strings. AMANDA Wwas the rst-generation of de-

[ tectors under deep ice and direct predecessor of the IceCube neutrino

[ telescope. Image CreditsL AMANDA Collaboration; AMANDA Collab-

| oration|(1999).) . . . . . ..

11.41 Schematic view of the Astronomy with a Neutrino Telescope and Abyss

[ Environmental Research [ANTARES) detector. The full array consisted

[ of 12 sfrings and nearly 900 opfical modules and was completed in

| 2008. Image Credits:l ANTARES Collaboration; |JANTARES Collabor-

| ation (2011)] . . . . . ..
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11.42 Schematic view of the IceCube neutrino observatory, consisting of 5,160 |

| Digital Optical Modules (DOMs) arranged In 86 strings between 1,450 m |

[ and 2,450 m below the surface of Antartica. The IceTop surface array |

| and the DeepCore array are indicated In the diagram. Image Credits: |

| IceCube/National Science Foundation [NSF); |IceCube Collaboration |
[ (2013d)) . . 70

|11.43 Multi-messenger picture of an astrophysical object. Image Credits: |

| Inter-University Institute For High Energies; www.iihe.ac.be/icecube | |

| last accessed on 01/08/22. . . . . . . . . . . ... 73

[2.1 Diagram of a typical [AGNI Powered by a Supermassive Blackhole |

| (BMBH) at its centre, matter spiralling around and towards the black |

| hole forms an accretion disc, which IS surrounded by a dusty torus. |

| Rapidly moving gas clouds form the Broad-Line Region [(BLR) which |

| emits strong optical and[UV| emission lines, obscured along some lines |

| of sight by the dusty torus. Slower moving clouds of gas, farther away |

| from the central region conforms the Narrow-Line Region [(NLR). Some |

| Active Galactic Nuclei (AGNS) have relativistic jets, perpendicular to |

| the accretion disc. [AGNS are classi ed depending on thelr orientation |

| (viewing angle). Image Credits: [NASA;, https://fermi.gsfc.nasa.

gov/science/eteu/agn/ , last accessed on 01/08/22. . . . . ... .. .. 82

2.2 _IAGNIclassi cation In the uni ed scheme. [he labels around the central |
[ image show theLAGN type according to the viewing angle. The AGN |

| classi cation Is divided In two, radio-loud AGNs appear on the top part |

[ of the image, while radio-quiet AGNs are on the boftom part. Image |

| credits: | Beckmann and Shrader|(2012) & Marie-Luise Menzel. . . . . . . 86
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Blazar sequence. The spectral energy distribution (SED) blazar sub- |

classi cation is determined by the Tocafion of the synchrofron peak. The |

types of blazars are shown in ascending order by frequency: Flat Spec- |

trum Radio Quasars (FSR{)s (magenta), Low-peaked BL Lac [(LBL)s |

(light blue), Intermediate-peaked BL Lac (IBL)s (blue), High-peaked |

BL Lac (HBL)s (green) and extreme[HBL5 (red). Image credit: |Fossati |

etal[(1998) . . . . . . . 89

Cosmic-ray energy spectrum as measured by several experiments. Image |

credit: Carmelo Evoli, |https://doi.org/10.5281/zenodo.2360277 I |

last accessed on 01/08/22. . . . . . . . . . ... 91

Hillas diagram showing possible cosmic-ray astrophysical sources. An |

approximate value for the combinations of size and magnetic eld sirength |

necessary to accelerate cosmic rays are shown as grey areas for a variety |

of sources. Above the solid (dashed) line, protons (iron nuclei) can be |

con ned to energies abovel(”’ eV. Image credit: (Bauelo and Rodrig- |

uez Martino, |2009) . . . . . .. 95

The Cosmic Infrared Background Cosmic Infrared Background [(CIB), |

and the Cosmic Optical Background Cosmic Optical Background (COB) |

conforms the Extragalactic Background Light Extragalactic Background |

Light (EBL)l The EBL wavelength range extends from the Infrared (IR) |

band, through the optical and into the UV|/band. The Cosmic Mi- |

crowave Background [CMB) I1s also shown in the plot. Image credits: |

H. Dole et al.; www.ias.u-psud.fr/irgalaxies/SpitzerPR2006/ , last

accessed on 01/08/22. . . . . . . . .. 96

EBL intensity comparison for di erent models: Franceschini et al. (2008) |

(blue), Dom nguez et al| (2011) (black),/Finke et al| (2010) (red), (Kneiske |

and Dole, 2010) (magenta) and Gilmore et al. (2012) (light blue).| . . . 100
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[2.8  Optical depth () for the EBLImodel of Dom nguez et al! (2011) as a |

[ funcftion of redshift over an energy range between 100 GeV and 100 TeV. |

| The colour curves show the value for at di erent redshifts 0:1 z 4:0.101

[2.9  Attenuation factor given by the EBL Imodel of Dom nguez et al| (2011) |

| at dierent redshifts (0:1 z  4:0) over an energy range between |

[ 100 GeV and 10 TeV. The ux of the astrophysical sources at higher |

| redshiits is drastically attenuated, specially at the TeV energy range. . . 102

2.10 Attenuation factor e for the EBLImodel of Dom nguez et al, (2011)

| as a function of redshift (z). The curves plotted show the attenuation |

| e ect over an energy range of 0.01-20 TeV. The universe Is considered |

| transparent to gamma-rays below 10 GeM. . . . . . . ... ... ... .. 102

[2.11 p photo-meson cross-section as a function of the photon’s energy () |

| In the proton rest frame. The contributions of baryon resonances (red |

| dashed), the direct channel (green dotted), and multi-pion production |

| (brown) are shown separately. Data from Particle Data Groug (2020) |

| are shown as dots. This image was taken fron H mmer et al.|(2010)| . 110

[2.12 Schematfic representation of a one-zone emission region in a_aring |

[ blazar. A blob is propagating inside the relafivistic jet boosted by a |

| Lorentz factor . The photohadronic interaction will take place in- |

[ side the emission region, producing neutrinos and gamma-rays through |

| PION-AECaY] . . . . . o o e e e e 112

[3.1 multi-wavelength (MWL) data during the 14-day aring period of Mrk 421 |

| in March 2010 (MJD 55264-55278). A zoom-in to the VHE gamma-ray |

| data recorded with Imaging Atmospheric Cherenkov Telescopes (IACTIs) |

[ during a_aring period is shown. The mulfi-instrument data are taken |

| from MAGIC Collaboration and VERITAS Collaboration (2015a) | . . . 125

[3.2 Work ow showing the data reducfion steps and methods used o analyse |

[ Fermi{LAT data. The oufput les containing the results of each step of |

| the process are shownontherignt. . . . ... ... ... ... ...... 128




[3.3

Comparison of the e ective area as a function of the energy for di er- |

ent event classes Included in the Pasgg [RFs dfermi{LALlImage credit: |

Fermi {LAI tollaboration; www.slac.stanford.edu/exp/glast/groups/

canda/lat_Performance.htm |, last accessed on 01/08/22. . . . . . . .. 129

Counts map of the of gamma-ray photons in a 15 Region of Interest |

(Ral) around Mrk 421 obtained with CAT dlata from 2008 August 4th to |

2022 June 14th. The photons lies in an energy range between 100 MeV |

and 300 GeV. The gamma-ray data were binned using 4 bins per decade |

in energy, and 0.1 spatial binsize| . . ... ... ... .......... 132

Model counts map created for a 15 radius |[Roll around Mrk 421 to |

t AT from 2008 August 4th to 2022 June 14th.. The colour scales |

indicates the expected number of photons at each pixel in an energy |

range of 100 MeV 1o 300 GeV. . . . . . . .. ... . ... L. 134

Residual maps showing the residual counts map (top) and the residual |

signi cance map (bottom) calculated for the example[Ral. The colour |

scales indicates eithr the positive (red) or negative (blue) photon excess |

(top) and the signi cance excess in Gaussian (bottom).| . . ... ... 139

a)

TS map showing the signicance (  TS) calculated for a tentative |

source centred at each spatial bin in thé Rdl. The colour scales indicates |

the signicanceuptob .| . ... .. ... ... ... .. . ... 140

Mrk 421 SED calculated in an energy of 100 MeV to 300 GeV using |

Fermi {LAT |[data from 2008 August 4th to 2022 June 14th. For the |

calculation the energy range was split into 4 evenly spaced log-energy |

bins per decade. The black continuous line shows the best t Log- |

Parabola curve, and the dotted lines represent the uncertainty region |
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[3.9 Light curve of Markarian 421 during the 14-day aring period in March |

[ 2010. The upper plot shows the gamma-ray ux in the energy range |

| 100 MeV < E <1 GeV with the points covering 2-day time bins. For |

| bins with TS < 25, upper limits for the ux are shown. The lower plot |

[ presents the light curves TorlMAGICI VERITAS land Whipple above |
200 GeV, Data taken from/MAGIC Collaboration and VERITAS Col- |
| laboration|(2015&)) . . . . . ... 144

[3.10 Fermi{LATI kpectra (blue points) and power-law extrapolation (magenta |

| line) for the MeV range in 2-day bins: (a) Modi ed Julian Date (MJD)[55266- |

67, (b) 55274-75, (c) 55276-77. The black dotted vertical

[ lines are positioned at 2 and 168 MeV, which is the expected energy |

[ range for the seed photons. The speciral parameters for the selecied |

| days are summarised In Table 3. 2. . . . .. ... ... ... ....... 146

[3.11 Photohadronic t for the VHE gamma-ray data on aring days with sig- |

| ni cant Test Statistic (TS)lvalues: (a) MJD 55266, (b) MJD 55267, (c) |

55274, 55276, (e 55277. The photohadronic com-

| ponent calculated from the Power-Law (PL)) input is shown in magenta |

[ for the valid energy range of the model, which extends roughly down |

| to 80 GeV. The one-zone (two-zone) synchrotron seli-Compton[(SSC) |

| model from|MAGIC Collaboration and VERITAS Collaboration (2015a) |

| Is shown as a dash-dot black (dashed red) line. The calculated Akaike |

| Information Criterion (AIC) values for the three models are included |

[ for comparison. [VHE data points are fromMAGIC]and VERITAS bb- |

4.1 Counts maps of the of gamma-ray photons in a 15Rallaround 4FGL JO658.6+H0636

| using 12.3-year (top) and 4-month (bottom) Fermi{LAT [datasets. The |

[ photons Tie in an energy range beitween 200 MeV and 300 GeV. The |

[ gamma-ray data were binned using 4 bins per decade in energy, and |

| 0.1 spatialbinsize] . ... .. ... .. .. ... . 162




4.2 Model counts maps created for a 15radius|[Rollaround 4FGL J0658.6+0636 |

| using the 12.3-year (top) and 4-month (bottom) Fermi{LAI |datasets. |

[ The colour scales indicates the expected number of photons at each pixel |

[ in an energy range covering from 200 MeV o 300 GeY. . . ... .. .. 164

4.3 TS map of the modelled Ral centred at 4FGL J0658.6+0636’s coordin- |

[ ates for the 12.3-year analysis. During the baseline analysis, 4 point- |

n "
| sources not listed in the 4FGL catalogue were found ( TS > 25) and |

| added to the gamma-ray model. . . . . . . . ... ... ... ... .... 166

@4 Tight curve of 4FGL J0658.6+0636 using a 12.3-year dataset, 10 evenly |

| spaced time bins in an energy range of 200 MeV to 300 GeV. Signi cant |

| bins (TS>25) are shown as blue points, these are referred in the text |

| as BIN-A (left) and BIN-B (right), otherwise 95% Con dence Level |

| (CL) upper Tlimits on the ux are plotted. The horizontal blue line |

| corresponds to the average ux of the sourcel:29 10 Y phcm s - |

[ The vertical dotted red line represents the reported time of [C-201114A |

| (TO=59167 MID).| . . . . . o e e 167

4.5 Average Fermi-LAT spectrum of 4FGL J0658.6+0636 from the 12.3- |

[ year dataset. An energy range between 200 MeV and 300 GeV was |

| considered, bins with a TS 5 are shown as blue data points and the |

[ 95%[CL upper limits are plotted in red. The PL model tted to the |

| data Is also shown, a photon spectral index of =1:9 O0:1). ... ... 169

4.6 Fermi-LAT spectrum of 4FGL J0658.6+0636 obtained for the signi c- |

[ ant bins over 12.3-years ofFermi -LAT data in the 200 MeV to 300 GeV |

| energy range. Bins with a TS 5 are shown as blue data points, oth- |

[ erwise the 95% Cl upper limits are plotted. The PL description for |

[ both periods is included, where the change in the spectral photon index |

| IS appreciable. The best t parameters tor the PL model are shown In |
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4.7 [VHE|photons (> 20 GeV) photons associated with 4FGL J0658.6+0636 |

[ in the 12.3-year dataset. Individual photons with an associated source |

[ origin probability above 90% are plotted. The vertical red line repres- |

| ents the reported time of IC-201114A (T0=59167 MJD)|. . . . . . . .. 171

[4.84-month Tight curve around the time of [C-201114A plotted in 2-week |

[ time bins. An energy range of 200 MeV to 300 GeV is considered. |

[ No signi cant gamma-ray activity was detected and 95% upper limits |

[ are plotted. The verfical red line represents the reported time of IC- |

| 201114A (TO=59167 MJD)] . . . . . . . . . . .. .. i, 172

4.9  Fermi-LAT spectrum of 4FGL J0658.6+0636 obtained from the 4-month |

[ dataset. An energy range between 200 MeV and 300 GeV was con- |

[ sidered, as the source was not signi cantly detected, only the 95% (L |

| upper limits are plotted In red. The best t PL model Is also shown |

| (black line) with its uncertainty (dotted black lines). |. . . . .. ... .. 173

[4.10 Photohadronic contribution to the 4FGL J0658.6+0636 gamma-ray spec- |

| trum based on the signi cant bins obtained from the 12.3-year analysis. |

[ The s are shown in a colour scale depending on the redshift. The |

[ Fermi-LAT data points and 95% upper limits are shown alongside the |

| PL description.| . . . . . . . . . . . e e e 176

.11 Photohadronic contributions to the 4FGL J0658.6+0636 gamma-ray |

| spectrum in a 4-month time window assuming BIN-A (top) or BIN-B |

| (bottom) seed photon spectrum. The calculated photohadronic contri- |

[ bution is plotted over the redshift range indicated in a colour scale. 95% |

| ICLIupper limits for the ux are shown as the source was not detected |

| signi cantly over the 4-month time period.| . . . . . ... ... ... .. 180
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5.1

Work ow of the Neutrino Target of Opportunity (NIoO) program for |

[CTA] Neutrino population sources were simulated using First Ex- |

tragalactic Simulation of Neutrinos and Gamma-rays (EIRESONG), |

then the gamma-ray contribution was calculated using the phenomeno- |

logical model of/ Ahlers and Halzen |(2018) and thé CTA response sim- |

ulated. Preliminary results of the project are summarised in Section |

Comparison between the Star Formation History (SEH) model of (Madau |

and Dickinson, 2014) (blue line) and the at evolution model (black line) |

used for the neutrino steady simulations. These two options are used to |

simulate the neutrino populations with EIRESONGI| . . . . ... .. .. 191

Discovery potential and sensitivity on the ux normalisation at 100 TeV |

as a function ofsin( ) for a power-law spectrum of =2 :19 (blue) and |

= 2 :0 (purple). Image credits: IceCube collaboration; taken from |

(IceCube Collaboration,[2019a). . . . . . . . ... ... ... ... .... 193

Discovery potential of the simulated neutrino steady sources using: (a) |

[SEH model of|Madau and Dickinson (2014) and (b) the at evolu- |

tion model speci ed on section[5.1. Both plots were generaied by the |

[FIRESONGI Team (Tung et al.; 2021). The parameter space explored |

(local source density ( o) vs source luminosity (L )) follows a line mark- |

Ing the saturation point of the all-sky lceCube neutrino astrophysical |

ux (black line). The colour scale shows the probability of nding at |

least one hot-spot in IceCube. Blank spaces in the parameier space |

represent not tested combinations with FIRESONG) . . . . . . ... .. 195

XXiX



[5.5 Distribution of the highest luminosity hot-spots simulated with EIRESONG | |

for each neutrino local source density with: a) the . SFEH source evolution

model of/Madau and Dickinson (2014) and b) a at source evolution

model. The neutrino normalisation constant A Is plotted as a func-

tion of redshift. Any simulated point-source is considered a hot-spot

if exceeds the TceCube discovery potential for a power-law spectrum of

5.6

Omega con guration array layouts for both [CTA[sites. The northern

hemisphere site is projected to have 4 LSTs and 16 M3Ts located in

a 0.6 knr area in the island of La Palma, Spain. For the southern

hemisphere site, an array of 4LSTs, 25 MSITs and 70 SS$Ts are expected

in a 4 km* array at Paranal observatory in Chile. Image credits: [CTAl

collaboration, CTA Consortium|(2016).| . . . ... ... ... ... ... 202

[CTAImagnetic eld strength dependence with respect the azimuth angle

direction ( ) at both sites. For CTA-N (CTA-S) the three dierent

zenith angle options are plotted as solid (dotted) lines. At 20/40 /60

zenith angle the curves are plotted in black/blue/red colours respectively.204

E eciive area for the Omega con guration array as a function of en-

ergy for: (top) CTA-N site and (bottom) CTA-S site. The black (blue

dashed, red dotted) curves show the e ective area for 20 (40 , 60 )

zenith angle and 30-min observations. . . . . . . ... .. ........

Simulation steps for the NToO pipeline. Each neutrino hot-spot was

tested under the di erent prod3b-v2 [RF con gurafions. A wider de-

scription of the simulation steps IS presented In Section 53, including

the Omega IRF characteristics and theCtools algorithms used] . . . . 206
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[5.10 Energy spectrum of a detected (blue) and an undetected (red) simulated

source. The inirinsic_specirum is shown as a dotted line while the

attenuated spectrum calculated with the[EBLImodel of[Dom nguez et al

(2011) is shown as solid line for each source. Thie CTA dierential

sensitivity for 30-min observations at 20 zenith for both sites IS shown

TOr COMParison] . . . . . . .. o v i

[5.11 CTA-N Omega con guration array performance assuming 30-min obser-

vations and the[SEH evolution model off Madau and Dickinson |(2014).

Each point in the plot represents a simulated neutrino population with

an associated value Tof CTA detection probability that goes fromPgetection

0 (blue) t0 Pgetection = 1 (yellow) in the colour scale. The rows (from

top to bottom) correspond to the di erent zenith angle options: 20 , 40

and 60 . The columns (from left to right) represent the three di erent

magnetic eld alignments in the azimuth direction: North (N), Average

(AV) and South (S). The blue points with null detection probability on

the lower right corner of each subplot represent simulated populations

with no hot-spots exceeding IceCube’s discovery potential. The beha-
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Chapter 1

Introduction

1.1 Gamma-ray Astronomy

The sky can be categorised according to the di erent frequencies in which it is
observed. The electromagnetic spectrum can be subdivided into radio, micro-
waves,[IR, optical,[UV] X-ray and gamma-ray wave bands. This is exempli ed in
Figure [1.1, in which the di erent wavebands that constitute the electromagnetic
spectrum are shown. The low energy part of the spectrum is non-ionising radiation;
this means that it has not enough energy to remove electrons from atoms, creating
ions in the process. This category includes near UV light, visible light[IR radiation,
microwaves and radio waves. The ionising radiation includes far UV light, X-rays

and gamma-rays.

Gamma-ray astronomy is dedicated to the study of the highest energy photons
in the universe; the low energy boundary starts around 0.5 MeV and the most

energetic astrophysical photons detected up to date exceed 1 PeV in energy.

Within gamma-ray astronomy, we can also refer to di erent energy sub-ranges:

Low energy (Low Energy (LE); E < 1 MeV) range.
Middle energy (Middle Energy (ME); 1 MeV < E < 100 MeV) range.

The High Energy (High energy (HE); 100 MeV < E < 100 GeV) range.
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Figure 1.1: The electromagnetic spectrum. The gamma-ray domain starts on the
far left of the spectrum, with a frequency of  10%° Hz. Image credits: Vect-
eezy.com, Dragonartz.net, NAOJ, NCI, CERN, NASA.

Very High Energy (VHE] 100 GeV < E < 10 TeV) range.

Ultra-high energy (Ultra High Energy (UHE); E > 10 TeV) range.

This work was developed with a focus on thé HE and’VHE bands, particularly the
gamma-ray emission from astrophysical sources and the possible_ VHE neutrinos

coming from them.

The upgrades and development of the observation technology in the last decades
have allowed gamma-ray astronomy to collect important information about ex-
tragalactic objects. The[VHElgamma-ray sky counts with more than 270 identi ed

extragalactic sources (according to the TevCat online gamma-ray catalogue Wakely

and Horan (2008)). Many of the detected point-sources correspond tb"AGNs, lu-

minous galaxies powered by & SMBH at their centre. Within the[VHE gamma-ray
sky, BL Lacerate object (BL_Lac) objects, a branch o/ AGNS, form the most numer-
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ous class of extragalactic sources seen[at VHE gamma-rays with about 70 detected,
with another brand, FSROE representing a minor proportion, with only 8 identi ed
objects. A wider description of these astrophysical sources, their classi cation and

characteristics is given in Chapter|2.

The journey throughout the decades of research and discoveries in gamma-ray
astronomy is given in this chapter, including a description of the technology used
in modern Cherenkov detectors and gamma-ray satellites such ds NASA'Bermi
mission. A summary of the most important developments in the last 60 years
is shown in Figure[1.2 as a time line. The history of gamma-ray astronomy is
presented below, for space-based instruments see Sectipn 1]2.1 and for ground-

based gamma-ray observatories see Sectipn 1.3.6.

1.2 Space-based Gamma-ray Astronomy

1.2.1 Early history

During the 1960s, the rst e orts to detect gamma-rays from space were made,

including balloon experiments and detectors on board satellites.

Explorer-11 was the starting point of gamma-ray astronomy research from Earth-
orbiting satellites (See Figure[1.B). Designed to detect gamma-rays of energy 50
MeV, it was launched on April 27th, 1961 (Kraushaar and Clark, 1962). Explorer-
11 detected the rst hints of gamma-ray emission from our Galaxy at 100 MeV

(Kraushaar et al., |1965).

Between 1962 and 1978, the Orbiting Solar Observatory[(OSD) programme from

launched and operated a series of satellites focused on the study of the
Sun’s radiation in the X-ray and gamma ray bands, although some non-solar

experiments were also included. TheOSO-3 satellite (1967-1969) was equipped

with a multi-layer scintillation detector, build of layers of Csl and plastic. It also

contained a Cherenkov counter sensitive to gamma-rays above 50 MeV (Kraushaar
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1.2.1. Early history

Figure 1.3: Archive photo of Explorer-11; this satellite marked the beginning of
space-based gamma-ray astronomyExplorer-11 detected the rst extraterrestrial
gamma-rays in a seven-month mission during 1961. Image Credif_NASAhttps:
/Inssdc.gsfc.nasa.gov/inmc/spacecraft/display.action?id=1961-013A , last
accessed on 01/08/22.

et al} [1972). The OSO-3 satellite con rmed the existence of Galactic emission
from cosmic-ray interactions, and discovered the di use gamma-ray background

(Kraushaar et al., [1972).

The Vela project started as a military project for the U.S. Department of Defense

in 1959 to monitor gamma-ray pulses emitted by nuclear weapon tests in space
and the Earth’'s atmosphere (Singer, 1965). A series of satellites were deployed
during the 60's and 70's (see Figuré 1]4), and serendipitously detected the rst
ever recorded Gamma-ray Burst [GRB) event on July 2, 1967 |(Klebesadel et al.,
1973). In total, the Vela series detected 16 othef GRB events (Klebesadel et al.,
1973). Since then, much research has been done to explain the origin of these
mysterious events (Kumar and Zhang, 2015), including the catalogues from several

dedicated instruments on board space missions.

During the early 1970s, gamma-ray spectrometers mounted on boardpollo-15 and

Apollo-16 measured the cosmic gamma-ray di use background in the 300 keV to
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1.2.1. Early history

Figure 1.4: Vela-5A and Vela-5B satellites getting ready before their mission.
The two satellites were separated after launch. TheVela series were deployed
during the 60’s and 70's. Vela-5A/B and Vela-6A/B recorded 16[GRB events
between July 1969, and July 1972 |(Klebesadel et al/, 1973). Image Credit: Los
Alamos National Laboratory, https://heasarc.gsfc.nasa.gov/docs/vela5b/
velabb_images.html |, last accessed on 01/08/22.

27.5 MeV band (Trombka et al.,|1973), while the Apollo-16 spectrometer detected

a gamma ray burst during its transit to the moon (frombka et al., 1974). The Vela-

6A satellite detected the same burst, which was thus the rst example of a burst

seen by two separate spacecrafts (Klebesadel et @l., 1973). These same instruments

helped to map the gamma-ray spectrum emitted from radioactive elements on the

lunar surface (Adler et al.,[1973).

On another front, during a 6 year span (1975-1981), thd_ ESA satelliteCOS-B

(Bignami et al.| 1975) mapped the gamma-ray sky (See Figurg 1|5). This pioneer

initiative was the rst ESA inission dedicated to a single experiment, the study of

gamma-ray emission sources. During its rst 3 years of operation, theCOS-B satel-

lite also completed a gamma-ray map of the Milky Way disc (Mayer-Haselwander

1980), shown in Figure[1.6. The data recorded by theCOS-B satellite was
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1.2.1. Early history

Figure 1.5: Artist’'s impression of the COS-B satellite orbiting the earth. COS-B
was operating between 1975 and 1981, performing a survey of the gamma-ray sky
and providing the rst gamma-ray map of the Milky Way. Image Credit: Photo
Archive https://www.esa.int/ESA_Multimedia/Images/1998/01/Cos-B_
in_orbit | last accessed on 01/08/22.

used to create a catalogue of around 25 new gamma-ray point-sources (Swanenburg
et al/,[1981), including some extragalactic sources, like the rsfAGN of the blazar

type, 3C 273 (Hermsen et al.| 1981), and pulsars (Buccheri et al., 1933).

At the end of the decade some gamma-ray instruments to study GRBs were in-
cluded on board space missions, like the Soviet-French experiment SIGNE-2MS
on the Venera 11, Venera 12, and PROGNOZ-7 spacecrafts (Barat et al},| 1981).
The Venera missions travelled to Venus with a separation of 0.5 Astronomical
Units (AU) between September 1978 and April 1980. This was the rst time that
an experiment used identical detectors simultaneously on separate spacecrafts over
interplanetary distances. During these missions, the SIGNE-2MS experiment con-
rmed 49 GRBS, resulting in a catalogue of such events recorded between Septem-
ber 1978 and January 1980 |(Diyachkov et al.| 1983; Atteia et al.; 19§7). The
KONUS detectors were also mounted on theVenera 11 and Venera 12 space-

crafts. These instruments recorded the duration, intensity and distribution of 143
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Figure 1.6: Gamma-ray sky map of the Milky Way based on data recorded
by the COS-B satellite. The colours represent the intensity of the gamma ray
emission from blue (faintest) through purple and red to yellow (brightest). Im-
age Credit: Science Photo Library[ESA,www.sciencephoto.com/media/332270/
view/cos-b-gamma-ray-map-of-the-band-of-the-milky-way , last accessed on
01/08/22.

bursts during a span of 384 days|(Mazets et al., 1981). The locations of 58 sources
were determined with the KONUS data and helped to imposed new restrictions
for theoretical models on the origin and nature offlGRBs (Mazets and GolenetsKii,

1981).

Launched in May 1978, thePioneer Venus spacecraft is another good example of
on board detectors in space missions. It carried twelve instruments in total, most of
them dedicated to investigating the Venusian atmosphere. However, a gamma-ray
burst detector was added with the intention of recording the temporal and spectral
characteristics of cosmic gamma-ray bursts|(Klebesadel et al., 1980). Most of the
instruments, including the gamma ray burst detector, were still operating when
the spacecraft entered the atmosphere of Venus on October 8, 1992. A total of
225[GRBs were detected between September 1978 and July 1988; a catalogue was
published by |Chuang (1990).

The data from the early space missions and satellites con rmed the existence of a
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Figure 1.7: Archive photo of the Venera satellite series. The SIGNE-2MS and
the KONUS detectors were mounted on the Soviet satellites to search for gamma-
ray bursts at the end of the 1970s. Image Credit{ NASA https://heasarc.gsfc.
nasa.gov/docs/heasarc/missions/veneralll2.html , last accessed on 01/08/22.

gamma-ray background, produced the rst gamma-ray sky map and resulted in the
detection of a small number of point-sources. However, the poor resolution of the
instruments made it impossible to identify many of the detected point-sources and

for this the world had to wait for the next generation of gamma-ray observatories.

Entering the 1990s,[NASA’s[CGRQ mission was essential to take a step further
in gamma-ray astronomy. Launched on April 5th, 1991,[CGRQO was in orbit
and collecting data for 9 years (Gehrels and Shrader, 2000). Equipped with 4
multi-purpose instruments: BATSE] EGRET.] COMPTEL, Jand this mis-
sion covered 6 orders of magnitude in energy, from 30 keV to 30 GeV. A diagram

of the [CGRJ satellite with its 4 instruments is shown in Figure [1.9.

BATSE] (Pendleton et al.| 1992) was an all sky monitor sensitive from about 20-
600 keV.[BATSEl detected more than 2,700_GRBs | (Kaneko et al., 2006) showing
that these events can occur all over the sky with no sign of an underlying structure
in the distribution, which supported the idea of an extragalactic origin. It also

helped to classify thed.GRB events in two broad categories: long bursts (lasting more

than 2 seconds) and short bursts (staying below the 2 second limit in duration).
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Figure 1.8: Artist's impression of the Pioneer Venus Orbiter. A a gamma-ray
burst detector incorporated to the spacecraft registered 225 gamma-ray burst
events between September 1978 and July 1988. Image Credifi _NASAttps:
/Ineasarc.gsfc.nasa.gov/docs/heasarc/missions/pvo.html , last accessed on
01/08/22.

NASA’s Compton Gamma Ray Observatory

EGRET

/

Figure 1.9: The [CGRQ satellite carried 4 instruments to study the gamma-ray
sky: EGRET] COMPTEL &nd The satellite was in orbit
for 9 years and represented a step further in gamma-ray astronomy research. Image
credit: https://astrobiology.nasa.gov/missions/cgro/ , last accessed
on 01/08/22.
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In addition, the EGRET Instrument (Kanbach et al.,|[1989), was designed to detect
gamma-rays in the 30 MeV to 20 GeV energy range and mapped the entire_ HE
gamma-ray sky in the search for new sources. At the end of its mission, the
3rd EGRET ] catalogue was released, listing 271 detected point-sources (EGRET
Collaboration, [1999), of which 66 were identi ed as blazars; there were also 5
pulsars, 1 radio galaxy, 27 potential blazars and 170 unidenti ed sources found. A
revised version of the catalogue using reprocessed data at energies above 100 MeV
was released in 2008 (Casandjian and Grenier, 2008), with a total of 188 sources.
Among the potential counterparts, 53 were spatially coincident and catalogued as
blazars, 13 as radio pulsars, 13 as Supernova Remnan{s (SNRs), 9 as Pulsar Wind
Nebulae (PWN), and 19 as other radio sources. For the revised version of this
catalogue, the usage of an improved interstellar background model, alongside two
Galactic cosmic-ray density distribution models, removed of 107 sources listed in
the 3rd[EGRET]catalogue. The vast majority of the apparent sources from the 3rd

[EGRET]catalogue were unidenti ed and marked as possibly extended or confused.

During its operation time, EGRET Imeasured the ux of dozens of blazars and
found them to be quite variable, recording ares on time scales of days to hours.
[EGRET]also obtained the rst sensitive map of the di use gamma-ray emission of
the Milky Way (EGRET Collaboration, 1997), and made a reliable measurement

of the isotropic, extragalactic di use emission (EGRET Collaboration; 1998).

The [COMPTEL linstrument (COMPTEL Collaboration, 1993a)|was designed to
detect gamma-rays in an energy range between 1 and 30 MeV, and was the rst
telescope to perform a complete survey of the sky at 1-3 MeV, 3-10 MeV and 10-30
MeV energies (Schoenfelder et al, 1996). THe COMPTEL instrument also observed
the Crab and Vela pulsars, and performed gamma-ray spectroscopy studies of the
Galactic distribution of Aluminum-26, which showed that stars are forming in the

Milky Way. (COMPTEL Collaboration, 1993b).

Finally, the OSSE| instrument (OSSE Collaboration, [1992) was included on the

[CGRQ satellite to undertake observations of astrophysical sources between 0.05
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and 10 MeV. The [OSSE instrument mapped the electron-positron annihilation

radiation from the centre of the Galaxy, and detected gamma-ray emission signals
from X-ray binaries, blazars and Seyfert galaxies, among other highlights. More
information about the discoveries and highlights of the[OSSE instrument can be
found in |OSSE Collaboration (1993).

The Swift, and Fermi satellites represent the current generation of spaced-
based telescopes. They have been operational over the last 10+ years, providing
constant updates and catalogues from the gamma-ray sky, rede ning our ideas
about the high energy astrophysical processes and continue to search for the most

energetic phenomena in the Universe.

1.2.2 Swift

At the beginning of the 21st century, the launched the Swift satellite on
November 2004, a rst-of-its-kind mission dedicated to study, locate and follow-
up [GRBE. The Neil Gehrels Swift observatory (Swift Collaboration| 2004) was
designed to cover an energy range between 0.2-150 keV, with three on board in-
struments that work together to record the information in multiple wavebands:
gamma-ray, X-ray, optical, and [UV] The BAT] XRT,land UVOT ihstruments on
board the Swift satellite are shown in Figure[1.10.

The BATlIis a large Field of View (EoV) detector (1.4 sr) with an energy range
of 15 150 keV. The [BATloperates in two di erent modes: survey mode and burst
mode. In survey mode, it collects hard X-ray count rate data in 5-min time intervals
for 18 energy bins. When a burst occurs and the count rate goes above the expected
background and constant sourced, BAT switches into burst mode and searches for
the position using a photon-by-photon detection. Within the rst 10 seconds of
detecting a burst, the BAT]Ican calculate an initial position for the GRBlevent to

an accuracy of about 3 arcmin. Thd BATI[FoVl always includes the XRT and[UVOT]

which allows data to be collected simultaneously in X-rays and UV/Optical

12



1.2.2. Swift

Figure 1.10: The Neil GehrelsSwift observatory with its 3 instruments on board:

[BAT) XRT.land UVOT.]This rst-of-its-kind mission is dedicated to study GRB_]

phenomena in multiple wavebands: gamma-ray, X-ray, optical, and_UY. Image
credit: Swift Collaboration |(2004).

emission for long durationflGRBs. If a burst is detected, the location and intensity of
the event are immediately sent to the Gamma-ray Coordinates Network [[GCN) to
be distributed worldwide. Further technical information about the BAT ihstrument

is given in|Swift Collaboration|(2005g).

The second instrument on board theSwift satellite is the XRTI(Swift Collaboration,
2005¢), an X-ray imaging spectrometer, which can operate completely autonom-
ously from the other 2 instruments. [XRT|was designed to measure the uxes over
7 orders of magnitude, record thd_GRBs detected by thé BAT instrument and fol-
low the afterglow emission over days or weeks. Thie XRT instrument enableSwift
to determine [GRB] positions with an accuracy of 5 arcseconds and is designed to
provide an automated source detection and position within 100 seconds after a
burst alert from the BAT Instrument. XRT dan also measure the redshift of
using the Fe line emission or other spectral features. Thé XRIl instrument pos-

sesses a broad-band energy range of 0.2-10 keM,_a FoV2§6 23:6 arcmin?, and

13



1.2.3. AGILE

an angular resolution of 18 arcsec.

Finally the UVOT (Swift Collaboration, 2005b)| is the third instrument on board
the Swift satellite. With an aperture of 30-cm diameter, a wavelength range of
170-600 nm and d FaV ofl7 17 arcmin?, the UVOTIwas designed to capture the
[UV]and optical photons from the afterglow of gamma-ray bursts, in short ( 35 to
70 seconds after the burst) and long term (days after the burst) observations. The
[UVQOTlIis also able to detect and measure thé_ GRBs redshift using the optical and

UV grisms in a range of1.5<z < 4:5.

Since its launch, Swift has been detecting about 100_GRB events per year. This
mission has revealed burst properties never seen before and shed light on the nature
of short-duration bursts. Its list of discoveries include: the validation of theoretical
models suggesting that shorf GRBs (< 2 seconds) come from neutron star mergers
(Swift Collaboration, 2017), high-redshift GRBIdetections (z > 6) (Swift Collab-
oration, 2006,[20094a,b), including GRB 090429| (Swift Collaboration, 2011), the
most distant event measured atz  9:2, the discovery of a new ultra-long class of
events, whose high-energy emissions endure for hours (Levan, 2015); among others.
An extensive review about the scienti ¢ highlights and the impact of Swift can be

found in |Castro-Tirado and Gorosabe] (2021); Gehrels et al.| (2009).

1.2.3 AGILE

The satellite is a high-energy astrophysics ltalian Space Agency mission
launched in April, 2007. [AGILETs main scienti ¢ goal is to provide a powerful and
cost-e ective mission to study [AGNS|, [GRBE, pulsars, Galactic compact objects,
[SNRS, TeV sources, unidenti ed gamma-ray sources, di use Galactic gamma-ray
emission, and high-precision timing studies/AGILE] combines a sensitive (30 MeV
to 50 GeV) Gamma-ray Imaging Detector (GRID) made out of Silicon-Tungsten
trackers, a Cesium lodide mini-calorimeter (sensitive in the range 350 keV 100

MeV), and an anti-coincidence system |(AGILE Collaboration|, |2009). In addition,
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Figure 1.11: Schematic view of théAGILE | satellite and its scienti ¢ instruments: a
sensitive gamma-ray detector, a mini-calorimeter, a hard X-ray imager and an an-
ticoincidence module.[AGILE]was launched in April, 2007 and is still in operation.
Image credit: |AGILE Collaboration |(2019).

a hard X-ray detector named SupefAGILE] was included to observe the energy
range between 18 60 keV. The SupelAGILE] detector consists of an additional
plane of four Silicon square units positioned on top of the GRID Tracker and
provides simultaneous observations from astrophysical sources in the hard X-ray

domain. A schematic view of thelAGILE] satellite is shown in Figure[1.1].

was provided with a very large[FoV for both the gamma-ray imaging de-
tector (2.5 sr, i.e.,, 5 times larger than [EGRET) and the hard X-ray imager (1
sr); an excellent imaging capability in the energy range of 100 MeV to 50 GeV
(improving EGRET’s angular resolution by a factor of 2); and excellent timing

capabilities, with very short deadtimes for gamma-ray detections (< 200 s).

During its rst 10 years of operations has surveyed the gamma-ray sky
detecting many bright active galaxies, discovered several new gamma-ray pulsars,
discovered gamma-ray emission from the microquasar Cygnus X-3, surveyed the
Galactic plane with simultaneous hard X-ray/gamma-ray capability, and discovered

emission up to 100 MeV from Terrestrial Gamma-Ray Flashes| (Tavani; 2019).
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Quantity LAT ] GBM_|
Instrument Pair conversion detector Nal and BGO scintillators
Energy range 20 MeV to >300 GeV 8 keV to 40 MeV
Field of view (EaV) >2sr > 8 sr
Angular resolution < 3.5 (at 100 MeV) typically 1
<0.15 (for E>10 GeV)
Energy resolution < 10% (1 , on-axis) <10% (1 , 0.1-1 MeV)
Source location < 0.5’ (1 radius, >100 MeV) 3 (Final GRB)
15 (Alert GRB)
Timing accuracy 1l s 2 s
Average deadtime per event < 100 s/event <10 ms/count
Sensitivity <6 10°%cm ?2s! <05cm 2s!

Table 1.1: [CAT] and GBMI performance specications. Info credits:
https://fermi.gsfc.nasa.gov/science/instruments/tablel1-2.htmi , |https:
/lfermi.gsfc.nasa.gov/science/instruments/tablel-1.html , last accessed
on 01/08/22.

1.2.4 The Fermi Gamma-ray Space Telescope

Fermi gamma-ray observatory is equipped with two experiments on board (see Fig-
ure). The rst one is the [[AT] a pair conversion detector that provides several
improvements in angular resolution,[FoV, energy resolution, collecting area, and a
sensitivity factor > 30 in comparison to its predecessor, thé EGRET instrument
on board the[CGRQO mission. The Fermi satellite also contains the[GBM, which
was designed to detect transient gamma-ray outbursts at energies between 8 keV
and up to 40 MeV. The Fermi {GBMlIis the descendant of the[BATSH instrument
on board the[CGRQ satellite. Both instruments are reviewed in more detail in the
following subsections, with special interest in theFermi{LAT] as it is one of the
tools used all along this work and a key part in the methodology to model blazar

gamma-ray emissions (see Sectidn 3.3 and Sectipn }4.2).

1.2.4.1 The Large Area Telescope (LAT)

The Fermi {LAT]lis the primary instrument on board the Fermi satellite, and is a
gamma-ray detector operating from an energy range of 20 MeV and over 300 GeV.
The primary interaction of photons above 20 MeV with matter is pair conversion.

A unique signature for gamma-rays can be detected via the reconstruction of the
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Figure 1.12: Diagram of the two experiments on board theFermi Gamma-Ray
Space Telescope. Thé& LAT measures arrival directions and energies of photons
with energies from about 20 MeV and above 300 GeV. Thé_GBM is designed to
detect low-energy transient gamma-ray outbursts at energies from 8 keV and up to
40 MeV. Image credit: |Michelson et al. (2010).

trajectories of the resulting " e pairs, allowing a determination of the incident
photon direction. To accomplish this, the [LAT]comprises a tracker system that
consists of a4 4 matrix of towers, with 18 silicon strip detector modules, with
interleaved tungsten foils for converting gamma-ray photons to electron-positron
pairs, initiating electromagnetic showers within the detector. The charged patrticles
ionise the silicon as they pass through the layers, providing measurable tracks. A
calorimeter detector subsystem provides an estimation of the gamma-ray photon
energy. The[LATl is surrounded by an anti-coincidence detector, consisting of
scintillator tiles, which detect charged particles and issue a veto signal. Thé LAT

has a[FoM of about 2.4 sr with an angular resolution of less thanl for energies
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above 1 GeV. Table[1.]1 summarises the LAT’s main performance characteristics.
Further details on the Fermi{LAT Imission are given in [Fermi-LAT Collaboration

(2009) and|Fermi-LAT Collaboration|(2012).

The [LAT Iperformance is described by a set of Instrument Response Functions
(IREs), which take into account the photon’s energy, arrival direction and the con-
version point within the instrument, among other important parameters for the
[LAT’s event reconstruction. The [REs]version used for the gamma-ray data ana-
lysis within this thesis are Pass8 [(Fermi-LAT Collaboration| 2013¢). The Pass8
[REs| provide a full reprocessing of the entire mission dataset, including improved
event reconstruction, a wider energy range, better energy measurements, and sig-
ni cantly increased e ective area in comparison to previous versions |(Fermi-LAT

Collaboration| 2018h).

The[[REs|are obtained through dedicated Monte Carlo simulations. A large number
of gamma-ray events are simulated covering all possible combinations in the photon
incidence angle and energy rangd._LAT’$§ IREs include three terms: the detector’s
e ective area, the angular resolution given by the[PSF, and the energy dispersion.
The [REs| are internally partitioned into FRONT and BACK conversion types.
Starting from the front of the instrument, the LAT tracker has 12 layers of 3%
radiation length tungsten converters (FRONT section), followed by 4 layers of
18% radiation length tungsten converters (BACK section). These sections have
intrinsically di erent ASEs]| the thicker BACK section maximises the conversion
e ciency at the cost of additional particle scattering and worse angular resolution.

The for FRONT events is 2 better than the PSF]|for BACK events (See
Figure [1.13).

The Pass81RF$ performance plots are presented below:

Point Spread Function (PSE).- The LATIPSE las a function of energy is shown
in Figure [L.13. The curves are derived entirely from Monte Carlo simulations.

The improves with energy, reaching a 68% containment angle of 1
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1.2.4.1. The Large Area Telescope (LAT)

above 1 GeV. For energiess 10° MeV the function is bounded by the spatial
resolution of the [CATls Silicon Tracker. The di erence between FRONT,
BACK and TOTAL=FRONT+BACK conversion type events is shown in

Figure [1.13.

E ective Area.- The [AT'S e ective area for normal incidence gamma-ray
photons is given in Figure[1.14. The key parameters that in uence e ciency
are the inclination angle of the incident photon and its energy. Above 1 GeV
the e ective area reaches maximum values. The plot shows the curves for
FRONT (in red), BACK (in blue) and TOTAL=FRONT+BACK (in black)

conversion types.

Energy Resolution.- The energy dispersion of thé LAT is de ned in terms
of the fractional di erence between the reconstructed energy the true energy
of the events: E=E. The [LATs energy resolution is de ned the minimum
68% containment interval of the energy dispersion. The energy resolution
for the Pass8[IRFES$ is shown in Figurd 1.T5. As in the previous plots, curves
are shown for the 3 types of event conversion. Multiple scattering of the
electron-positron pair by the [LAT’s components when the conversion happens
in the FRONT section results in a worse energy resolution. The de ection
and energy dispersion scales with the material thickness, which limits the

FRONT energy resolution at low energies.

Since the start of regular observations in August 2008 thé LAT has continuously

scanned the sky, providing all-sky coverage every two orbits (around 3 hours). The

[LAT]data have been used for rapid noti cation of gamma-ray transient events,

monitoring of variable sources, constructing a full catalogue of celestial gamma-

ray sources, measuring the di use gamma-ray background, indirect searches for

Dark Matter (DM) signals, GRBS, EBL lstudies, SEH]studies, Lorentz invariance

tests, solar physics, terrestrial gamma-rays, and many other interesting scienti c

projects. Unfortunately, the large number of results and publications makes it
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Figure 1.13: Point spread function (PSE) for the [LAT]as a function of energy.
The 68% (solid lines) and 95% (dotted lines) containment angle are plotted for
the FRONT (red), BACK (blue) and TOTAL (black) conversion types. Image
credit: Fermi-LAT Collaboration; www.slac.stanford.edu/exp/glast/groups/
canda/lat_Performance.htm |, last accessed on 01/08/22.
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Figure 1.14: [LAT] e ective area as a function of energy for normal incidence
photons. The colours represent the three di erent options of conversion event types:
FRONT conversion (in red), BACK conversion (in blue) and TOTAL (Front+Back

in black). Image credit: Fermi{LAT Collaboration; www.slac.stanford.edu/exp/
glast/groups/canda/lat_Performance.htm , last accessed on 01/08/22.

20


www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm
www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm

1.2.4.1. The Large Area Telescope (LAT)
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Figure 1.15: Energy resolution as a function of energy for thd=ermi {LAT|Pass8
[REsl The 68% containment (half width of the reconstructed incoming photon
energy) curves are shown for: FRONT (in red), BACK (in blue) and TOTAL
(in black) event type conversion. The energy dispersion e ect through the layers
of the [LAT]limits the FRONT energy resolution at low energies. Image credit:
Fermi-LAT Collaboration; www.slac.stanford.edu/exp/glast/groups/canda/
lat_Performance.htm | last accessed on 01/08/22.

extremely di cult to explore and cite them all here. Some of the main science

highlights achieved by the Fermi {LAT Jare:

The Fermi{LAT]catalogue.- The [LATlhas observed more than 5,000 indi-
vidual gamma-ray sources and elaborated catalogues with periodic versions
and updates. The 4FGL-DR2 catalogue (Fermi-LAT Collaboration, |2020a)
contains a list of the gamma-ray sources detected in the rst 10 years of oper-
ations of Fermi {LAT](August 4, 2008, to August 2, 2018). The analysis was
performed in the energy range from 50 MeV to 1 TeV. The catalogue con-
tains 5,787 sources and can be downloaded in the o ciaFermi {LAT Wwebsite:
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/10yr_catalog/ , last

accessed on 01/08/22.

The 4FGL-DR2 catalogue has been used in this thesis as part of the analysis

of selected gamma-ray sources ( aring blazars) in Sectiorls 3.3 arjd 4.2.
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1.2.4.1. The Large Area Telescope (LAT)

The [LAT|detected a aring of gamma-ray emission from the blazar TXS
0506+056 (Tanaka et al|, 2017), which was associated atthe 3 signi cance
level with the detection of a[HEl neutrino event by the IceCube neutrino alert
system (IceCube Collaboration et al., 2018). This joint detection marked
the rst plausible association of combined neutrino and gamma-ray emission
from a aring blazar. Further information from this event is given in Section

[1.5.2.

Other catalogues of AGN sources.-| (Fermi-LAT Collaboration,|2015, 2020b),
and transient sources (Fermi-LAT Collaboration, 2021) have also been com-
piled with LAT Hata. Numerous aring blazar episodes have been reported,

and multi-wavelength studies have been performed in collaboration with LAT.

Gamma-rays from neutron star merger.- TheFermi {LAT ICollaboration par-
ticipated in the historic gamma-ray detection of the GRB 170817A on Au-
gust 2017. This event was associated with a binary neutron star merger
(GW 170817;/LIGO Scienti ¢ Collaboration and Virgo Collaboration (2017)),
representing the rst joint detection of gravitational and electromagnetic ra-

diation from a single source.

Crab Nebula studies.-Fermi {LAT Hata revealed the Crab Nebula as a variable
source in gamma-rays. Flares with sub-hourly variability indicated inner

acceleration sites where electrons readh VHE energies (Mayer et |al., 2013).

Con rmation of §NRslas cosmic-ray accelerators.- Thé LAT detected a dis-
tinctive gamma-ray signature of neutral pion decay, con rming the hypothesis
that protons can be accelerated to cosmic-ray energies in yourig SNR's (Fermi-

LAT Collaboration, 2013b).

Galactic gamma-rays.- On the Galactic plane, theFermi{LAT Jhas provided
the most detailed view to date of the Galactic centre gamma-ray emission

(Fermi-LAT Collaboration,|2016a), a study performed in the energy range
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between 1-100 GeV, including a point-source catalogue of the region. Stud-
ies of the diuse Galactic gamma-ray emission |(Fermi-LAT Collaboration|,
2010h), Galactic pulsars (Fermi-LAT Collaboration| 20172), (Fermi-
LAT Collaboration, 2013a), and (Fermi-LAT Collaboration, 2016b),

have also been conducted with LAT gamma-ray observations.

The discovery of the Fermi Bubbles.- The Fermi{LAT]Collaboration an-
nounced the discovery of two large, extended gamma-ray and X-ray emitting
zones above and below the Galactic centre, also calldéermi bubbles (Dobler

et al., 2010; Su et al.| 2010). Their formation, structure, particle acceleration
and gamma-ray emission mechanisms have been studied in several publica-
tions since then, for example: Fermi-LAT Collaboration| (2014), Yang et al.

(2018), Herold and Malyshev (2019).

1.2.4.2 The Gamma-ray Burst Monitor (GBM)

The Fermi mission has on board a second instrument in addition to thé LAT: the
designed to detect and locate[GRB transient events. The_GBM includes
two sets of detectors: twelve sodium iodide (Nal) scintillators, and two cylindrical

bismuth germanate (BGO, BisGe3zO15,) scintillators. The Nal detectors are sens-
itive in the lower end of the energy range, from a few keV to about 1 MeV, while
the BGO detectors cover an energy range of 150keV to 40 MeV, providing an

energy range overlap with the Nal scintillators (at the lower energy end), and with

the [LAT |(at the high energy end).

The [GBM] uses counting rates in the di erent detectors to measure the energy
spectra and celestial locations of bright gamma sources, particularly brief transients
such ad GRBs. The characteristic sensitivity of theLGBM are comparable with the
[CAT] which enables it to detect GRBlevents at [LEland HE] simultaneously with
similar statistical signi cance. Furthermore, the GBM provides GRB Jocations over

a wide[FoV, that can be used to re-point the[LATlat particularly interesting bursts.
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1.2.4.2. The Gamma-ray Burst Monitor (GBM)

When the [GBM]detects a[GRB event, it will calculate a preliminary position and

spectral information for telemetry to the ground and inform the CAT ffor with a

prompt noti cation.

A summary of the instrument performance characteristics is given in Tablg 1.l and

further information about the GBM Ican be found in Fermi-GBM Collaboration

(2009) and Paciesas (2011). The combination of theZGBM and the LAT instruments

represent a powerful tool to study the[GRB spectra among the whole gamma-ray

Since its launch in 2008, thd_GBM has recorded almost 2 transient events per day,

and identi ed 2,356 as cosmid GRBs.

Fermi {GBMIGamma-Ray Burst Catalogue.- The[GBM]science team periodic-
ally releases source catalogues listing the information about source detections
compiled over the years. The latest release is the 4th- GBM GRB catalogue
(Fermi-GBM Collaboration, 2020), which contains observations from the rst
10 years of operations. During this period, 176_GRBs were jointly detected
by the LAT land the GBM instruments.

GRB 170817A.- One of the most important [GRB detections, is the well
known GRB 170817A (Fermi-GBM Collaboration, 2017), which is associ-
ated with a Gravitational Wave (GW)] signal from a neutron star merger
(GW 170817, LIGO Scienti ¢ Collaboration and Virgo Collaboration (2017)).
The [GBM] detected the burst less than 2 seconds after the Laser Interfero-
meter Gravitational-Wave Observatory (LIGO) experiment detected the sig-
nal from GW 170817. The near simultaneous detection of the electromag-
netic emissions and_GW signal from this event con rmed the hypothesis that
neutron star mergers can produce shor GRBs. The follow-up observations
revealed a bright optical transient and delayed X-ray and radio emissions in
the following days. A search of 10 years df GBM data identi ed 13 GRB can-

didates with similar characteristics (Fermi-GBM Collaboration, 2019), from
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which it is predicted there would be one triggered event of this type per year

in LIGO.

[GBM] Pulsar Monitoring.  Although the GBM_is not a pointed or ima-
ging instrument, it can be used as a monitor for known sources, such as
pulsars. The history of pulse frequency and pulsed ux measured with the
[GBM] are available in the webpage: https://gammaray.nsstc.nasa.gov/

gbm/science/pulsars.html | last accessed on 01/08/22.

After more than a decade of fruitful operations, the [LAT]land GBMIinstruments

have contributed to improve our understanding of(HE and[\VHE astrophysical phe-
nomena. The Fermi satellite remains in good operating condition, and both on
board instruments are expected to prolong their operation for the upcoming years,

acting as key players for major advances in multi-messenger studies.

1.3 Ground-based Gamma-ray Astronomy

The gamma-ray signals coming from space-based instruments correspond mainly
to an energy range below 100 GeV in energy, up to which they become statistics-
limited. The complementary detectors sited on Earth expand this range up to TeV
energies using the imaging atmospheric Cherenkov technique, combining large op-
tical telescopes and modern electronics to capture the Cherenkov radiation from
atmospheric air showers initiated by[VHE gamma-rays (E > 100 GeV). In the fol-
lowing pages the physics of air showers, the detection techniques, the early years
of ground-based gamma-ray astronomy and the current telescopes are quickly re-

viewed.

1.3.1 Cherenkov radiation

Cherenkov radiation is a phenomenon that occurs when a charged patrticle travels

faster than the phase velocity of light in a dielectric medium. It was rst discovered
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1.3.1. Cherenkov radiation

by Marie Curie in 1910 (Curie,|1959), who observed a blue glow in her experiments
with concentrated radium, although this was not reported until 1941. Some years
after the discovery, Pavel Alexeevich Cherenkov and Sergei Vavilov studied this
phenomenon experimentally and described it|(Cherenkov, 1934). Later on, a the-
oretical framework was developed by Igor Tamm and llya Frank (Tamm and Frank,
1937). For the discovery and the interpretation of this e ect, Frank, Tamm and
Cherenkov were awarded the Nobel prize in 1958. A brief description of Cherenkov

radiation follows.

When a charged particle travels through a medium, it attracts opposite charges
in its path, such that the surrounding space is polarised. Then, as the particle
moves forward, at each point of its path in the material is quickly neutralised
(depolarised) and emits radiation as the electron moves away. If the particle’s
speed is slower than the electromagnetic radiation in the medium, the wave fronts
interfere destructively. If the particle moves faster than the radiation emitted along
its trajectory, then the wave fronts of the emitted radiation interfere constructively
producing a characteristic blue glow that can be observed in a transparent medium.
Frank-Tamm’s formula predicts that Cherenkov radiation is not emitted in all

directions but only in the direction of electron movement.

By constructing the envelope of the coherent wave fronts, the phenomenon can be
seen as a cone of light (Figur¢ 1.16). If is the refractive index of the medium,
= ¥ the quotient between the velocity of the particle v and the speed of lightc,

then it is possible to describe the angle generated by the Cherenkov cone as:

cos() = g = nl (1.1)

The threshold condition for observing the Cherenkov e ect is obtained when =0

= (1.2)

If the particle is relativistic ( 1) the so-called Cherenkov angle can be roughly
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1.3.1. Cherenkov radiation

Figure 1.16: Schematic of the Cherenkov angle produced by a charged particle (grey
circle) moving in a transparent medium. The red arrow represents the direction
of the charged particle and the yellow arrows are the direction of the emitted
Cherenkov photons.

approximated as:

1
c = arccos o (1.3)

For example, pure water has a refractive index o = 1:33 which corresponds to a
Cherenkov angle of c.water = 41.4 . For pure ice the refractive index isn =1.31,
which gives a Cherenkov angle of c.ice =40.2 . Meanwhile, for air the refractive
index changes with the density, but in general c.5y 1.5 . The refractive index

of air can be expressed as a function of the pressur® | and temperature (T):

P 2881
(Nar 1)=2:92 10 * P ﬂ (1.4)

where Py is the atmospheric pressure at sea level. Due to the evolution of the
atmospheric density with altitude, the Cherenkov angle increases from 0:2 at

an altitude of 30 kmto 1:5 at sea level.

Frank and Tamm deduced the Cherenkov e ect from electromagnetic theory, which
considers that part of the particle’s energy is transformed into visible light. In this
way the Frank-Tamm formula allows the calculation of the number of emitted

photons (Engelfried,|2011, 2006):

d?N (x; ):4 ,(Ze)? 1 1

dxd hc? 2 n2 2 (1.5)
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1.3.1. Cherenkov radiation

where N (x; ) is the number of photons generated in a given wavelength range,
is the wavelength, Z is an integer that describes the number of electric chargese

and h =6.62607 10 3* kg m? s 1 is Planck’s constant.

Using the trigonometric relation sin?( )+cos?( ) =1 and xing Z = 1 (for example
an electron, or a muon) we can change Ed. 1|5 into:

dzlc\ilx(;(1 ) — % Sinz( C) (16)

where = 2heC2 1=137and hc=1:239 10 “evcm 1.

It is possible to integrate the expression between the wavelength limits (1; ») of

a detector to calculate the number of photons emitted per length unit:

Z
N . 2 . 1 1
NI _y sz "L =2 s (ot L (1.7)
dx ., 2 1 2
On the other hand we have that
E=h = - 2hC (1.8)

So we can use the following expression to change thedependence into an energy

dependence
*N(GE) _ d®N(x; )d _ 2 d®N(XE) (1.9)
dxdE =~ dxd dE 2 hc dxdE '
Then the Eq. [1.§ is written as:
N "
dxdE - Rsm (o) (1.10)

Which can be used to calculate the energy loss of the charged particle by each

photon emitted per unit length (EEngelfried, 2006).

Physicists realised that these equations could be used to determine the velocity,
direction and deposited energy of a charged particle in a transparent medium by
measuring the produced Cherenkov radiation. This idea revolutionised experi-
mental particle physics and astrophysics; today Cherenkov radiation is a critical

element in numerous applications, including the ground-based gamma-ray tele-

scopes and neutrino detectors used to this day.
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1.3.2 Detecting air showers

In 1912, Victor Hess discovered the rst evidence that extraterrestrial ionising ra-
diation (cosmic-rays) constantly impinges on the Earth’s atmosphere|(Hess, 1912),
and in 1939 Pierre Auger discovered Extensive Air Shower[{EAS) initiated by
cosmic-rays hitting the atmosphere (Auger et al.,/ 1939). Ever since then, di erent
techniques have been developed to detect and study the origin of this cosmic ray
ux. When a HE]cosmic-ray or importantly VHE gamma-ray photon arrives at
the Earth’s upper atmosphere, it triggers an[EAS, a cascade of relativistic charged
particles travelling through the air. These secondary charged particles produce the

characteristic Cherenkov radiation that can be observed with JACTS.

The electromagnetic showers initiated bylVHE gamma-ray photons are governed
by two elementary processes: pair production ofe by the conversion of high
energy photons, and Bremsstrahlung radiation of thee particles. A simpli-
ed model to describe the electromagnetic shower development is given by a re-
peated symmetrical branching process of electrons, positrons and gamma-rays, with
the charged patrticles radiating gamma-rays, and the gamma-ray converting into
electron-positron pairs subsequently. Both processes have a characteristic radi-

ation length, de ned as (de Naurois and Mazin,| 2015):
> l

2
Naz In(183z ¥ gcm ? (1.11)

Xo= 4r?2 A

where A is the atomic mass andZ the atomic number of the material, while N
is Avogadro’s number, = 1=137is the ne structure constant and re the classical

electron radius. For air, the radiation length is Xg 36:5g cm 2.

The characteristic splitting length dspjii over which an electron loses half its energy
is related to the radiation length X asdspit = Xoln2. After splitting n times, the
total number of particles in the shower is2", and the energy per particle isEo=2",
where Ey is the primary gamma-ray energy. The shower continues to develop until
the average electron energy drops td&. = 84 MeV, the critical energy below which

ionisation losses dominate.
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Figure 1.17: Schematic of a gamma-ray shower in the atmosphere being detected
by a modern ground-based telescope using the imaging atmospheric Cherenkov
technique. Image credit: CTA Consortium; https://www.flickr.com/photos/
cta_observatory/ | last accessed on 01/08/22.

For an altitude of 10 km, a gamma-ray photon in the energy range of 100 GeV to
1 TeV can produce a Cherenkov light cone that extends all the way down to the
surface with a radius of 120 m (See Figur?). The light pool is de ned as
the area on the ground with nearly constant density of Cherenkov photons. The
typical photon density expected from 1 TeV gamma-rays is 100 photons/m?,
with a wavelength that peaks around 300 350nm. The Cherenkov photons

arrive in short pulses that last 10 nanoseconds.

HEI cosmic-rays (protons and charged energetic nuclei) also generate EAS when
they hit the atmosphere. The produced secondary charged particles also initiate

electromagnetic sub-showers as they propagate. Hadronic showers are more com-
plicated to describe than electromagnetic showers; they comprise several compon-

ents that depend on di erent characteristic lengths: hadronic components resulting
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1.3.3. Air shower parameterisation and discrimination

from the collision of cosmic-rays with atmospheric nuclei, electromagnetic compon-
ents resulting from the decay of neutral pions into gamma-rays, and HE muons and
atmospheric neutrinos resulting from the decay of charged mesons. The cosmic-ray
events are predominant by a factor of10° in comparison to the gamma-ray events.
This implies a large background that must be separated from the gamma-ray sig-
nals; the fundamental physics of the shower development provides a way to do

this.

1.3.3 Air shower parameterisation and discrimination

As a result of the large transverse momentum transfer in hadronic interactions, the
shower development is broad and irregular, therefore the Cherenkov images coming
from a cosmic-ray origin are wider, with no preferred orientation, and less regular
than the images captured for the electromagnetic gamma-ray showers. Figufe 118
shows the di erence between a gamma-ray induced electromagnetic shower and a

hadronic shower with a cosmic-ray origin.

The electromagnetic shower image has an elliptical shape with the shower direction
aligned with its major axis, which makes possible to discriminate the gamma-
ray originated cascades from the cosmic-ray background. The distortion e ects
produced by the Earth’s magnetic eld also a ect the gamma/hadron separation

analysis, because these can make gamma-ray showers look more hadron-like.

Most of the data analysis techniques that modern JACTS (see Sectiof 1.3]8) use
to discriminate between gamma-ray or cosmic-ray induced showers are based on
the parameterisation of the shower images. In 1985, based on pioneering Monte
Carlo simulations, A.M. Hillas proposed to reduce the recorded images to a few
parameters, corresponding to the modelling of the induced gamma-ray shower by a
two-dimensional ellipse (Hillas,| 1985). The parameters used are: the length and
width w of the recorded ellipse, the image centre of gravity, the nominal distance

d (angular distance between the centre of the camera and the image centre of
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100 GeV 100 GeV
| photon proton

Figure 1.18: Di erence between an electromagnetic shower induced by a 100 GeV
gamma-ray photon (left) and a hadronic shower induced by a 100 GeV proton
(right). The gamma-ray shower is narrow and axially symmetric, while the hadronic
shower is broader, irregular and contains electromagnetic sub-showers. The images
were produced using Monte Carlo simulations in CORSIKA. Image credit:| Holder
(2021).

gravity), the image size (total charge of photo-electrons), the azimuth angle and

the orientation angle of the ellipse main axis. These parameters are illustrated
in Figure [1.20.

A shower moving along the axis of the telescope will produce an image concentrated
at the centre of the camera’s focal plane. A shower moving parallel to the telescope’s
axis but displaced from the telescope by some distance on the ground produces
approximately elliptical images in the focal plane with the major axis of the ellipse
pointing towards the centre of the camera. On the other hand, showers arriving
with a tilted angle relative to the telescopes’s axis will be an ellipse whose major
axis does not point towards the centre of the camera. The isotropic cosmic-ray
background can be rejected based on the reconstructed arrival directions and shapes

of the hadronic showers.
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Figure 1.19: Example images of a detection from a 1 TeV gamma-ray induced
electromagnetic shower (left) and a hadronic shower from a 2.6 TeV proton (right).
The electromagnetic shower image has an elliptical shape with the shower direction
aligned with its major axis. The hadronic shower image has a broader, irregular
shape and no preferred direction. Image credit; V Ik and Bernl hr|{(2009).

Figure 1.20: Diagram of an electromagnetic shower as seen by an IACT. The image
shower shape and orientation is described by a set of few parameterk: and w are
the length and width of the recorded ellipse respectivelyd is the angular distance
between the centre of the camera and the image centre, represents the azimuth
angle and s the orientation angle of ellipse main axis. Image credit; de Naurois
and Mazin (2015).
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