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RESUM EN CATALA

La branca de 'astrofisica que estudia els fendmens transitoris permet I'exploracié
de fonts astrondmiques que mostren variabilitat temporal que pot estendre’s des
d’unes poques fraccions de segon fins escales tan llargues com desenes d’anys.
Aquests esdeveniments transitoris poden donar lloc a una gran varietat de fenomens
observats en tot I’espectre electromagnetic. En alguns casos, aquests esdeveniments
poden fins i tot estar associats a la deteccié d’ones gravitacionals o a I'emissi6 de
neutrins. La deteccié d’emissié electromagneética transitoria i molt energetica, en el
rang dels raigs gamma (amb energies per sobre de 100 MeV) sol estar relacionada
amb canvis drastics en I’entorn del sistema que emet aquesta radiacié. En alguns
casos, aquests fendmens transitoris poden ser produits a causa de la seva destruccio
parcial o total. Durant aquests episodis, la font pot esdevenir extremadament
lluminosa, arribant a ser una de les més brillants del cel, inclas si es troba a
distancies cosmologiques. Malgrat els avencos en aquest camp d’investigaci6 en els
darrers anys, els mecanismes que produeixen l'emissi6é de raigs gamma provinents
de fonts transitories continuen sent enigmatics, amb independencia de la naturalesa
de la font que els produeix.

Els raigs gamma en el rang d’energies de desenes de GeV fins a centenars de
TeV poden ser detectats des de terra amb els telescopis Txerenkov. Aquesta Tesi
s’emmarca precisament en l'estudi de les fonts transitories utilitzant el primer
prototip de la nova generaci6 de telescopis Txerenkov, que formara part del futur
Cherenkov Telescope Array Observatory (CTAO). E1 CTAO estara constituit per diferents
tipus de telescopis distribuits al llarg d'una gran superficie, formant una matriu de
telescopis Txerenkov per tal de detectar raigs gamma en un rang ampli d’energies.
Els telescopis més grans del CTAO, anomenats Large-Sized Telescopes (LST), estan
optimitzats per detectar raigs gamma d’energies relativament baixes, d’algunes
desenes de GeV. El primer d’aquests telescopis (LST-1) es troba en fase de posada
en servei tot i que paral-lelament ja esta comencant a donar els primers resultats
cientifics. A més a més, actualment hi ha tres LSTs en construccio.

Aquesta Tesi se centra en I'estudi de fonts transitories en el rang de raigs gamma
de molt alta energia (100 GeV < E < 100 TeV). S’ha realitzat un estudi detallat de
les explosions de noves i supernoves (SNe) i dels esclats de raigs gamma (en anglés
gamma-ray bursts, GRB).

* Hem estudiat I'emissi6é produida en la font RS Ophiuchi, la primera explosi6
de nova mai detectada en el rang de molt alta energia. Hem analitzat dades
obtingudes contemporaniament amb LST-1 i el telescopi Fermi-LAT durant
aquest esdeveniment. Hem modelitzat la seva emissi6 fent servir 1’espectre
de raigs gamma més complet mai obtingut per un esdeveniment d’aquestes
caracteristiques, que inclou a més a més de les observacions preses amb LST-
1 i Fermi-LAT, les dades obtingudes amb els telescopis Txerenkov MAGIC
i HE.S.S. L'emissié de raigs gamma de RS Ophiuchi es pot explicar cor-
rectament en un escenari en hadronic. També hem avaluat les perspectives
per a futures deteccions d’explosions de noves amb el CTAO, ressaltant les
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excel-lents capacitats dels LSTs per detectar aquest tipus d’esdeveniments
i restringint els parametres fisics rellevants implicats en 'emissi6 de raigs
gamma.

Hem cercat emissi6 de raigs gamma de molt alta energia en dues supernoves
properes produides durant el col-lapse d'un estel molt massiu, etiquetades
SN 2023ixf i SN 2024bch. Aquestes explosions de supernova varen ser ob-
servades amb el LST-1 i els telescopis MAGIC poques setmanes després del
seu descobriment. Tot i que cap de les dues fonts ha estat detectada, hem
pogut obtenir limits superiors al seu possible flux de raigs gamma de molt
alta energia, emfatitzant els punts forts i les limitacions que les observacions
en aquest rang poden oferir per la comprensié dels fendomens fisics que donen
lloc a aquest tipus d’explosions.

Hem estudiat I'emissi6é de raigs gamma de molt alta energia del GRB 221009A,
conegut com el GRB més brillant de tots els temps. Les observacions obtin-
gudes amb el LST-1 mostren un excés de raigs gamma amb una significacié
estadistica de 4.10 durant les primeres observacions. Hem restringit la seva
emissi6 de raigs gamma de molt alta energia i ’hem comparada amb diversos
models tedrics que poden explicar d'una manera consistent les dades multi-
longitud d’ona obtingudes amb diferents telescopis per aquest esdeveniment.
Els nostres resultats poden ajudar a resoldre 'actual degeneracié existent
entre alguns d’aquests models teorics compatibles amb 1’emissié de banda
ampla d’aquest esdeveniment.

Els resultats obtinguts per aquests tres tipus de fonts posen en relleu les excel-lents
capacitats dels LSTs per a l'estudi de fonts de raigs gamma transitories. A més,
aquests resultats proporcionen un primer tast del potencial del CTAO per estudiar
aquests tipus d’esdeveniments.

Titol: Fonts transitories amb LST-1: estudi de noves, supernoves i esclats de raigs
gamma

Paraules clau: Astronomia de raigs gamma, noves (estels), supernoves, esclats de
raigs gamma.
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ABSTRACT

Time-domain astronomy enables the study of transient sources whose emission
vary over time, from fractions of seconds to years. Transient events produce rich
phenomena across the electromagnetic spectrum and may also emit gravitational
waves or neutrinos. The detection of transient, energetic gamma-ray emission (above
100MeV) is connected to drastic changes in the surrounding environment of an
astrophysical object or even its partial or total destruction. During these episodes,
the source can become extremely luminous and one of the brightest sources in
the sky even if it is located at cosmological distances. Despite recent advances, the
mechanisms driving the production of gamma rays in transient sources remain
poorly understood, indistinctly of the source nature.

Energetic gamma rays, from tens of GeV to hundreds of TeV, can be detected with
imaging atmospheric Cherenkov telescopes (IACTs) from the ground. This Thesis
is framed on studying transient sources with the next generation of IACTs that
will form the Cherenkov Telescope Array Observatory (CTAO). CTAO consists of
different telescope types distributed in an array across a large area to detect gamma
rays in a broad range of energies. The Large-Sized Telescopes (LSTs) are the largest
telescopes of CTAO. Optimised to detect gamma rays of energies as low as tens
of GeV, the first LST (LST-1) is in commissioning and starting to produce scientific
results. Three more LSTs are under construction.

This Thesis is focused on transient sources with a fast-evolving spectrum at
very-high-energy gamma rays (VHE; 100GeV < E < 100 TeV). A detailed study of
novae, supernovae (SNe), and gamma-ray bursts (GRBs) is conducted.

¢ We studied the emission of RS Oph, the first nova detected at VHE gamma
rays. We analysed contemporaneous LST-1 and Fermi-LAT data from this
event. We modelled its gamma-ray emission with the most complete gamma-
ray spectrum to date, including Fermi-LAT, LST-1, Major Atmospheric Gamma-
ray Imaging Cherenkov (MAGIC), and High Energy Stereoscopic System
(H.E.S.S.) spectral information. The RS Oph gamma-ray emission can be
properly explained in a hadronic scenario. We also assessed the prospects
for future nova detections with CTAO, emphasising the excellent capabilities
of LSTs to detect such events and constrain the involved relevant physical
parameters.

* We searched for VHE gamma-ray emission on two close core-collapse SNe,
SN 2023ixf and SN 2024bch, observed with LST-1 and MAGIC within weeks of
their discovery. Although none of the sources were detected, we derive upper
limits to constrain their VHE gamma-ray emission. We discuss the strengths
and weaknesses of gamma-ray data to constrain the physical parameters
involved in the gamma-ray emission.

* We studied the VHE gamma-ray emission of GRB 221009A, dubbed as the
brightest-of-all-time GRB. LST-1 observations yielded an excess of gamma
rays at a statistical significance of 4.1¢ during the earliest IACT observations of
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this GRB. We constrained its VHE gamma-ray emission and compared it with
theoretical models that are consistent with the published multi-wavelength
data. Our results can help disentangle the degeneracy among models that are
consistent with the broad-band emission of this event.

The results obtained on these three source types stress the excellent capabilities of
LSTs for the study of transient and fast-evolving soft gamma-ray sources. Moreover,
these results provide a first taste of the potential of CTAO to study transient sources.
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INTRODUCTION

1.1 THE GAMMA-RAY SKY

The violent universe can be unveiled thanks to the information provided by sev-
eral, independent messengers, which include gamma rays, neutrinos, gravitational
waves (GWs), and cosmic rays (CRs). Gamma rays have been one of the most
successful of such messengers, revealing a rapidly-changing Universe. This ef-
fectiveness proceeds from two main factors. Firstly, gamma rays unambiguously
pinpoint their origin. This contrasts with CRs, which are deflected by magnetic
fields during their propagation and consequently arrive at Earth with an isotropic
distribution. Secondly, gamma rays are detectable through gamma-matter inter-
actions, simplifying their observation (e.g. Bliimer et al. 2009; Bose et al. 2022).
Conversely, neutrino and GW astronomy have historically been limited by the small
number of detected events, although significant advances have been made in recent
years (e.g. Kurahashi et al. 2022; Abbott et al. 2020).

Gamma rays (which are defined in this Thesis as photons with energies greater
than the electron rest-mass energy, ~511keV) can be divided into different ranges ac-
cording to their energy. This Thesis focuses on energetic gamma rays above 100 MeV,
which are in turn typically grouped into three bands: high energy (100MeV < E <
100 GeV) (HE), very-high energy (100 GeV < E < 100TeV) (VHE), and ultra-high
energy (E > 100 TeV) (UHE). Extremely efficient non-thermal processes are respon-
sible for the production of such energetic gamma rays. Observing the HE-UHE
gamma-ray sky provides therefore a privileged view of a rapidly evolving, violent
(non-thermal) Universe. Moreover, energetic gamma rays offer relevant information
about CRs and fundamental physics. For instance, gamma rays can be used to study
the CR propagation and spatial distribution of particle accelerators, as gamma-ray
are the result of CR interaction with radiation fields and interstellar gas (e.g. Acero
et al. 2013). Furthermore, gamma rays can be used for probing Lorentz invariance
violation, axion-like particles, and dark matter (e.g. Bolmont et al. 2022; Abe et al.
2024a; Abe et al. 2024d, 2025¢).

The first detections in each of these HE, VHE and UHE gamma-ray bands and
the following consolidation as new astronomical windows has occurred at different
times. HE gamma-ray astronomy was the first window unveiled thanks to the
development of rocket technologies in the 1950s-1960s and subsequent space-borne
observatories (see Fig. 1.1). HE gamma-ray astronomy lead the advances in the
field, setting the observational basis for gamma-ray astronomy. On the contrary,
the discovery of astrophysical phenomena yielding VHE and UHE gamma-ray
fluxes had to await significant advances in ground-based gamma-ray detector
techniques. The milestone marking the establishment of VHE and UHE gamma-
ray observational astronomy was achieved only recently, in the 2000s and 2020s,
respectively (see Fig. 1.1). The great success of VHE gamma-ray astrophysics is
mostly attributed to the development of the imaging atmospheric Cherenkov



INTRODUCTION

104

= 1 I
E HE sources Fermi-LAT (4FGL-DR1) 0
[7)] = - . . —_
1) E — - (catalogue-like basis) Fermi-LAT (3FGL) ,/‘g‘ =%
2 i VHE sources Fermi-LAT (2FGL) , “¥ g 8e
3 103 (TeVCat, by-source basis) Fermi-LAT ﬂiG,'-LO‘ g g%
wn E [
9 E .. UHE sources . ’,a’ Firstnova & =~
o o (catalogue-like basis) EGRET (3EG) _ -~ First GREB
= [ EGRET (2EGS) @ at GeV/TeV
o - EGRET (2EG) ¢
0 Gy +LST-1,
£10%F - LHAASO
2 3 =7 H.E.S.S., MAGIC, m LHAASO
s [ COS-B(CG2), _~~ VERITAS, HAWC, ... + (1LHAASO)
i COS-B (CG) _~
-E 101 B ¢ ),4— First extragalactic source o LHAASO
© E / :
S E / Wipple, HEGRA, CAT, "
£ C SAS'zf Crab CANGAROO, Tibet ASy, B HAWC+HH.ES.S.
S L McBreen Pulsar/Nebula i Milagro, ... : .
O . o [ etal1973) Wipple { Amenomori
10° 7, 4 | | | | § etal. 2019
1970 1980 1990 2000 2010 2020 2030

Year

Figure 1.1: Cumulative number of sources discovered at gamma rays as a function of time
(also known as Kifune plot) for the HE (green; McBreen et al. 1973; Kniffen et al.
1974; Thompson et al. 1974, 1977; Hermsen et al. 1977; Swanenburg et al. 1981;
Thompson et al. 1995, 1996; Hartman et al. 1999), VHE (blue; Wakely and Horan
2008), and UHE (red; Amenomori et al. 2019; Abeysekara et al. 2020; Abdalla
et al. 2021; Cao et al. 2021, 2024) gamma-ray bands.

telescope (IACT) technique, while wide field of view (FoV) gamma-ray detectors
(particle detector arrays) have been key in revolutionising the field at UHE gamma
rays.

The current number of sources emitting in the HE, VHE and UHE gamma ray
bands is of the order of a few thousands (Ballet et al. 2023), a few hundreds
(Wakely and Horan 2008), and a few tens (Cao et al. 2024), respectively (see
Fig. 1.1). At HE/VHE gamma rays, multiple source classes populate this band (both
galactic and extragalactic). Among the galactic sources, one can find supernova (SN)
remnants, novae, pulsars, pulsar wind nebulae and halos, gamma-ray binaries, and
microquasars, among others; starburst Galaxies, blazars, or gamma-ray burst (GRB)
afterglows are a few examples of extragalactic sources. Such a diversity of sources
and the corresponding associated physics makes them excellent laboratories to
test for particle acceleration, emission, and absorption processes under extreme
conditions.

VHE gamma-ray astronomy is moving into a new era with the construction of
the major ground-based IACT facility, the Cherenkov Telescope Array Observatory
(CTAO). CTAO will drive the TeV astrophysics in the following decades. It will
boost the detection of VHE gamma-ray sources with its enhanced sensitivity and
spatial resolution. Additionally, it will allow for the first time the study of an almost
unexplored domain related to short (sub-minute) timescale variability phenomena.

1.2 TRANSIENT GAMMA-RAY SOURCES

Multiple sources exhibit variable emission, being it periodic, aperiodic, or episodes
of eruptive events in which their emission increases across the electromagnetic
spectrum in a distinct and sometimes unpredictable manner. These episodes can
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last for a broad range of timescales, from milliseconds to years. Observationally, a
variable and transient source differ in that the former always remains detectable,
whereas the latter exhibits periods whose emission drops below the detection
threshold. Transient phenomena are known at HE or VHE gamma rays from sources
in our Galaxy and at cosmological distances, e.g., in the case of gamma-ray binaries,
microquasars, galactic novae, colliding wind binaries, blazars, and GRBs, among
others. Notably, galactic novae and GRBs have been detected as VHE gamma-ray
emitters very recently, further enlarging such an heterogeneous class list.
Transient VHE gamma-ray emission stands as a fundamental probe of the un-
derlying physical processes in these sources, additionally providing stringent con-
straints on the underlying gamma-ray emission processes and the emission region
(e.g. Rees and Mészaros 1992; Wehrle et al. 1998; Rieger and Volpe 2010; Aydi
et al. 2020; Zhang et al. 2024). VHE gamma-ray transients also serve as excellent
laboratories for particle physics and multi-messenger astrophysics. However, the oc-
currences and properties of these events are largely unknown. To this end, sensitive
detectors at short timescales, together with wide FoV surveys, will be crucial for
detecting and further understanding these sources and discovering new types of
VHE transient gamma-ray emitters, e.g., tidal disruption events or SN explosions.

1.3 THESIS OVERVIEW

This Thesis is focused on deepening our understanding of three different types of
transient sources in the gamma-ray band: galactic novae, SN explosions, and GRBs.
Our aim is to shed new light on the physical mechanisms leading to the observed
HE/VHE gamma-ray emission from these sources. Although they are three distinct
source classes, their phenomenology is partially connected to some extent. The
same acceleration mechanisms are thought to occur in nova eruptions, in the early
phases of SN explosions, and in SN remnants. Furthermore, the shocks in novae
develop under similar density conditions as in interacting core-collapse SN (CCSN)
explosions. In turn, long GRBs are known to typically originate from certain types
of CCSNe.

The characterisation of novae, SN explosions and GRBs at gamma rays not only
allows us to constrain the physics of particle acceleration and non-thermal emission
but also provides a complementary view of such systems for their study, as gamma
rays can escape regions where the emission at other wavelengths is absorbed.
To achieve this goal, it is required to understand the mechanisms that accelerate
particles to relativistic energies, the mechanisms leading to the emission of gamma
rays and their interaction mechanisms with our detectors. Finally, inference analysis
is required to characterise the unknown properties and physics of the sources from
the recorded data with the detectors.

This Thesis is organised as follows. Chapter 2 reviews the particle acceleration
and non-thermal emission and absorption processes. Chapter 3 introduces the
detectors used in the gamma-ray band. Chapter 4 describes the data analysis of
IACTs. Chapters 5, 6, and 7 present the results of the work on novae, CCSNe, and
GRBs, respectively. Finally, conclusions are provided in Chapt. 8. The appendices
provide information about additional work conducted in the framework of this
Thesis. In Appendix A, we describe a dedicated algorithm to obtain a variable light
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curve with the shortest temporal resolution. The study of classical novae followed
up with LST-1 is provided in Appendix B. In the end, Appendix C lists the code
developments on open-source software packages.



PARTICLE ACCELERATION
AND GAMMA-RAY EMISSION

Electromagnetic radiation is the main channel of information with which we can
study astrophysical sources. A profound understanding of the processes that im-
print the electromagnetic spectrum is essential for studying the physical processes
in act on these sources and for characterising their unknown properties, such as the
magnetic field, density, etc.

HE-VHE gamma rays are produced through non-thermal emission processes
involving the acceleration of relativistic particles and their interaction with other
particles, photons and magnetic fields. The gamma-ray emitting particle population
is accelerated to VHEs through mechanisms that typically yield to power-law
particle energy distributions. Particles can then transform a fraction of their energy
into gamma-ray radiation via several emission processes. In this chapter, a summary
of the mechanisms involved in particle acceleration and energy losses by radiative
processes are provided in Sect. 2.1. The intrinsic non-thermal emission of these
processes is discussed together with the effect of gamma-ray absorption mechanisms
in Sects. 2.2 and 2.3, respectively.

2.1 PARTICLE ACCELERATION AND ENERGY LOSSES

Particles can achieve relativistic energies through various processes, including Fermi
acceleration mechanisms, magnetic reconnection, and stochastic shearing, among
others (Longair 2011; Lemoine and Pelletier 2015; Rieger 2019). For detailed reviews
discussing particle acceleration in astrophysical sources, the reader is refereed to
Drury (e.g. 1983), Kirk et al. (1994), and Rieger et al. (2007). The most widely
considered acceleration mechanism in the context of gamma-ray emission is the
diffusive shock acceleration (first order Fermi acceleration).

Diffusive shock acceleration (DSA) is based on the idea of particles obtaining
energy through multiple shock front crossings, which occur as a result of numerous
scatterings with magnetic turbulences present both in the upstream and downstream
sides of the shock. In this scenario, a particle with a given energy E in the upstream
flow diffuses back and forth across the shock front via interaction with magnetic
turbulence scattering centres, which isotropises the particle average velocity with
that of the region before crossing the shock front. In each crossing, the particle
gains energy, as it encounters the other region of the shock moving towards the
shock front. After completing a cycle, the average relative particle energy gain is
(AE)/E o vs/c, where vs and c are the shock front velocity and the speed of light,
respectively. After multiple crossings, the differential spectrum of the accelerated
particles follows a power-law shape. For strong shocks, the spectral index « of this
power-law particle energy distribution (dN/dE « E*) is & ~ —2. DSA stands as one
of the most efficient mechanisms for energising particles, providing the necessary
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particle acceleration in VHE astrophysical sources with a slope similar to the one
observed in CRs (Bell 1978).

The maximum energies that particles can attain can be obtained through the
balance between the energy gain of a given acceleration mechanism and the energy
losses that the particle can undergo, i.e., particle cooling mechanisms (radiative and
non-radiative). One can evaluate the efficiency of a given cooling mechanism by
specifying the corresponding energy losses per unit time dE/dt (energy-loss rate,
hereafter energy losses), whose expression will depend on the given processes. For
example, the energy radiated in gamma rays per unit time by an incident particle
with energy E when interacting with the surrounding particles or photon fields is

dEY\ do(e, E)
— <dt> = c/densids , (2.1)

where 1 is the number density of the targets and d”gi’E) is the differential cross

section per unit photon energy ¢ for an incident particle with energy E. Note that the
energy losses depend in general not only on the particle energy E, but also on other
physical quantities affecting the interaction of the particle with the surrounding
medium. Different processes can in turn dominate at different energy ranges.
Particle cooling will modify the original particle energy distribution, which might
yield to distinct spectral features given the energy dependence of the considered
process. As a result, the time-evolved population will yield a different emission
than the original population. For a complete treatment, the diffusion equation
considering all energy-loss mechanisms has to be solved to address this temporal
evolution (Ginzburg and Syrovatskii 1964).

When comparing multiple energy losses at play, an assessment of the relative
relevance for each of them is needed. A commonly used parameter for this purpose
is the timescale of energy losses, the cooling time:

|}
=

= (2.2)

In particular, the cooling times of the competing processes are compared with
the dynamical time and the acceleration time to evaluate their efficiency. The
acceleration time can be estimated considering the maximum acceleration rate from
classical electrodynamics (Hillas 1984):

_ _(dE\' E
tacc = E (dt) = m, (2.3)

where B is the magnetic field, c is the speed of light, e is the electron charge, and 7 is
a parameter that characterises the fraction of total energy that goes into accelerating
particles, and depends on the nature of the acceleration mechanism. In particular,
for DSA, 17 ~ (2)fs, where v is the shock velocity and f is the ratio of the
particle mean free path to its Larmor radius (Drury 1983; Begelman et al. 1990).
fsc reaches 1 when the particle diffusion length approaches the Larmor radius,
which corresponds to the so-called Bohm diffusion regime (Jones and Ellison 1991;
Protheroe 1999).

If one knows the parameters involved in Eq. 2.3, the maximum energy of the
particle can be estimated and used to predict the intrinsic gamma-ray emission
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produced by these relativistic particles. In contrast, if the parameters are unknown,
the observed data can be used to constrain them. For example, in this Thesis, the
particle acceleration efficiency of the nova RS Oph was constrained (see Chapt. 5),
while we also provide stringent observational constrains for GRB 221009A (see
Chapt. 7).

2.2 NON-THERMAL EMISSION MECHANISMS

Multiple processes can dominate the gamma-ray emission depending on the physi-
cal conditions of the emitting region, occasionally implying some ambiguity when
different processes can equally well explain the observed emission. In the following
sections, a brief description and the relevant expressions for the main non-thermal
emission and absorption processes are provided. For more detailed information, the
reader is referred to dedicated reviews and specialised books such as Blumenthal
and Gould (1970), Rybicki and Lightman (1979), Aharonian (2004), Longair (2011),
and Ghisellini (2013).

In addition to the temporal evolution of the intrinsic emission following the
changes on the original particle distribution due to energy losses, as discussed
in Sect. 2.1, the emission of a given source of gamma rays might be modified by
Doppler boosting or radiation absorption processes. Doppler boosting can increase
or reduce the observed flux, depending on the velocity and orientation of the
emitter relative to the observer (see, e.g. Rybicki and Lightman 1979; Ghisellini 2013
for further details). On the other hand, absorption processes reduce the observed
flux with respect to the intrinsic emission. This flux reduction can be computed by
solving the differential equation for the radiative transfer, which can be written as

1O — je) —ko)166), 2.4)

where I(¢) is the specific intensity*, j(e) and k(e) are the specific emissivity and
absorption coefficients, respectively, and ds is the differential element of length in
the radiation path.

Knowing the differential cross section of the processes at play is fundamental
for computing the emissivity and absorption coefficients. These coefficients are
then used to estimate observable quantities to constrain the source physical proper-
ties. While cross sections for electromagnetic processes are known from quantum
electrodynamics, cross sections for interactions of hadrons are estimated from ex-
perimental data conducted in particle accelerators (e.g. Pacholczyk 1970; Kelner
et al. 2006).

While nuclear interactions in heavy nuclei can yield gamma-ray line emission up
to several MeV, gamma rays at HEs and VHEs are produced by emission processes
rendering a continuum photon spectrum, with distinct spectral features such as
specific slopes or energy slopes, arising from both the emission processes them-
selves or particle energy loss mechanisms. The solution of the radiative transport
equation without considering absorption processes is I(e) = I(g,so) + fsz ds' j(e,s"),
where s is the distance at which the intensity is I(g, sp). Therefore, for a constant

“The term “specific” means here that the quantity is given per photon energy e. The nomenclature
in the text is (¢). In this case, I(¢).
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emissivity and I(g,sp) = 0, one obtains I(¢) = j(¢)s. In this section, the relevant
expressions and dependencies are provided for the radiative processes involved in
the production of gamma rays discussed in this Thesis.

2.2.1 Synchrotron radiation

A charged particle radiates when it is accelerated by the presence of a magnetic field
B following the Lorentz force law. The radiation produced by relativistic particles
under the effect of a magnetic field is called synchrotron radiation. The synchrotron
emitted power depends, amongst other parameters, on the angle between the
particle velocity vector 7 and B, the pitch angle 6.

Let the energy of a relativistic particle be E = ymc?, where m and vy are its mass
and Lorentz factor, respectively. The latter is defined as v = [1 — ] 12 Where B
is the ratio between the particle velocity v and the speed of light ¢ (i.e. B = v/c). The
photon energy distribution of the emitted power (specific power or power spectrum,
P(e), with units of [ergs~!erg~!]) from a single, relativistic electron with energy E
in a magnetic field B forming a pitch angle 6 is (Rybicki and Lightman 1979):

Pole ec) = V3Bsing ( € ) , (2.5)

hmec? e

where m. and e are the electron mass and charge, respectively, & is the Planck
constant, and

€ e [
F <8> = ;/L dXK5/3(X), (26)

where Ks/3(x) is the Bessel function of the second kind of order 5/3 and ¢ is the
characteristic synchrotron energy defined as

3 he

_ > 2 &
& = in mgc5BE sinf. (2.7)

The term F (i) can be approximated with the functional form F(x) =

1.85x1/3 exp (—x), where x = ¢/e.. This analytical approximation is accurate within
1% to the numerical result for x € [0.1,10] (Aharonian 2004). The function F <i>

displays a maximum at ey, >~ 0.29¢.. For an isotropic pitch angle distribution, Eq. 2.7
can be conveniently expressed as

£ B E )
— | =55 |=| | === - 2.
&) ~33]6] lsocw] @
In the presence of a population of electrons with a number density distribution
ne(E)dE in the energy interval E and E + dE, the specific synchrotron emissivity
(jsync(€), units of [ergem3s~Terg™'sr™']) can be computed by convolving the
power spectrum of the emitted photons by a single electron, P, and the electron

energy distribution per unit volume per unit solid angle (1n.(E), with units of
lerg tem3sr1)):
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E max

joyne(e) = /E Pu(e, E) 1o (E) dE . 2.9)

For a power-law particle energy distribution with slope p, n.(E) o« E™?, the specific

synchrotron emissivity depends on the energy ¢ as jsync(€) o ¢~"2". Therefore, the

observed emission is proportional to e~z inan optically thin medium. In case
of an optically thick medium, synchrotron photons will be absorbed by the same
emitting electrons or the surrounding thermal plasma. This absorption dominates
at low energies in the radio band and has to be considered when accounting for
the synchrotron emission at these energies. The characteristic slope of the specific
intensity is Isync(e) « 3. The reader is referred to, e.g., Pacholczyk (1970) and
Rybicki and Lightman (1979) for a detailed review of the synchrotron absorption
process.

In general, electrons are more prone to cool through synchrotron emission than
protons. The total energy loss per unit time (dE/dt, with units of [ergs™!]) radiated
by relativistic particles that are isotropically distributed in pitch angle is expressed
as (Rybicki and Lightman 1979)

dE 4 /me\2 coT 202 . 4 (me\2 cor 2
_ <dt>sync =5 (%) o E 3 (%) pzeomsE?, (210)
o2
Mec?

where o7 is the Thomson cross section, or = 8{ (

2
) ~ 6.65 x 10725 cm?, and

Wmag is the magnetic energy density defined as wmag = B*/87, with units of
[ergcm~3]. On the right-hand side of Eq. 2.10, B has been approximated to 1 since
relativistic particles are considered. The dependency of the energy losses with the
particle mass (dE /dt « m~2) makes electrons to radiate more power than protons
for the same given energy E.

We can easily obtain the synchrotron cooling timescales by replacing Eq. 2.10 in
Eq. 2.2. The synchrotron cooling for electrons can be conveniently expressed as

tsync] o0 [B] 2] E 17
[ : %400 H [TeV] : (2.11)

2.2.2 Inverse Compton scattering

When electrons and radiation fields are present in the same environment, there is a
non-zero probability that a photon and an electron scatter among them. Depending
on their relative motion in the laboratory frame, the outcome of this scattering is a
positive energy transfer from the photon to the electron or vice versa. The former
outcome is called Compton scattering and occurs when the incident photon energy
go is higher than the electron energy E, i.e., g9 > E. In contrast, the electron transfers
energy to the photon if ey < E. This scattering is called inverse Compton (IC).
The total cross section of IC scattering per unit solid angle at the electron rest
frame (Q)') requires quantum electrodynamics calculations, and is described by the
Klein-Nishina (KN) formula (e.g. Berestetskii et al. 1982; Ghisellini 2013):

d(TKN 30’T ¢ 2 8/0 ¢ .24/
— e 04 = 2.12
acy 16 \ g ¢ + €l sin"6") 212)
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which depends on the scattering angle and the initial and final photon energiesJr

at the electron rest frame, ¢’, ¢, and ¢, respectively. Two regimes of scattering
can be divided. Firstly, the so-called Thomson regime occurs when the photon
energy is lower than the electron rest mass (g, < mec?), ie., in the laboratory
frame Egy < m2c*. In particular, if Eg¢y < m2c*, we recover the classical Thomson
cross section (Thomson limit). On the contrary, for energies Egg > m2c*, the cross
section is reduced with respect to the classical value. In the extreme scenario
with Eeg > m?c*, the KN limit is reached and the cross section decreases as
o or(Eep) ! n (2Eegy).

The average energy of the outgoing photon in the Thomson regime is (Ghisellini
2013; Longair 2011):

4 1

1 2
vl = 32
e

4
E2p% s = E2. 2.1
©E"p"~ 3 pi2c €0 (2.13)

On the right-hand side of Eq. 2.13, relativistic electrons have been considered
(B — 1). Let us express €,y in convenient units as

€avT| _ | €0 E
EARERIIIE (2.14)
Although the photon gains a large amount of energy in the Thomson regime, it
still represents a small fraction of the total electron energy since the condition
Eeg < mZC4 holds in this regime. This is not the case in the KN limit, in which the
electron loses a considerable amount of its energy in a single Compton scattering
(Blumenthal and Gould 1970).

A convenient simplification of the IC differential cross section occurs when
relativistic electrons (E >> mec?) interact with low-energy photons (gp < & < mec?).
These conditions are typically satisfied in high-energy astrophysics. In this case,
the differential cross-section expression for an isotropic distribution of photons
and electrons (do/de, with units of [cm? erg~!]) valid in both the Thomson and KN
regimes can be obtained (Aharonian and Atoyan 1981):

doic\ _ 3ot
de /| bE
z3 2z b(1-z)

S 20(1—2)2  b(1-2) In z ’

z2 z 272

L T B Yo R T

(2.15)

where the parameter b = 4¢oE/ (m2c*) and z is the ratio between the final photon
and initial electron energy (z = ¢/E). The energy range of the scattered photon
is € € [eo, Eb/(1 + b)]. Note that the average differential cross section depends on
the product ¢ E. The reader is referred to Jones (1968) and Blumenthal and Gould
(1970) for the original derivation of Eq. 2.15 and Aharonian and Atoyan (1981) for a
generalised expression of the differential cross section as a function of the scattering
angle.

The specific IC emissivity for an isotropic distribution of electrons with energy
distribution per unit volume per unit solid angle n.(E) scattering off an isotropic

*In fact, these three quantities are related by the conservation of momentum and energy.
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target photon distribution with energy distribution per unit volume n,,(gp) can be
computed through

‘ o Eb/(1+b) do
jic(€) :/0 dE/ deg npn(eo) ce <dlgc> ne(E). (2.16)
€0

Assuming a power-law energy distribution for electrons #¢(E) o« E~ and consid-
ering a mono-energetic photon distribution with energy ¢, the resulting specific
emissivity in the Thomson regime (b < 1) is jic(e) o« e * with a spectral index
n = prl. Conversely, in the KN regime (b > 1), the specific IC emissivity is
jic(e) e *(Inb + C), where &« = p+ 1 and C is a constant (Blumenthal and Gould
1970).

For electrons embedded in a mono-energetic photon field with an energy density
given by wpn = [ €onpn(e0)deo with units of [ergem ™3], the IC energy losses per
unit time in the Thomson and KN# regimes are (Longair 2011; Blumenthal and
Gould 1970):

dE 4 cor 2 4 cor 2
S (s =-—_L E*~-—L w. E?, 2.17
< dt >IC,T 3 m2ct Wph P 3 m2ct “ph (2173)
dE 3 _ 11
— (dt)IC,KN ~ 3 cor Mec? Wph 502 (lnb — 6) . (2.17b)

Note that relativistic electrons (B — 1) are considered on the right-hand side of
Eq. 2.17a. The expressions for the Thomson and KN regimes have remarkably
different dependencies with the electron energy. The energy losses in the Thomson
regime follows the same energy dependency (« E?) as the energy losses for syn-
chrotron emission. Furthermore, Eq. 2.17a is equivalent to Eq. 2.10 by replacing wpp,
with Wmag. In contrast, Eq. 2.17b is only weakly dependent on the electron energy
(xInE). A generalised equation for the IC energy losses valid for both regimes is
provided in Aharonian and Atoyan (1981).

The expressions in Eq. 2.17 are obtained assuming a mono-energetic radiation
field, wpn = €onpy, instead of doing the integral over ¢ of the product sonph(so). In
the case of a black-body radiation field, we refer the reader to Khangulyan et al.
(2014).

The cooling time in the Thomson and KN regime can be approximated as
(Aharonian 2004; Khangulyan et al. 2007)

-1
her| s| “ph E
{ yr] o0 [évcnrﬂ] L}@v / (2.18a)
-1 0.7 17
HCKN | Wph E B
[ s ]NSOO Lrgcm—3] [TeV] [eV] ' (2.18b)

Equation 2.18b is a good approximation if the product of electrons and photon
energies is Ee €~ [1,10°] m2c* (Bosch-Ramon and Khangulyan 2009). More precise
approximations for the IC cooling time in the KN regime can be used. The reader
is referred to Aharonian and Atoyan (1981) and Moderski et al. (2005).

The expression for the KN regime is accurate for b > 30.

11
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In some cases, electrons can IC scatter synchrotron photons present in the emitter
region, a process known as synchrotron self-Compton (SSC). Therefore, the syn-
chrotron photon field needs to be considered in the IC emissivity calculations in
Eq. 2.16. In these cases, synchrotron and IC losses compete to dominate the particles
energy losses.

2.2.3 Relativistic Bremsstrahlung

Charged particles produce electromagnetic radiation when they are accelerated,
e.g., when deflected by the presence of Coulomb fields. This radiation is called
bremsstrahlung emission. Due to the low inertia of electrons, they are more suited
to undergo this process than massive particles when interacting with either ions or
electrons. The term “relativistic bremsstrahlung” is used when the velocity distri-
bution of the radiating particles is relativistic, whereas “thermal bremsstrahlung”
describes the emission from a thermal particle distribution. Below, bremsstrahlung
emission is discussed only for electrons passing through ions at relativistic energies.

The presence of surrounding electrons can screen to some extent the atomic
potential that affects the radiating electrons, subsequently modifying the cross
section of this process. The screening depends, in addition to the ionisation of the
medium, on the energy of the relativistic incident electron, which will undergo a
complete screening at the highest incident energies, E >> a~'m.c?Z~1/3, where
is the fine structure constant (« ~ 1/137) and Z is the atomic number. While, a
weak screening and unshielded nucleus will be reached as the energy decreases
(mec? < E < o~ Ymec2Z~1/3; Heitler 1954).

The differential cross section of an electron with energy E interacting with a
nucleus with charge Ze that produces a photon with energy ¢ is (Bethe and Heitler
1934):

doy,  3aor Z?
= YT L e E
de 27T ¢ (& E),

(2.19)

where the function ¢(¢, E) may be expressed for the full screening case (neutral
medium at high energies) as

[ eN2 2 e\ | 183 1 €
¢(e E) = _1+(1—E) _3<1_E>_ln<zl/3)_9(1_E)' (2.20)
In contrast, for the unshielded case, ¢(¢, E) has the form
[ N2 2 e\ | 2E(E —¢) 1
Ple )= |1+ (1 - E> -3 (1 - E>_ X [ln [Mec%] - 2} . (2.21)

Note that for an ionised medium, Eq. 2.21 is valid at all energies. Equations 2.19-2.21
are derived for electrons going through heavy nuclei material without consider-
ing the contribution of bremsstrahlung with bounded electrons. The factor Z2 in
Eq. 2.19 has to be replaced by Z(Z + 1.3) when atomic electrons are considered
(Longair 2011). The reader is referred to Blumenthal and Gould (1970) for a detailed
derivation for the case of low Z medium.

Despite the « 1/¢ form of the differential cross section, its distribution is quite
flat until e ~ E. An electron is likely to emit a substantial part of its energy through
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the production of a high-energy photon. The electron will lose its energy in discrete
instants in time (Blumenthal and Gould 1970).

The specific emissivity for electrons with an energy distribution per unit volume
per unit solid angle 7. (E) going through a medium with atomic number density n
is

jor(e) = / dEcne %y (). (2.22)
¢ de

Note that the target particles are at rest since the cross section in Eq. 2.19 is
obtained in the reference frame of the target particles. For the case of an electron
energy distribution of the form ne(E) o E~7, the specific bremsstrahlung emissivity
recovers the spectral index of the electron energy distribution, i.e., j, (€) o 77
(Blumenthal and Gould 1970).

The energy loss rate for a single electron may be written for the full screening
case as (Bethe and Heitler 1934)

_ <dE > _ 30T 72, [m (183271%) + 1} E. (2.23)
br,s

dt 277 18

For the unshielded case, it may be expressed as

dE 3caor o E 1
— | = = Z°n|ln|(2 —-| E. 2.24
< dt >br,u 2m " |: " < mec2> 3:| ( )

Although a relativistic electron likely loses most of its energy in discrete instants
of time, it is also convenient to define the average energy losses for the case of a
neutral hydrogen gas at high energies as (e.g. Aharonian 2004)

_<dE> _ ety (2.25)
at ), Xt

where X[! is the radiation length of hydrogenS. The approximately linear energy
dependency of the bremsstrahlung energy losses! compared with the approximately
quadratic dependency for synchrotron and IC energy loss makes bremsstrahlung
emission dominant at energies E < Eyg, where Ej is the energy at which the two
processes have equal energy losses.

The cooling time corresponding to bremsstrahlung emission can be derived from
Eq. 2.25:

H -1
[tbr} _ X 394 107[ " 3] . (2.26)
yr C mp n cm—

Alternatively, one could compute the bremsstrahlung cooling time using Eqs. 2.24
and 2.23. For the unshielded case, the cooling time has a weak dependence on the
electron energy (through the term o« In E in Eq. 2.24).

For typical interstellar medium (ISM) number density values (ngv < 1cm™3;
Ferriere 2001), the cooling time for this process is long compared with other

S$The radiation length is defined as the average distance over which the electron loses 1/e of its
energy. The value depends on the material. For hydrogen, X(I){ ~ 63 gcm~? (De Angelis and Pimenta
2018; Navas et al. 2024).

TEither from Egs. 2.25, 2.23, or 2.24.
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processes mediated by electrons at these densities. However, bremsstrahlung can be
relevant at gamma rays above 100 MeV in astrophysical sources near dense regions
such as molecular clouds if the energy density of photons and magnetic fields are
relatively low (e.g. Munar-Adrover et al. 2013; Ackermann et al. 2013).

2.2.4 Pion decay

Relativistic protons or nuclei can produce gamma rays when they inelastically
collide with other hadrons present in the ambient medium. These collisions produce
particles such as pions, kaons, and hyperons. The heavy particles decay fast into
multiple pions, which subsequently decay, concluding in the generation of gamma
rays and other particles like neutrinos, electrons and positrons (e.g. Stecker 1971).
The last two can contribute to the overall gamma-ray emission through the processes
explained above. However, the main source of gamma rays is the decay of neutral
pions, 1 — 27 (Kelner et al. 2006).

The minimum energy for an inelastic proton-proton collision to produce neutral
pions is E ~ 286 MeV (e.g. Stecker 1971). Neutral pions mainly decay (98.8 %)
into a pair of photons. Proton-proton collisions produce neutral and charged pions
with roughly equal probability at high energies. The latter decays mainly (99.9%)
into a muon and neutrino, subsequently decaying into an electron and neutrinos
(Gaisser 1991). However, the spectral distribution of pions is dominated by a few
leading particles, which carry most of the kinetic energy of the collision (Aharonian
2004).

To compute the gamma-ray emissivity, one has to account for the neutral pion
spectrum and compute the kinematics of two-body decay. The specific emissivity of
gamma rays with energy e can be written as (e.g. Aharonian 2004; Stecker 1971)

Jpp(e) =2 ) dENEM (2.27)

. 7
Emin V E% —m2ct

where m; is the rest mass of the pion, Ei" is the lowest energy that pions can have
and still produce gamma rays (defined as ER" = ¢ + m%& ), and q(E) is the specific
pion number emissivity with units of [ecm3s !erg !sr!]. Computing j.(Ex)
requires integrations over multiple differential cross sections from experimental
data (e.g. Stecker 1971). However, a simple formalism, known as the J-function
formalism (Aharonian and Atoyan 2000), provides accurate results under the
assumption of a broad, smooth proton energy distribution. This approach considers
that protons transfer a fraction x of their kinetic energy Ey;, to the leading pion.
Then, the specific neutral pion number emissivity between relativistic protons with
energy distribution per unit volume per unit solid angle 1, (E,) and target protons
with number density 7 can be expressed as

gn(Ex) = cn/dEp np(Ep) 6(Ex — KExin) 0pp(Ep)
2.28)
E E (
= % np <ﬂ’lpC2 + KT() Upp (mpCZ + KTE) ’

where m,, is the proton mass and oy, is the total cross section of the proton-proton
interaction (with units of [mb]). Equation 2.28 implies that the pion spectrum is
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shifted x times the proton spectrum, keeping the same spectral shape. Experimen-
tally, x ~ 0.17 and opp may be approximated in the GeV-TeV energy range as
(Aharonian and Atoyan 2000)

@ —~ Exin
[mb] ~ 30 x (0.95 10.06In [ GeVD : (2.29)

This approximation is valid at energies Ey;, > 1GeV because at lower energies,
the energy dependency of the cross section is not logarithmic. Instead, it increases
fast with increasing energy up to 30 mb. The reader is referred, e.g., to Kelner et al.
(2006) for a refined cross section parametrisation valid close to Elt(}i‘n.

The emitted gamma-ray differential energy spectrum, d¢/dE (with units of
[cm~2s~!erg™!]), from a population of pions with different energies always peaks
at half of the rest mass energy of the neutral pion, independently of their energy
distribution. d¢/dE is symmetric with respect to this maximum (Stecker 1971). At
energies beyond the maximum, it is similar to the relativistic proton spectrum but
shifted ~ (x/2)Ep ~ 0.1E,. Therefore, the emission of pion decay provides direct
information on the energy distribution of the relativistic protons (Aharonian 2004).

More sophisticated parametrisations for the energy spectra of gamma rays and
secondary particles exist, which are valid in a wide energy range and provide
accurate results even if abrupt spectral features are present in the proton energy
distribution, e.g., pileups or cutoffs (Kelner et al. 2006; Kafexhiu et al. 2014).

A relativistic proton undergoing proton-proton collisions loses about 50% of its
energy in a single interaction (e.g. Gaisser 1991). Therefore, the energy losses can
be written as

dE
— <dt>pp =coppnfE, (2.30)

where f is the coefficient of inelasticity, i.e. f ~ 0.5 as stated above. The cooling time
of protons through inelastic proton-proton interactions takes the form (Begelman
et al. 1990):

top = (coppn f) 1. (2.31)

Similar to relativistic bremsstrahlung, t,, is weakly energy dependent (e« 1/InE).
For TeV protons, and adopting opp ~ 40mb ', Eq. 2.31 might be written as (Aharo-
nian 2004):

1
t
[;{’] ~ 528 x 10 [Cn’f_3] . (2.32)

Dense regions with high number densities will be more efficient to produce gamma
rays through proton-proton interactions, e.g., in SN remnants interacting with
molecular clouds or nova eruptions (Ackermann et al. 2013; Acciari et al. 2022).

' A reasonable assumption given the mild dependency of Opp With the energy (see Eq. 2.29).
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2.3 GAMMA-RAY ABSORPTION MECHANISMS

If absorption processes are present, the radiative transfer equation (see Eq. 2.4) can
be solved for the case in which one has emission and absorption, or for the case in
which only absorption is present. The solution of Eq. 2.4 in the first case leads to:

_ @) e
I(e) = 0 (1 e ) , (2.33)
where T(¢) is the optical depth, which depends on the cross section of the absorption
process, o, and the number density of particles in the medium, 7, along the line of
sight as follows:

dt =nods. (2.34)

When 7 < 1, photons can pass through the absorber medium without being
absorbed since the medium is optically thin. The opposite occurs for an optically
thick medium (t > 1). Equation 2.33 is valid for the case of synchrotron self-
absorption at radio wavelengths, for which the specific intensity I(e) o £2 when
T > 1, as mentioned in Sect. 2.2.1.

On the other hand, if only absorption mechanisms are present (j(¢) = 0), an
emitter with an initial specific intensity Ip(e) will be observed with a specific
intensity I(e) after traversing an absorber medium as

I(e) = Ip(e) e ™. (2.35)

This is the situation at gamma rays above 100 MeV once they are created by the
processes described in Sect. 2.2.

The main absorption processes at gamma rays above 100 MeV is electron-positron
pair creation. In this process, a pair can be created by the interaction of gamma
rays with a magnetic, photon, or Coulomb field. In this Thesis, we will be mainly
concerned by gamma-ray absorption in intense photon fields, as it is the case of
the bright photospheres of a nova and SN (see Chapts. 5 and 6, respectively). A
detailed description of absorption processes due to high values of the magnetic
field in the acceleration/emission region, or in very dense particle environments,
can be found in Aharonian (2004).

2.3.1 Photon-photon pair production

Electron-positron pairs can be efficiently created from gamma rays interacting with
an intense photon field, e.g., the radiation emitted by a massive companion star in
a binary system (e.g. Bednarek 1997). Conversely, this process can also be relevant
in low-photon fields, such as the extragalactic background light (EBL), when the
gamma-ray source is at cosmological distances, because the chances of interaction
between the emitted gamma-ray and the EBL increase (Gould and Schréder 1967a).
In this situation, a gamma-ray horizon is actually present at a given redshift beyond
which all gamma rays are absorbed.

The total cross section of pair production from two photons with energies ¢, and
go colliding at an angle 0 in the laboratory frame is (Gould and Schréder 1967b):

oy = 1= ) |G- (15 ~2z2-2) (236)
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1/2
;= [1 _ } , (2.37)

and

_ eqg0(1 —cosbyy)

2.38
2mZct (2.38)

Photon-photon pair production occurs (¢, > 0) only if there is enough energy
to produce an electron-positron pair, that is, if s > 1, i.e.,

ey (1 —cosB) > 2m3c*. (2.39)

The cross section reaches a maximum value of 073 = 0.20r at s ~ 3.5-4 and decays
at large s, similar to the IC cross section in the KN regime (Aharonian 2004).

The specific pair-creation optical depth for a gamma ray travelling along a length
I in a photon field with energy distribution per unit volume per unit solid angle

n(eo, 1) is

l 00
t(ey) = /0 dl 1 — cosb,,(1)] /go degn(en 1) oy (£, 0,04 (1), (2.40)
where
2.4
eomin = 1€ (2.41)

g4(1 —cosfy,)

is the initial minimum energy of the low-energetic target photon for pair production
to occur. The optical depth of photon-photon pair creation can change with time if
the relative position between the gamma-ray emitting region and the low-energy
photon emitting region changes with time. Moreover, changes with time in the
energy or the number density of the low-energy photons can also affect the optical
depth. These situations are discussed in Chapts. 5 and 6.

It is worth noting that the created pair might produce synchrotron radiation or
undergo IC scattering if the synchrotron or IC losses are high enough. In the case
of VHE gamma-ray emission this reprocessing can lead to a net redistribution of
the emission towards lower energies, in the GeV band.
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GAMMA-RAY DETECTORS

The Earth atmosphere is optically thick at the sea level for a wide range of energies
across the electromagnetic spectrum. Luckily for life, the gamma rays are not an
exception. When they fall upon Earth, gamma rays interact with the matter in the
atmosphere. The two main processes of gamma-ray-matter interaction are Compton
scattering and pair creation in the presence of a Coulomb field (also known as
Bethe-Heitler pair production). Compton scattering dominates at energies from
~0.1MeV to ~10MeV". At higher energies, Bethe-Heitler pair production is the
dominant process (Knoll 2000).

The result of Compton scattering and Bethe-Heitler pair production are energetic
charged particles (electrons and positrons) that will dissipate their energy in the
atmosphere. The height above sea level (a.s.l.) where these interactions initially
occur depends on the energy of the incident gamma ray, ranging from ~50km
to ~30km for MeV and GeV vertical-incident gamma rays, respectively (Siegert
et al. 2022). It is convenient to use the depth® of the material as a function of the
radiation length (see definition in Sect. 2.2.3). The total atmospheric depth at sea
level is X™ ~s 1030 g cm 2. The radiation length by bremsstrahlung of electrons
in the Earth atmosphere is X, ~ 37 gcm ™2, while photons have a radiation length
through pair creation of X, = 2X.. Therefore, the atmosphere thickness at sea
level is equivalent to ~28 and ~21 radiation lengths for electrons and photons,
respectively.

Gamma rays can only be directly detected using satellites above the Earth atmo-
sphere (or high-altitude balloons). This method is effective for gamma rays up to
hundreds of GeV due to technological limitations. For energies exceeding a few
tens of GeV, indirect detection of gamma rays from the ground becomes feasible.

This chapter provides an overview of both space-borne and ground-based gamma-
ray detectors. Section 3.1 describes the methods and current satellites used to
directly detect HE gamma rays. Section 3.2 focuses on indirect methods for detecting
VHE and UHE gamma rays, along with current instruments operating in this energy
range.

3.1 SPACE-BORNE DETECTORS

Direct detection of gamma rays is based on making the gamma-ray interact with
matter, i.e., the detector, which is designed according to the dominant interaction
mechanism in the studied energy range. Detectors in the MeV band rely on Compton
scattering effects, whereas GeV detectors employ the electron-positron pair created
in the Bethe-Heitler pair production. Additionally, photo-electric absorption is used
to detect soft gamma rays below hundreds of keV and X-rays. The exact energy of
transition between the relevant processes depends on the detector material (Knoll

“The values stated are specific to air.
*The amount of matter per unit area that a particle encounters along its path.
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2000). This section focuses on GeV detectors (hereafter pair-creation detectors). The
reader is referred, e.g., to Kierans et al. (2022) and Goldwurm and Gros (2022),
for detectors designed to conduct observations of gamma rays below tens of MeV,
such as the imaging Compton telescope (COMPTEL) detector onboard the Compton
Gamma Ray Observatory (CGRO), the two instruments on the INTErnational Gamma-
Ray Astrophysics Laboratory (INTEGRAL) satellite, Imager on Board INTEGRAL
Satellite (IBIS) and SPectrometer on INTEGRAL (SPI), or the future mission Compton
Spectrometer and Imager (COSI).

The first interaction of a gamma ray with the detector takes place in the converter,
a high-Z material that enhances the probability of Bethe-Heitler pair production.
Following this interaction, the pair-creation detector aims to estimate key properties
of the incoming gamma ray: its direction, energy, and arrival time. The gamma-ray
direction is estimated by reconstructing the trajectory of the by-product (secondary)
particles from the pair-production process. Tracker detectors are employed for this
task. The electrons and positrons have to be tracked immediately after they are
created because they undergo multiple Compton scatterings and bremsstrahlung
processes, deflecting them. These effects become particularly relevant at low photon
energies (below 100 MeV; e.g. Atwood et al. 2009). As a consequence, the angular
resolution typically degrades as the energy of the incident gamma ray decreases.
The gamma-ray energy is estimated by calorimeters, which measure the total energy
of the by-products. Calorimeters are optically thick, high-Z materials where the
secondary particles dissipate their energy by developing electromagnetic showers
(see Sect. 3.2.1) and are completely absorbed. Finally, the arrival time is estimated
based on the clock time at which the detector produces an event trigger from a
particle interaction.

Although space telescopes elude the atmosphere, they still have to deal with a
large background induced by charged particles from solar origin, CRs, etc. These
particles can mask the signal of a gamma ray. Additionally, these particles can
produce gamma rays as by-products of their interaction with local material or the
Earth atmosphere. To effectively detect astrophysical gamma rays, which are a small
fraction compared with the background, suppressing the background is essential.
For this task, an anti-coincidence detector is placed around the trackers to detect
and veto charged particles producing background signals while providing minimal
absorption to gamma rays. Additional methods are used nowadays to discriminate
the background from the gamma rays (e.g. Atwood et al. 2009).

Since gamma rays cannot be reflected or refracted, the effective area of these
instruments is the detector size (see definition in Sect. 4.1.5). However, the detector
size and mass are restricted by the payload rocket capabilities and the cost of
launching heavy instrumentation to low Earth orbit. As a result, the capabilities of
space detectors are limited at gamma-ray energies above hundreds of GeV because
(1) the probability of detecting VHE gamma rays is low, as the effective area of the
detector is limited to ~1m? and the intrinsic VHE gamma-ray flux at these energies
is low. For example, the integral Crab flux above 1 TeV is ~2 x 1077 ecm 257!
(Aharonian et al. 2006). (2) The calorimeter dimensions should be thick enough
to absorb the secondary particles to properly estimate the energy of the incident
gamma ray.



3.1 SPACE-BORNE DETECTORS

Initial pair-creation detectors had a poor angular resolution and did not recon-
struct the traces of the secondaries, as the gamma-ray telescope on the Orbiting Solar
Observatory 3 (OSO-3) (Kraushaar et al. 1972). Subsequently, imaging pair-creation
detectors reconstructing the traces of the secondaries were designed. They can be
grouped into three generations. Key members of the first generation are the Second
Small Astronomy Satellite (SAS-2) and the Celestial Observation Satellite B (COS-B)
(Fichtel et al. 1975; Swanenburg et al. 1981, and references therein), while the most
successful detector of the second generation is Energetic Gamma Ray Experiment
Telescope (EGRET) onboard CGRO (Thompson 2008). Currently, the most known
pair-creation detectors (third generation) are the Large Area Telescope (LAT) on the
Fermi Gamma-ray Space Telescope (hereafter Fermi-LAT) and the Gamma Ray Imaging
Detector (GRID) onboard the Astro-Rivelatore Gamma a Immagini Leggero (AGILE)
satellite (Atwood et al. 2009; Tavani et al. 2008). Figure 1.1 shows the number of
sources detected with SAS-2, COS-B, EGRET and Fermi-LAT. Below a description
of Fermi-LAT is provided.

3.1.1 Fermi-LAT

Fermi-LAT is the most sensitive instrument nowadays operating in the GeV band.
Since its launch on 11 June 2008, Fermi-LAT has been the flagship telescope at HE
gamma rays. At an altitude of about 550 km, the Fermi Gamma-ray Space Telescope
orbits the Earth every 96 min. It primarily operates in survey mode, enabling the
monitoring of the entire sky every ~3h with an exposure time on each sky pointing
of 30 min (Atwood et al. 2009).

Fermi-LAT is arranged in 16 modular units, setting up a 4x4 array. Each unit
consists of a tracker-converter module placed on top of the calorimeter. The 16
tracker-converter units are covered by an anti-coincidence detector. The tracker-
converter is divided into two regions (front and back) where the thickness of the
converter material (foils) have different thicknesses. A thin converter in the front
region allows a better point spread function (see Sect. 4.1.5) at low energies, while
a thicker converter in the back region increases the effective area at high energies.
The total vertical thickness of the calorimeter is 8.6 radiation lengths (Atwood et al.
2009). A schematic view of Fermi-LAT is shown in Fig. 3.1.

The total effective area of the 16 modules is 0.95m? at nominal incident angles.
The half opening angle is 70° (FoV of 2.4 sr). The energy range extends from 20 MeV
to 300 GeV with an energy resolution on-axis below 15% at 100 MeV, reaching the
best energy resolution of about 6% at a few tens of GeV. The angular resolution is
reduced from <3.5° at 100 MeV to <0.15° at E > 10 GeV (Atwood et al. 2009)F.

The continuous scan of the sky with Fermi-LAT has provided the deepest all-sky
map at HE gamma rays up to date, impacting on the physical understanding of
both galactic and extragalactic sources. Fermi-LAT has detected more than 7,200
sources at energies between 50 MeV and 1TeV (see Fig. 1.1; Abdollahi et al. 2022;
Ballet et al. 2023).

tFurther information about the Fermi-LAT performance can be found in https://www.slac.
stanford.edu/exp/glast/groups/canda/lat_Performance.htm.
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Figure 3.1: Sketch of LAT. Left: Schematic cutout view of LAT. Credit: Baldini (2014). Right:
Schematic view of the components of LAT. Credit: Thompson (2015).

3.2 GROUND-BASED DETECTORS

The atmosphere acts as a calorimeter that dissipates the energy of the incident
gamma rays. When a gamma ray interacts with the atmosphere, it generates a
cascade of secondary particles known as an extensive air/atmospheric shower (EAS)
(Auger et al. 1939). The properties of the incident gamma ray can be inferred by
characterising the main properties of the EAS. However, CRs also produce EASs,
which constitute a large background that ground-based detectors have to subtract.
In particular, CRs outnumber the GeV-TeV gamma rays by more than a thousand
times (e.g. Maier and Knapp 2007), making the background rejection a key point in
GeV-TeV astrophysics.

Ground-based detectors may characterise the EAS either indirectly or directly.
The first group relies on the emission induced by the EAS, while the second detects
the tail of EAS secondary particles that reach the ground. The main detectors using
the first technique are called atmospheric Cherenkov telescopes (ACTs) because
they utilise the Cherenkov emission produced by the EAS particles as a calorimetric
measurement. If ACTs can spatially resolve the EAS through an image, they are
known as Imaging ACTs (IACTs). On the other hand, the tail of secondary particles
is detected with particle detector arraysS.

Each technique has its own performance limitations. IACTs are sensitive to
gamma rays with energies ranging from tens of GeV to hundreds of TeV. In con-
trast, particle detector arrays have a higher gamma-ray energy threshold of about
(sub-)TeV energies. However, they can be sensitive to gamma-ray energies up to
the PeV range. The development of EASs and the emission of Cherenkov radi-
ation are explained in Sects. 3.2.1 and 3.2.2, respectively. Details on IACT and
particle-detector-array techniques are provided in Sect. 3.2.3 and 3.2.4, respectively.

SThis type of detectors is referred to differently according to the reference. A collection of names
includes air shower particle detectors, particle samplers, particle arrays, particle detector arrays, air
shower arrays, and surface detectors. In this Thesis, they are named particle detector arrays.
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Figure 3.2: Schematic view of an EAS induced by a gamma ray (left) and a CR (right).
Credit: Wagner (2006).

3.2.1 Extensive air shower

The secondary particles from a gamma-ray-matter interaction will radiate most of
their energy through bremsstrahlung losses. This mechanism rules the energy losses
until the charged particles reach the energy where ionisation losses dominate. This
energy is called critical energy (in air, E. ~ 86 MeV; e.g. De Angelis and Pimenta
2018). While the radiating secondary electrons and positrons are above this critical
energy, they will produce secondary gamma rays that will subsequently create
further electron-positron pairs. The average particle energy after each interaction
decreases accordingly. As a result, a cascade of particles develops until the ionisation
losses dominate. Compton scattering dominates over Bethe-Heitler pair production
at low photon energies (~10MeV). Showers formed by gamma rays, electrons,
and positrons are called electromagnetic showers (see left panel of Fig. 3.2). These
particles are distributed longitudinally following the axis of motion of the initial
gamma ray and extend laterally due to Coulomb scattering between the particles
(Gaisser and Hillas 1977; Hillas 1982a). The maximum number of particles is
obtained when E = E.. A rough estimate of the number of particles at the maximum
particle development is N « Ey/E.. The maximum occurs at a height Hpax o
In"! (Eo/E.) (e.g. Heitler 1954; Gaisser 1991). EASs from gamma rays of tens of
GeV to a few TeV have an order of magnitude Hpax value between 12km and 8 km,
respectively (de Naurois and Mazin 2015).

The collision of a CRT with a nucleus of the atmosphere results in the production
of multiple pions, kaons and light baryons moving predominantly in the initial
proton direction (see Sect. 2.2.4). These particles will collide again, leading to the
development of an EAS. The fast decay time of neutral pions will promptly produce
gamma rays that will create electromagnetic sub-showers. Charged pions will pro-
duce muons, a fraction of which will reach the ground due to their relatively large

TWe consider in this case only particles made of hadrons. Electrons (about 1% of the CR particles)
are omitted because they initiate an electromagnetic shower.
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lifetime and relativistic effects without suffering Coulomb scattering. Meanwhile,
the other fraction will decay into neutrinos, electrons, positrons. The latter two
producing additional electromagnetic sub-showers. As a result, a heterogeneous
EAS will develop, called hadronic shower (see right panel of Fig. 3.2). CR-induced
EASs are characterised by a longer lifetime than electromagnetic EASs (the latter
lasting a few ns compared with ~10ns for hadronic showers due to the muon
component). Notably, another difference with respect to electromagnetic EASs is
the wider lateral dispersion produced by the relatively large momentum that the
charged pions impart in the collisions (e.g. Aharonian et al. 2008). In contrast, the
typical interaction in electromagnetic showers transfers a transverse momentum
to the secondary particles proportional to the electron mass, which is 270 times
smaller than the pion mass.

Despite the differences between CR- and gamma-ray-induced EASs, several
effects can make their classification difficult. Firstly, the hadronic showers can
mimic gamma-ray-induced EASs if the leading particle of the collision is a neutral
pion that produces a sub-electromagnetic shower (Maier and Knapp 2007). EASs
with low pion multiplicity'' and a large fraction of energy into neutral pions
produce an irreducible background to gamma-like-induced EASs (Sitarek et al.
2018). Secondly, the geomagnetic field has a large influence on low-energy gamma
rays. This effect widens the transversal EAS development in the E-W direction as
the e~ and e are deflected in opposite directions, resulting in a more hadron-like-
induced EAS appearance (Bowden et al. 1992; Commichau et al. 2008; Szanecki
et al. 2013).

3.2.2  Cherenkov emission

A charged particle with velocity v crossing a dielectric medium with refraction index
n will produce Cherenkov radiation if it moves faster than the speed of light c in the
medium, i.e, v > . The emission arises from the constructive interference of the
retarded potentials of the electromagnetic fields of the charged particle while they
expand at velocity c/n (Frank and Tamm 1937; Longair 2011). This superposition of
multiple contributions from different retarded times forms a shock-wave-like cone
surface with the apex at the moving particle and with an opening angle ©. relative
to the particle axis of motion (see left panel of Fig. 3.3). Therefore, Cherenkov
radiation is produced by the medium under the effect of the field of the moving
particle (Landau and Lifshitz 1984).

Alternatively, Cherenkov emission can be explained qualitatively by the reaction
of the medium with refraction index n to the passage of a charged particle. If
its velocity is v < 7, its crossing will symmetrically polarise the medium by its
electromagnetic field. In the opposite situation, v > +, the particle will produce a
non-symmetric polarisation field in the axis of motion because it travels faster than
the field that induces this polarisation (see right panels in Fig. 3.3). The Cherenkov
radiation will arise when the polarised medium relaxes.

The Cherenkov emission opening angle ©. satisfies the relation (Cerenkov 1937):

c
cos O, = pron (3.1)

''The term “multiplicity” refers to the number of produced pions.



3.2 GROUND-BASED DETECTORS

0.© 1o o O
050 0[0 %%  ©05900°,%
oo VW Zo o o- o0 2ol 0 0°
0% &2 O 50 207-]00 0c0
> o -2 9 loo Y00
OTHOPE ©p0 OS> 0?
O@ Q® O@ @@@O
o2 0 0 )
O@ % @20 ) %% O
oo @@ ® 00 @@@ 2% ©
/ vt 00 6 @Q 000 @@% ® O
= 0080|oc% @S ©0000|nee% o
v<§ v><

v>

=] (s}

Figure 3.3: Left: Schematic view of the wavefront and the Cherenkov opening angle. Credit:
Tavernier (2010). Middle and right: Schematic view of how a medium is polarised
when a particle passes with a velocity below or above the speed of light in the
medium. Credit: Adapted from de Naurois and Mazin (2015).

The spectral distribution of Cherenkov light per unit length is (Frank and Tamm
1937):

(3.2)

Relativistic particles in the EAS produce Cherenkov emission™. This emission can
be used to characterise the EAS or detect relativistic particles, subsequently deriving
properties of the primary particle.

The observed Cherenkov emission from the ground produced by an EAS will
be the emission from all the EAS secondary particles. Additionally, since the
atmosphere is not homogeneous, the refraction index will change with the height
a.s.l. and Cherenkov emission accordingly. Dedicated reviews on the Cherenkov
emission from EASs can be found in Hillas (1982b), Rao and Sinha (1988), Aharonian
et al. (2008), de Naurois (2012), and de Naurois and Mazin (2015). Below, the main
properties important for this Thesis are provided.

The Cherenkov emission from
acspEAS is a brief emission flash that lasts few ns, peaking at UV-blue wavelengths
(A =~ 300-350nm). A vertical incident gamma ray produces a flat-ish lateral distri-
bution'" of photons centred on the gamma-ray incident direction with a radius of
~120m. At larger radii, the number of photons decreases. The exact angular distri-
bution depends on the energy and height a.s.l. However, non-statistical fluctuations
in the light density appear when the gamma-ray energy decreases (Chitnis and
Bhat 1998).

CR-induced EASs produce non-uniform photon distributions with irregular and
wider timing profiles than gamma rays because the irregularities in the EAS are
propagated into the Cherenkov emission (see, e.g. Fig. 3.4 and Oser et al. 2001).
The Cherenkov emission mainly originates from the superposition of multiple

“The energy losses through Cherenkov radiation can be considered negligible compared with
bremsstrahlung and ionisation losses since they are about 0.1% relative to ionisation.
HThe projection on the ground of this flat-ish part is called light pool.
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Figure 3.4: Angular distribution of Cherenkov photons from a gamma ray (left) and a
proton (right). Credit: Errando and Saito (2024).

electromagnetic sub-showers produced by the gamma rays from neutral pion
decays (Chitnis and Bhat 1998).

The Cherenkov emission is a measurable signal to estimate the energy of the
incident gamma ray because the total number of Cherenkov photons is proportional
to the number of secondariest, which is also a quantity proportional to the incident
gamma ray energy. For example, a vertical-incident 1 TeV gamma ray produces
about 180 photons m~2 at 1.7 km a.s.l. within 125 m of the EAS axis, but only about
50 photons m~2 for a 100 GeV gamma ray (Oser et al. 2001).

3.2.3 Imaging Atmospheric Cherenkov Telescopes

IACTs are designed to detect the Cherenkov emission produced by a gamma ray
entering the atmosphere. IACTs are characterised by large collection areas that
focus the light into the focal plane where the camera digitalises the images. As a
result, the images are snapshots of the total longitudinal development of the EAS.
IACTs aim to resolve the Cherenkov image of the EAS to reconstruct the properties
of the primary event that induced it.

The technical requirements for detecting the brief Cherenkov emission of 10—
100 photons m 2 inside a circular surface of radius ~120 m and resolving the image
are (Errando and Saito 2024):

* Large collection mirrors (~100 m?) to collect as many photons as possible.

* Relative large FoV to observe the gamma rays inside the Cherenkov pool§§.
Current values are 2 3°.

HNote that the Cherenkov emission from EASs is not an ideal calorimeter for protons or heavier
particles as fewer particles yield Cherenkov light than gamma-ray initiated cascades, and some
particles such as muons are not fully absorbed in the atmosphere (see Wagner 2006; Oser et al. 2001).

$5The usual operation mode of IACT places the source of interest shifted with respect to the
telescope pointing for background subtraction (see Sect. 4.1.6.1). This mode implies that a larger FoV
is required than the one needed only from the light pool restrictions.
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¢ Fast and sensitive cameras are required to record the brief Cherenkov light
over the night sky background (NSB). Photomultiplier tubes (PMTs) with
high quantum efficiency are usually used.

* To resolve the Cherenkov image of the EAS, the angular resolution, the
pointing accuracy and the camera pixel sizes must be <0.1°.

IACTs should be placed at an altitude that optimises their performance by
ensuring (1) the EASs have sufficiently developed to allow for effective calorimetric
measurements and (2) the atmosphere has high transparency to Cherenkov light
(de Naurois and Mazin 2015). At the lowest energies, their performance is marred
by the limited number of photons detected. Consequently, IACTs suffer from a
higher energy threshold at lower altitudes. At the highest energies, IACTs are
limited by the number of gamma rays. Despite these limitations, IACTs can study
a broad energy range that spans the energy from tens of GeV to hundreds of TeV.
Furthermore, they are well suited for the study of non-thermal emission phenomena
down to sub-second time-scale (Aharonian et al. 1997b).

IACTs can detect the Cherenkov emission inside the light pool, meaning that the
effective area of IACTs is the same light pool size, i.e., ~5 X 10* m2. Nevertheless,
the typical collection area of a single telescope is small compared with the light pool
area. Therefore, the information recorded is limited to sampling bias and intrinsic
fluctuations of the Cherenkov emission by fluctuations in the EAS development
(Hofmann 2006). The current energy resolution of IACTs is about 15%.

IACTs are limited by a low duty cycle of about 15% because the sensitive cameras
require operation in astronomical darknessT or moderate moonlight conditions
(e.g. Ohm et al. 2023). The cameras are triggered when multiple pixels exceed a set
discrimination threshold. However, in addition to gamma rays, other sources can
exceed the discrimination threshold to trigger the camera, such as fluctuations in the
NSB and Cherenkov light from CRs. These background events outnumber gamma
rays by orders of magnitude and must be suppressed. Additional conditions, such
as temporal and topological coincidence of multiple pixels, are applied to suppress
accidental events from random triggers. Gamma-ray events are then separated
from CR events by exploiting their intrinsic Cherenkov emission differences (see
Sect. 3.2.2).

Placing multiple telescopes inside the light pool enables (1) to record the EAS
from different locations to reduce the sampling bias and (2) to geometrically
reconstruct the EAS from different viewing angles (Aharonian et al. 1997a). Thus,
multi-instrument observations improve the EAS reconstruction and reduce the
background level by removing events triggered randomly by a single telescope. This
approach is called stereoscopic mode and is widely used in current observatories
(see Fig. 3.5).

Initial Cherenkov telescopes were small counting-rate detectors. With them, no
robust detection of a gamma-ray source was achieved. The first detection was
accomplished with the second generation of IACTs. In particular, the first detection
was the Crab Nebula with the Whipple telescope (see Fig. 1.1; Weekes et al. 1989).
Nowadays, a transition between the third and fourth IACT generations is ongoing.
The third generation is formed by the mature Major Atmospheric Gamma-ray

TT Astronomical darkness is defined as the conditions when the Sun is 18° below the horizon.

27



28

GAMMA-RAY DETECTORS

: Gamma ray
Height
ol 0 (100 GeV)
Extensive
| air shower
X
0 Cherenkov
! emission
—F>
~10 km + ~5 km
h 4
;. 4..:4 |

5 Cherenkov
~240 m light pool
on ground

yd
~

Figure 3.5: Sketch not to scale of the stereoscopic view of a gamma-ray-induced EAS using
multiple telescopes. Each telescope views the EAS from different positions inside
the Cherenkov pool.

Imaging Cherenkov (MAGIC), the High Energy Stereoscopic System (H.E.S.S.),
and the Very Energetic Radiation Imaging Telescope Array System (VERITAS)
experiments, among others. The upcoming fourth generation will constitute CTAO.
Currently, the first telescope of CTAO is under commissioning, and more are under
construction. The reader is referred to Aharonian et al. (2008), Chadwick (2021),
Bose et al. (2022), and Mirzoyan (2023) for historic reviews on IACTs. The following
sections describe the MAGIC telescopes, CTAO, and LSTs.

3.2.3.1 MAGIC Telescopes

The Major Atmospheric Gamma-ray Imaging Cherenkov (MAGIC) telescopes are
two 17m diameter telescopes separated by 85 m working jointly in stereoscopic
mode (see Fig. 3.6). MAGIC is located at 2,200 m a.s.l. in the Roque de los Mucha-
chos observatory in the Canary Island of La Palma, Spain.
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Figure 3.6: The MAGIC telescopes. Credit: Aleksi¢ et al. (2016a).

The MAGIC telescopes are designed to achieve a low energy threshold and fast
repositioning speed to observe fast transient sources as GRBs. The close distance
between both telescopes enables the approximately simultaneous detection of the
Cherenkov light produced by the EAS that develops when a gamma ray interacts
with the atmosphere. The first telescope, called MAGIC I (M1), started data taking
in 2004 in stand-alone mode, while the second telescope, called MAGIC II (M2),
joined operations in 2009 (Aliu et al. 2009; Borla Tridon et al. 2010). Since then, both
telescopes operate in stereoscopic mode. Between 2011 and 2012, the systems were
upgraded to improve and homogenise the performance of both telescopes (Aleksi¢
et al. 2016a).

MAGIC operates in the energy range from about 50 GeV to several tens of TeV. In
particular, its sensitivity (see Sect. 4.1.6.3) above 220 GeV for 50 h of mid-zenith angle
observations is about 0.7% of the Crab Nebula flux (Aleksi¢ et al. 2016b). This value
is valid for point-like sources with a Crab-like spectrum. Despite achieving the
best performance in astronomical darkness, MAGIC can operate under moonlight
observing conditions with an increased energy threshold and lower sensitivity
(Ahnen et al. 2017a).

3.2.3.2  Cherenkov Telescope Array Observatory

The future of the VHE astrophysics requires a facility with improved sensitivity
and angular resolution. The Cherenkov Telescope Array Observatory (CTAO) is the
result of a worldwide collaboration from the VHE astrophysics community after the
experience gained in decades of developments and operation of IACTs (Acharya
et al. 2013). Conceived to operate in the energy range between 20 GeV and 300 TeV,
CTAO™ is the next-generation IACT facility. It will be located in two different
sites. They are referred as CTAO-North (CTAO-N) and CTAO-South (CTAO-S)
according to the hemisphere where the site is. CTAO-N is located in the Roque de los
Muchachos Observatory, Spain, while CTAO-S is close to the Paranal Observatory,
Chile.

The wide energy coverage of CTAO, spanning four orders of magnitude, is
achieved by combining telescopes of three different sizes distributed across the
CTAO-N and CTAO-S sites. The three telescope types are the Large-Sized Telescope

“*The official webpage of CTAO is https://www.ctao.org/.
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Figure 3.7: Layout of telescopes of CTAO in the Alpha configuration. Left: Array of tele-
scopes in CTAO-N (4 LSTs and 9 MSTs). Right: Array of telescopes in CTAO-S
(14 MSTs and 37 SSTs). Credit: Cherenkov Telescope Array Observatory and
Cherenkov Telescope Array Consortium (2021).

(LST), Medium-Sized Telescope (MST) and Small-Sized Telescope (SST) (Acharya
et al. 2013).

The layout of CTAO-N and CTAO-S is arranged according to the sources of
interest visible in each site. CTAO-N focuses on low and mid energies to observe
extragalactic sources such as GRBs, active galactic nuclei (AGNs), etc. In contrast,
CTAO-S has an improved sensitivity in the high energy range of CTAO, as the
primary goal of CTAO-S are galactic sources and sources that can emit up to
PeV energies. The key science projects of CTAO are described in more detail in
Cherenkov Telescope Array Consortium et al. (2019). To achieve these goals, the
current official layout is called Alpha configuration and it considers 4 LSTs and 9
MSTs in the CTAO-N array, while 14 MSTs and 37 SSTs will form CTAO-S. This
configuration will be the layout during the first stage of the CTAO construction.
However, there are plans to increase the number of telescopes in CTAO-S with two
LSTs in the centre of the array (Antonelli 2023). Figure 3.7 shows the telescope
layout for CTAO-N and CTAO-S in the Alpha configuration. Note that the LSTs are
placed close together to detect the faint gamma rays whose Cherenkov emission
density is low and peaks towards the EAS axis. The SSTs are distributed in a
wide surface area to increase the effective area and detect more photons in the
high-energy range of CTAO.

Figure 3.8 shows the differential flux sensitivity for CTAO-N and CTAO-S. The
sensitivity curves can be compared with the sensitivity of current and future
instruments. Notably, CTAO will have an improved sensitivity at 1 TeV by an order
of magnitude with respect to current facilities (see Acharyya et al. 2019; Gueta
2021, for further information), unveiling dimmer sources that cannot be detected
with current instruments. CTAO will have an improved angular resolution than
current IACT facilities that will play a role in improving the detection significance
of point-like sources and resolving the morphology of extended sources (Hofmann
2006).
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Figure 3.8: Comparison between the CTAO differential flux sensitivity for a Crab-Nebula-
like spectrum in 50 h of observations with other experiments (see definition of
sensitivity in Sect. 4.1.6.3). Credit: Cherenkov Telescope Array Observatory and
Cherenkov Telescope Array Consortium (2021).

CTAO is sensitive to gamma rays that overlap with energies accessible with Fermi-
LAT, between a few tens and hundreds of GeV. The observation of gamma-ray
sources with CTAO and Fermi-LAT will provide complementary capabilities for
emission studies. While Fermi-LAT has a wide FoV, CTAO is extremely sensitive to
gamma-ray emission at short timescales. Figure 3.9 compares the differential sensi-
tivity between CTAO-N and Fermi-LAT as a function of time for certain energies
accessible for both instruments. The better performance of CTAO over Fermi-LAT
is important not only for an improved detectability of transient sources, but also
for better spectral constraints in an energy range where spectral features such as
breaks and cutoffs appear. Note, however, that long exposures of transient sources
with IACTs may be challenging for several reasons. The low duty cycle of IACTs,
the source visibility, and the relatively small FoV makes it difficult to continuously
observe the same source and achieve a total observation time of more than a few
hundred hours per year at most.

3.2.3.3 Large-Sized Telescopes

The Large-Sized Telescopes (LSTs), with a 23 m diameter mirror dish (area ~400 m?),
are the largest IACTs in CTAO. They are designed to cover the low-energy band
of the CTAO energy range. LSTs collect the light using a single parabolic dish
constituted by 198 segmented mirrors that focus the light in the focal plane at a
distance of 28 m, where the camera is placed (focal ratio f/D = 1.2; see Fig. 3.10).
The camera is composed of 1,855 high quantum-efficiency (~40% at 350 nm) PMTs
grouped into 265 modules of 7 PMTs each. The camera FoV is about 4.5°, and each
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Figure 3.9: CTAO and Fermi-LAT differential flux sensitivity as a function of time (see
definition of sensitivity in Sect. 4.1.6.3). Credit: Cherenkov Telescope Array
Observatory and Cherenkov Telescope Array Consortium (2021).

pixel covers about 0.1°. More information about the camera specifications can be
found in Saito et al. (2021).

Each PMT module is connected to a readout board that processes the signals from
the PMTs. To increase the dynamical range from 1 to 3,000 photoelectrons (p.e.),
the signal is amplified using two gain levels. The two channels are called low
gain (LG) and high gain (HG). The signals in these channels are sampled at 1 GHz
using Domino Ring Sampler 4 (DRS4) chips embedded in the readout board. The
chips store the analogue information in a ring buffer, which is composed of 1,024
sampling cells (known as capacitors; Bitossi et al. 2016). Subsequently, the analogue
signals are digitalised by an analog-to-digital converter (ADC) at 33 MHz. For
further information on the readout system, the reader is referred to Nozaki et al.
(2020) and Masuda et al. (2015), as well as to references therein.

The Cherenkov light is recorded if it produces a signal in the PMTs that satisfies
a trigger criterion: the combination of summed-up signals from neighbour modules
has to exceed a certain discriminating threshold. Moreover, a multi-telescope trigger
is possible when the Cherenkov emission is detected simultaneously within a
certain time window by several telescopes.

The mirrors and camera are mounted on a light alt-azimuth mount of carbon-fiber
tubes. Motors in each axis move the structure of about 100 tones. The pointing
accuracy requirement by design is below 14” (Cortina and Teshima 2015), which is
obtained after a post-calibration of the data (Foffano et al. 2021).

LSTs are suited for the detection of gamma-ray sources at energies from tens
to hundreds of GeV because of two important factors: (1) The large reflective
surface of about 400m? and (2) the trigger threshold optimised to achieve the
lowest gamma-ray energy threshold of 20 GeV (Abe et al. 2023b). Additionally,
LSTs are ideal for follow-up observations of transient sources (Inoue et al. 2019;
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Figure 3.10: LST-1 in April 2024.

Cherenkov Telescope Array Consortium et al. 2019) thanks to the fast slewing of
180° between coordinates above the horizon in about 20s (Cortina and Teshima
2015). Furthermore, the relatively wide 4.5° FoV camera allows for the coverage
of broad sky regions, which is beneficial in the search for transient sources with a
localisation uncertainty of a few degrees.

The first LST (LST-1), see Fig. 3.10, was inaugurated in October 2018 in the Roque
de los Muchachos observatory in La Palma, Spain. LST-1 is the first out of four LSTs
that will constitute the CTAO-N array. By the time this Thesis is written, LST-1 is in
the commissioning phase and has been taking scientific data regularly since the end
of 2019 (Moralejo 2021; Abe et al. 2021), which is used to assess the performance of
the telescope and debug the different subsystems during regular operations. Over
2,800 h of observation time has been taken with LST-1 until April 2025. The first
scientific results of these observations were already published (e.g. Abe et al. 2023).
The three remaining LSTs (LST-2—4) in CTAO-N are currently under construction
and expected to be integrated and commissioned by 2026-2027 (Abe et al. 2023).

3.2.4 Particle detector arrays

Particle detector arrays detect the particles that form the EAS. They sample the
distribution of particles on the Earth surface. Multiple particle detectors are placed
in a large area constituting an array to maximise the effective area at the highest
energies. Experiments using this technique have to be placed at high altitudes to
maximise particle detection and lower the energy threshold down to (sub-)TeV
energies. Particle detector arrays are typically sensitive to gamma-ray energies from
about TeV to several hundred of TeV, and in some facilities, they can reach PeV
energies.

Depending on the technique employed to detect these particles, particle detec-
tor arrays can be classified into two main categories: measures through particle
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counting or calorimetry. The former technique uses scintillators or resistive plate
counters, while calorimetric measures are performed with water Cherenkov detec-
tors (WCDs).

Scintillators or resistive plate counters track the charged particles passing through
the detectors. Tibet ASy and ARGO-YB]J are two experiments that used scintillators
or resistive plate counters, respectively (Amenomori et al. 1999; Bartoli et al. 2013).
Additionally, underground detectors can be used to detect penetrating muons pro-
duced in hadronic showers. This capability, for example present in Tibet AS+y, allows
for background-free observations of the gamma-ray sky at energies above ~100 TeV,
facilitating the study of astrophysical sources that can accelerate particles up to PeV
energies (Amenomori et al. 2019). WCDs, on the other hand, are composed of tanks
of water in which the charged particles of the EAS are absorbed, while producing
Cherenkov radiation. This emission is detected with photocathodes inside the tank.
WCDs are used, e.g., in the High-Altitude Water Cherenkov (HAWC) Observatory
(Abeysekara et al. 2023).

The limited sampling capabilities of particle detector arrays and the fact that
the number of particles detected on the ground strongly depends on the EAS
development, which fluctuates from EAS to EAS (see Sect. 3.2.1), result in a de-
graded energy resolution, typically of ~50%. However, they have a large duty cycle
(5100%) and a wide FoV (~sr). These characteristics make particle detector arrays
excellent experiments for sky surveys. Their angular resolution improves with
energy, reaching the best resolution at ~0.1° at the highest energies. Nevertheless,
IACTs outperform in angular resolution particle detector arrays at the energy range
where they overlap (Sitarek 2022).

The first large-scale dense WCD dedicated to the study of VHE gamma-ray
sources was the Milagro Gamma Ray Observatory (Atkins et al. 2000), whose
success motivated the construction of the HAWC observatory. Other notable particle
detector arrays are the Tibet ASy experiment, which has been operating since 1990
through multiple phases, and the ARGO-YB] detectors. The combined experience
from ARGO-YBJ, HAWC, and Tibet AS laid the foundation for the next generation
of experiments that combined multiple detector techniques, culminating in the
Large High Altitude Air Shower Observatory (LHAASO), the most extensive and
sensitive particle detector array nowadays. LHAASO uses WCDs, scintillators, and
wide-field Cherenkov detectors (Cao et al. 2019). LHAASO is a circular detector of
about 1.45km?, with its inner region formed by a packed array of WCDs called the
water Cherenkov detector array (WCDA) (LHAASO collaboration 2021). WCDA
is surrounded by a 1.3km? array of scintillators and muon detectors (KM2A;
Aharonian et al. 2021). Additionally, 18 wide-field Cherenkov detectors are placed
next to WCDA. Furthermore, an array of IACTs is under construction (Zhang et al.
2024).

The high duty cycle and wide FoV of particle detector arrays have significantly
advanced the study of extended sources and diffuse VHE gamma-ray emission,
while also enabling deep surveys at multi-TeV energies of a large fraction of the
sky (Bartoli et al. 2014; Abeysekara et al. 2017, 2018; Albert et al. 2020; Amenomori
et al. 2021). Moreover, these instruments offer an unbiased view of variable sources
and facilitate the serendipitous detection of bright transient sources (Bartoli et al.
2011; LHAASO Collaboration et al. 2023; LHAASO Collaboration 2023). Notably,
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LHAASO has published a catalogue of 43 sources that emit at UHE gamma rays
(Cao et al. 2021, 2024), including the Cygnus region (LHAASO Collaboration 2024)
(see Fig. 1.1). Sources emitting at UHE gamma rays may be potential hadronic

accelerators capable of accelerating particles up to PeV energies (see Sect. 2.2.4).

These sources are referred to as hadronic PeVatrons. Identifying such astrophysical
accelerators is crucial for addressing the long-lasting question of the origin of
Galactic CRs observed at Earth (e.g. Blasi 2013).
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IACT DATA CALIBRATION, PROCESSING
AND HIGH-LEVEL ANALYSIS

The reduction and processing of the raw data obtained with a given IACT into a list
of gamma-ray-like events is called low-level data analysis. In contrast, high-level
data analysis refers to analysing the gamma-ray-like events to obtain scientific data
products (spectra, light curves, sky maps, etc.). In this chapter, the low-level and
high-level data analysis of the IACT technique are described, focusing on LST-1
and MAGIC+LST data analysis.

41 GENERAL DESCRIPTION OF THE DATA ANALYSIS FLOW

To extract the properties of gamma-ray events from raw IACT data, three key
processing steps are required:

¢ Data calibration.
¢ Background subtraction.
* Reconstruction of the primary particle properties.

Due to computation limitations and the spatially localised Cherenkov signals
in the recorded data, low-level IACT analysis typically relies on a limited set of
parameters that describe the data rather than the full dataset to infer the prop-
erties of gamma-ray events. As a result, the data analysis includes successive
steps to filter out irrelevant information for this characterisation and suppress the
background noise while preserving the Cherenkov signals. Different techniques
exist to reduce IACT calibrated data. Here we will focus on a multivariate-based
particle-property reconstruction (known as Hillas-based method). For alternative
particle-reconstruction approaches, the reader is referred to works such as Parsons
and Hinton (2014), Shilon et al. (2019), and Abe et al. (2024b).

4.1.1 Calibration

The Cherenkov signal is recorded by a fast GHz readout system. The IACT raw
data consists of a sequence of measurements in ADC units sampled at discrete
timestamps per pixel per gain channel. These time series are referred to as “wave-
forms”.

To ensure accuracy and the lowest possible level of noise, the waveforms must
be corrected for potential systematic effects introduced by the readout system. In
addition, the time and charge measures need to be calibrated to physical quantities
related to the recorded light, i.e., ADC need to be transformed to p.e. counts.
Finally, the camera response is homogenised across all pixels (a process known as
flat fielding) to have an isochronous, uniform response in all parts of the camera
under the same exposure of light. As the quantum efficiency of pixels varies, these
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Figure 4.1: Pixel charge and trigger (arrival) time distribution in the LST camera frame for
a simulated gamma ray.

processes are done on a pixel-wise basis. The specific corrections and calibration
methods depend on the readout system and the camera design (e.g. Holder et al.
2006; Aleksié¢ et al. 2012; Kobayashi et al. 2021).

41.2 Charge integration and image cleaning and parametrisation

After calibration, waveforms are integrated over a certain time window positioned
along the waveform to extract the total signal associated with the event. This charge
integration results in “camera images”: a single charge and trigger (arrival) time
values per pixel (see Fig. 4.1). Various methods exist for signal integration and
arrival time estimation (e.g. Albert et al. 2008a).

The recorded image onto the camera plane from a gamma-ray-induced EAS
is a bundled comet-like shape that points its head towards the source direction.
Its major axis is related to the projection of the longitudinal development of the
EAS, while the transversal axis is connected to the lateral development. As the
perpendicular distance between the pointing direction of the telescope and the EAS
axis increases (called the impact parameter), the image appears more elongated, and
its centroid is more displaced from its origin due to parallax (Lessard et al. 2001;
Aharonian et al. 2008).

The total charge of the image increases with the primary particle energy. EASs
at larger zenith angle (ZA) directions will produce relatively dimmer images
because the photons in the light pool are distributed on a larger surface. As a
result, the energy threshold will be increased despite the increase in effective area
(see definition in Sect. 4.1.5). The opposite occurs as the ZA decreases because
the distance between the telescope and the position where the EAS reaches the
maximum number of secondary particles is reduced.

The Cherenkov signal in the images presents a time gradient of a few ns (see right
panel of Fig. 4.1), which is a critical piece of information for analysing the signal of
CR-induced EASs (see Sects. 3.2.1 and 3.2.2). Furthermore, time information breaks
the degeneracy between dim close and bright far EASs in single telescope mode
(Aliu et al. 2009; de Naurois and Mazin 2015).

The images of CR-induced EASs projected onto the camera plane are more
irregular and with wider transversal development than gamma rays (see comparison
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Figure 4.2: Pixel charge distribution in the LST camera frame of a bright simulated gamma
ray (left) and proton (right).

in Fig. 4.2 and Sects. 3.2.1 and 3.2.2). Additionally, a single muon event created
in a hadronic shower can produce a ring-shaped or arc-shaped image if it passes
close or far to the telescope, respectively. Its characteristic shape results from their
straight trajectory with a constant Cherenkov cone angle. Muon rings are used as
calibrators to assess the absolute optical efficiency of the telescope (e.g. Gaug et al.
2019).

Typically, the Cherenkov signal is confined to just a few tens of pixels (see Fig. 4.2),
which is a small fraction of the total number of available pixels of IACT cameras,
O(1,000). The rest of the camera records background noise (NSB, PMT after pulses®,
moonlight, electronic noise, etc.). Images are cleaned up to keep only triggers
with Cherenkov images and reduce the NSB noise that strongly affects the image
parametrisation (see Fig. 4.3). Various cleaning techniques exist that exploit the
distinct characteristics of Cherenkov images to discriminate them from signal-less
pixels.

Cleaning methods are typically based on a two-level procedure, and can account
also for additional conditions, e.g., arrival time coincidence. A widely used method
is the “tail-cut” cleaning method, which applies two different charge thresholds:
the “picture” and “boundary” thresholds (Daum et al. 1997), the former employing
a higher charge value than the latter. In the tail-cut method, a pixel passes the
cleaning if either (1) its charge exceeds the picture threshold (referred as core pixel),
or (2) its charge is above the boundary threshold and adjacent to a pixel exceeding
the picture threshold (boundary pixel). An additional condition requires that a
minimum number of core pixels are needed adjacent to the trigger pixel.

Including the temporal information in the cleaning procedure is particularly
important at low energies because it provides an independent cut in addition to
the one on the charge. Such an independent cut makes noise discrimination more
efficient than using only charge information since background-dominated pixels
do not show temporal coincidence among them. As a result, the cleaning charge
thresholds can be reduced while keeping an acceptable noise level, allowing to

*After pulses are spurious signals that follow genuine pulses. They are produced when an ion is
accelerated back to the photocatode of the PMT (Akchurin and Kim 2007). After-pulse charge can
range from 1 p.e. to several tens of p.e. and can be mistaken for true pulses.
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Figure 4.3: Pixel charge distribution in the LST camera frame with the first and second
image moments superimposed in red. The image moments are obtained using
charges from green-highlighted pixels that survive the LST image cleaning (see
Sect. 4.3.3).

reduce the energy threshold. More sophisticated cleaning algorithms exist, e.g.,
Lessard et al. (2002) and Bond et al. (2003).

Once the images are cleaned, the surviving pixels are parametrised using the
charge distribution camera image moments' and additional features (see Fig. 4.3;
Hillas 1985; Abe et al. 2023b). The image moments include the intensityi, the centre
of gravity (CoG)S, and the length and width, which correspond to the zero, first,
and second moments, respectively. Intensity is the total charge in the surviving
pixels, the CoG is the weighted average barycenter position, and length and width
are the standard deviation of the eigenvalues of the major and minor principal
components of the image, respectively. The length parametrises the major axis of the
bundled comet-like shape, while the width describes the EAS development along
the transversal axis. The image moments can be represented as an ellipse, whose
centre is the CoG and its semi-major and semi-minor axes are the length and width,
respectively (see Fig. 4.3). Additional parameters such as the angle between the
major principal component and the camera x-axis (i), the skewness, kurtosis, and
time gradient, among others, can also be used to further parametrise the images.

In single-telescope observations, EAS reconstruction suffers from geometric de-
generacy (Akerlof et al. 1991). Instead, stereoscopic observation of the same event
can reconstruct the EAS development in three dimensions. A geometric reconstruc-
tion provides an initial estimation of the shower direction (viz. primary particle
direction), the impact parameter, and the maximum EAS height (Hmax, see Sect. 3.2.1).

fThe parameters describing the moments up to second order and the orientation of the Cherenkov
light image are known as Hillas parameters.

¥ Also known as size.

§ Also known as centroid or event position. Furthermore, the distance between the CoG and the
centre of the camera is referred as distance.
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Figure 4.4: Geometric reconstruction of the EAS parameters using two telescopes. Credit:
Berti (2018).

This improved parametrisation boosts both the background suppression and the
accuracy of the event reconstruction (Daum et al. 1997; Maier and Knapp 2007).
For example, the latter parameter is important for gamma ray/CR discrimina-
tion because (1) CRs have a larger radiation length than gamma rays and sub-
electromagnetic showers are produced at lower altitudes because the secondary
particles have to decay, (2) muons at high impact parameters can mimic gamma
rays, but the recorded light comes only from low altitudes (Hmax ~ 2km). Figure 4.4

shows the stereoscopic reconstruction of an EAS from the Cherenkov images of two
IACTs.

4.1.3 Ewvent reconstruction

The IACT technique reconstructs the primary particle properties from the recorded
images, accounting for the EAS development, the Cherenkov emission and propa-
gation, as well as additional instrumental effects (see Sect. 3.2.3). All these effects
can only be expressed analytically under simple assumptions and approximations
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Figure 4.5: Schematic view of the disp method for a single telescope (left) and in a stereo-
scopic mode (right). The latter view describes the approach in Aleksi¢ et al.
(2016b). Image adapted from Carreto Fidalgo (2019).

(e.g. Bernlohr et al. 2013; Aharonian et al. 2008). Consequently, Monte Carlo (MC)
simulations are often employed to accurately account for them.

Machine learning techniques, trained with MC simulations, are widely used to
reconstruct the properties of the primary event (reconstructed energy, direction and
particle type). This reconstruction step is commonly performed using algorithms
like random forest (RF) or boosted decision trees. The training datasets typically
consist of MC-simulated gamma-ray and background events (typically protons),
or observational background data (OFF data, e.g. Berti 2018; Abe et al. 2023b). In
addition to decision tree-based methods, various other approaches can be used for
parameter-based estimators including machine learning neural networks, MC-filled
look-up tables, and more (Bock et al. 2004; Murach et al. 2015; D’Amico 2022).

While image parameters provide relevant information for reconstructing the
primary particle properties, multiple parameters are used in parameter-based
reconstruction methods, as they can contribute with complementary information.
The main reconstructed particle properties include:

* Energy reconstruction. Regression algorithms or lookup tables are commonly
used to estimate the reconstructed energy of the primary particle (e.g. Aleksi¢
et al. 2012; Krawczynski et al. 2006). Both the impact parameter and intensity
are relevant features for this task. Due to the wide range of energies involved,
the logarithm of the intensity is considered. The reconstructed energy can also
serve as an input parameter for reconstructing other properties (Abe et al.
2023b).

¢ Direction reconstruction. The disp method is widely employed to estimate the
arrival direction of the primary particle. The disp parameter is defined as the
angular separation between the CoG and the reconstructed direction (see left
panel of Fig. 4.5). The length/width is a relevant parameter for this task, as disp
is proportional to the ellipticity of the image (see Sect. 4.1.2; Lessard et al. 2001).
In single telescope observations, the reconstructed arrival direction is assumed
to lie along the semi-major axis of the image ellipse (Lessard et al. 2001), while
in stereoscopic observations, the direction is reconstructed by combining the
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Figure 4.6: Gammaness distribution from MC gamma rays and protons. Left and right plots
show the distributions for events with energies below and above 500 GeV. Credit:
Mas-Aguilar (2025).

disp estimates from the multiple images, which are obtained either using
machine learning or geometric methods (see right panel of Fig. 4.5; Aleksi¢
et al. 2016b; Maier and Holder 2017; Hofmann et al. 1999). The parameter 6 is
used to describe the angular separation between the source position and the
reconstructed position of the event (see Fig. 4.5).

¢ Particle classification. For bright Cherenkov images, simple cuts on image
parameters can effectively distinguish gamma-ray events from the background
(box cut; e.g. Lessard et al. 2001). However, for low-energy events with small,
dim images, classification becomes more complicated. In such cases, clas-
sification algorithms are required (Aleksi¢ et al. 2016b; Krause et al. 2017;
Abe et al. 2023b; Ohm et al. 2009). A common discriminating variable is the
gammaness (or its complement, hadroness), which indicates how likely an event
is to be a gamma ray (or a hadron), with values ranging from 0 (unlikely) to 1
(highly likely). At high energies, gamma rays and CRs can be easily separated,
with their gammaness distributions peaking at opposite sides of the gammaness
parameter space. At low energies, however, the distributions overlap, making
discrimination more difficult (see Fig. 4.6). Parameters such as the width and
Hmax provide relevant information for gamma-ray/hadron separation.

4.1.4 Event selection

A subset of surviving events is selected through event selection cuts to select
gamma-ray candidates. The most important selection criteria involve the gammaness
score, as well as the angular separation for a point-like analysis. However, additional
parameter cuts can be applied to exclude poorly reconstructed events or events close
to the telescope energy threshold. For instance, events near the energy threshold
are contaminated by CRs and muons, whose images are too small to be accurately
parametrised, leading to a large background (see Sect. 3.2.1).

The gammaness and angular separation cuts can be applied as a single threshold
value across the entire energy range (hereafter global cuts), or as energy-dependent
cuts. The latter are derived using an MC test sample. The method aims to retain a
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fixed faction of gamma-ray events in each energy bin. For each bin, the parameter
value (gammaness cut or angular separation cut) that satisfies this condition is
considered. As a result, these cuts maintain a certain percentage of simulated
gamma rays across the energy range. The cuts with this technique are known as
energy-dependent efficiency cuts.

The specific values for the gammaness and angular separation cuts depend on the
purpose of the analysis. For datasets with low event counts (such as high energies or
short timescales), loose cuts! are typically preferred to increase statistics. Conversely,
at low energies or in the analysis of extended sources, tight cuts'' may work better,
as they provide an improved signal-to-background ratio (S/B) and reduce the
systematic uncertainties in the background. However, loose cuts usually are less
prone to systematics that arise from differences between MC and observational
data, making them preferable for spectral analyses where minimising systematic
biases is critical. The cut values can be optimised using both MC simulations or
observational data by maximising the signal detection (see Sect. 4.1.6.1) or the
sensitivity (see Sect. 4.1.6.3). Nevertheless, careful treatment is essential because the
results are sensitive to the energy range, energy binning and spectrum.

4.1.5 Instrument response functions

The measured quantities of the recorded event must be related to the physical
quantities of the incident photon to derive absolute energies and fluxes. Therefore, a
parametrisation of the telescope response is required. The mathematical description
that connects the reconstructed and absolute quantities is known as the instrument
response functions (IRFs). The IRFs are derived from MC simulations designed to
reproduce the observing conditions. These simulations undergo the same analysis
steps and selection cuts as the observational data to ensure consistency. IACT IRFs
are factorised into three main factors™: the effective (collection) area, the energy
dispersion, and the point spread function.

o Effective area (Aeff) measures how effective the collection area of the detector
is for a given absolute photon energy (true energy; Eyye) and offset angle. It
is defined as

Aett = Asim Nza\f;er cuts ’ (4.1)
total
where Nipa1 and N gier cuts are the total number of simulated events before and
after applying the event selection cuts, respectively (see Sect. 4.1.4). The factor
Asim is the simulated area, which takes the form Agn = nIrznax, where Iy is
the maximum impact parameter of the simulated gamma rays. Left panel of
Fig. 4.7 shows Aeff at a fixed offset angle of 0.4°.

TLoose cuts refer to event selection cuts that tend to prioritise completeness over purity of
candidate gamma-ray events.

'"'n contrast to the loose cuts, the tight cuts tend to prioritise the purity over completeness of
candidate gamma-ray events.

“See IRF data formats for gamma-ray astronomy in https://github.com/
open-gamma- ray-astro/gamma-astro-data- formats.
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Figure 4.7: Aeff (left) and edisp matrix (right) at an offset angle of 0.4°. The IRFs corre-
spond to MC simulation at ZA = 25° after applying energy-dependent cuts in
gammaness and 6 of 90% and 70%, respectively (Abe et al. 2024c).

* Energy dispersion (edisp) measures the energy resolution and bias. It gives
the probability to reconstruct a photon with energy E when its true energy
is Etrue for a given offset angle. Due to the typical 15% energy resolution of
IACTs (see Sect. 3.2.3), the reconstructed energy of gamma rays is spread
across their absolute energy and worsens at the lowest energies. Right panel
of Fig. 4.7 shows the edisp matrix at a fixed offset angle of 0.4°.

* Point spread function (PSF) quantifies the deviation of reconstructed arrival
directions from a point-like source when the absolute energy of the photon is
Eirue. Typical values are in the range of 0.01°-0.1°.

For tailored MC simulations, the exact values of the IRFs will depend on multiple
circumstances such as the observing conditions (telescope pointing, NSB, ...), or the
telescope performance (mirror reflectivity, PMT, ...), among others. Additionally,
their values will depend on the cut in the event selection step. For example, as the
ZA of the telescope increases, the effective area at low energies will reduce, whereas
it will increase at high energies (see Sect. 4.1.2; Abe et al. 2023b).

In the framework of CTAO, the IRFs are computed with the python software
package pyirf'" (Dominik et al. 2023).

4.1.6 High-level analysis

Gamma-ray-candidate events and the IRFs are used to obtain the scientific products.
Depending on the purpose of the study and the characteristics of the region that
is being observed, different types of analyses can be performed, e.g. the study of
the spectral distribution of the gamma-ray signal, the source morphology, and the
temporal variations in the recorded data. This section focuses on the analysis of
point-like sources using aperture photometry. This type of analysis is also called
1-D analysis since this approach only considers the energy dimension. In contrast,
analyses that use spatial information are called 3-D analyses, as they consider
energy and spatial coordinates.

Hhttps ://github.com/cta-observatory/pyirf
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VHE data analysis requires careful statistical treatment because of the inference
analysis needed to derive the properties of the gamma-ray source and the large
background that affects the data. Poisson statistics are typically used in IACT
data. Likelihood-ratio tests are commonly used to test the null hypothesis to draw
inferences from the experiment, i.e., the observation. Similarly, the normalised
likelihood function is maximised for parameter estimation and model fitting. The
reader is referred to Cowan (1998), Sprott (2000), Burnham and Anderson (2002),
and Kenett et al. (2022) for detailed reviews of statistical inference and data analysis.

When multiple observations are considered, two type of fitting methods can
be used in binned data. The stacked and joint fitting. The former gathers all the
binned events into a single cube and a single log-likelihood function is used in
the maximum likelihood estimation. We refer to “cube” as the resulting entity that
contains data binned into bins or boundaries in a n-dimensional data cube. For
example, an energy-only analysis is formed by a 1-D energy cube, a time-only
analysis contains a 1D time cube, or a morphology-only study uses a 2-D cube.
Combination of them can form higher-dimensional cubes such as an image-energy-
time cube of four dimensions. In contrast, the joint fitting samples the different
observations into different cubes, each contributing with a term in the log-likelihood
function. The total log-likelihood function is obtained through the product of each
observation likelihood function. Similarly, a joint fitting is considered when the
data from multiple instruments are fitted simultaneously (e.g. Nigro et al. 2019).

The open-source software package Gammapy has been developed for high-level
gamma-ray data analysis. Gammapy is the official software for the analysis of CTAO
data and contains the scientific tools for IACT data analysis (Donath et al. 2023).
This section describes typical scientific products in IACT analysis in the framework
of Gammapy.

4.1.6.1 Signal detection

For a point-like source, the angular distribution of the # parameter peaks towards
the source position (see Fig. 4.5), while the background contribution from hadrons
remains constant. To search for a signal, it is common to display the 62 distribution
centred on the source position and compare it with the 2 distribution of a region
empty of gamma-ray sources with a similar telescope acceptance.

Usually, IACTs operate in wobble mode: the telescope is pointed at a given offset
from the source and observations are performed around the offset ring centred on
the source (see Fig. 4.8; Fomin et al. 1994). The offset between the telescope pointing
and the source allows to estimate the background using the opposite region in the
camera. The reflected region at 180° from the telescope pointing to the source axis
is used since the acceptance of the telescope should remain almost identical (Berge
et al. 2007). Additionally, more regions can be used for background estimation in
the offset ring, e.g., utilising symmetric regions at rotation angles +90° with respect
to the source. Alternatively, other pointing strategies exist such as ON/OFF or drift
scantt observations (Weekes 1973; Weekes et al. 1989).

In the aperture photometry approach, the region where the signal is estimated
is called the signal (ON) region, while regions for background estimation are

HThe telescope is not pointing at a fixed RA/DEC position.
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Figure 4.8: Schematic view of the wobble mode with the ON and OFF regions highlighted
in red and blue, respectively. Credit: Moralejo Olaizola (2000).

called OFF regions. Their size is optimised based on the source and telescope
performance. Inside these regions, the number of counts is summed up to compute
the significance of detection using equation 17 of Li and Ma (1983).

4.1.6.2 Spectral energy distribution and light curve

The event list with reconstructed energy has to be unfolded from the telescope
distortion to obtain absolute quantities. Two methods are typically employed:
unfolding and forward folding. In this Thesis, the forward folding is the only
method used. It assumes a prior spectral model to convolve with the IRFs and
obtain the predicted counts for that model. Then, the observed and predicted counts
are fitted (Piron et al. 2001). The reader is referred, e.g., to Anykeyev et al. (1991)
and Albert et al. (2007) for further information about the unfolding approach.

The spectral energy distribution (SED) is obtained by multiplying the differential
energy spectrum by E2. In a 1-D binned analysis, the events are binned into multiple
energy bins to fit the model. The best-fit model is obtained through the Poisson
maximum likelihood fitting of the data range. The SED points are computed
by refitting the global best-fit model in each energy bin with a corrective factor
(Donath et al. 2023). On the other hand, the light curve is obtained by integrating
the differential energy spectrum in a certain energy range in a given time window.
The same procedure for the flux computation as that used in the SEDs is followed
to compute the light curve.

4.1.6.3 Sensitivity

The performance of the analysis can be quantified using the term sensitivity, which
is defined as the minimum gamma-ray flux (differential or integrated) required
to detect a source at 50 significance (equation 17 in Li and Ma 1983 is commonly
used at VHE gamma rays). Usually, the differential flux sensitivity is reported
to describe the spectral analysis performance. Depending on the energy range,
additional restrictions can be considered, such as a minimum of 10 gamma rays per
energy bin or a S/B of at least 1/20 (e.g. Aleksi¢ et al. 2016b). This definition only
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applies to point-like sources and it is commonly calculated in a five-bins per decade
logarithmic energy binning. In IACT data, the sensitivity is usually computed for
50 h of observation. Figure 3.8 shows the differential sensitivity for different VHE
experiments. For short timescale emission studies, however, the sensitivity can
be computed for observation times shorter than 50h, or it can be expressed as a
function of the observation time (see, e.g. Figs. 3.9 and 5.9).

42 DATA LEVELS IN CTAO

A hierarchy of data levels is established in the framework of CTAO to standardise
the data products in each step of the analysis chain explained in Sect. 4.1. These
levels range from the raw data to the scientific data products. They are ordered as
follows (Contreras et al. 2015):

¢ Raw level 0 (RO). Data consisting of uncalibrated waveforms produced by
the readout boards. This level is not saved to disc but automatically sent for
processing.

* Raw level 1 (R1). Waveform data pre-calibrated by the data acquisition system
and transformed into a common format. This level will not be recorded to
disc.

¢ Data Level 0 (DLO0). This is the first data preserved for long-term storage. It
contains the R1 files reduced and divided into different data streams.

e Data Level 1 (DL1): This data level is divided into two sublevels.

- First Data level 1 (DL1a): Single charge and timestamp (signal arrival time)
per pixel. These data are the camera images.

- Second Data level 1 (DL1b): Geometrical parametrisation of the camera
images.

* Data level 2 (DL2): Parametrisation of the shower with particle type classifica-
tion and estimation of its energy and direction.

e Data level 3 (DL3): Event list of selected events and IRFs. CTAO will deliver
these data to the community.

¢ Data level 4 (DL4) and Data level 5 (DL5): Multidimensional binning of the
event list and scientific data products, respectively.

43 1sT-1 DATA ANALYSIS

This Thesis mainly uses LST-1 data. Cta-lstchainS$ (Lépez-Coto et al. 2022) is
the dedicated software analysis pipeline for the low-level analysis of LST-1 data.

Cta-lstchain is based on ctapipe, the low-level processing pipeline software of
CTAO (Linhoff et al. 2023). To make the LST-1 raw data compatible with ctapipe,

§§https ://9ithub.com/cta-observatory/cta-lstchain
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the package ctapipe_io_1stIT js currently used. The analysis of LST-1 data is
detailed in this section, following the workflow outlined for analysing IACT data
(see Sect. 4.1).

4.3.1 Calibration

In response to an event trigger, the readout system of LST, based on DRS4 (see
Sect. 3.2.3.3), reads out a window of 40 measures sampled at a rate of about 1 GHz™*
with a resolution of 12 bits per sample. A waveform for the HG and LG channels is
recorded (see Sect. 3.2.3.3). These waveforms require a series of software corrections
to suppress electric noise induced by the readout of DRS4, calibrations to express
the signal in physical units (absolute calibration), i.e., p.e. and absolute time, and
equalise the pixel response to the median camera response (relative calibration).
Details on the LST calibration can be found in Cassol et al. (2025).

4.3.1.1 DRS4 calibration

The DRS4 chip produces an electric noise that affects the baseline of the signal
readout and its sampling time.

Waveform corrections''. Three different software corrections are applied to
obtain a uniform waveform baseline between all capacitors of the DRS4:

* Baseline correction. The baseline of each capacitor in each channel of the
DR$S4 is different due to small physical differences. As a result, the standard
deviation of the mean baseline between capacitors is much larger than the
baseline standard deviation of individual capacitors. This effect is corrected
using a dedicated pedestal run in which the average baseline per capacitor is
computed. Then, the signal amplitude in each capacitor is corrected using the
corresponding offset (Sitarek et al. 2013).

* DeltaT correction. Following the individual baseline correction, a second
baseline calibration is necessary since the baseline value is also affected by the
last time the capacitors were read. In particular, the baseline value increases if
the same capacitor is used in short successions (Nozaki et al. 2020). This extra
noise is subtracted by considering the time interval between the last readout
and the current time.

¢ Spike subtraction. Finally, due to the DRS4 chip design, predictable spikes
appear for specific capacitors that need to be identified and subtracted (see
bottom right panel of Fig. 4.9; Kobayashi et al. 2021).

The final baseline noise level is a few ADC counts (Kobayashi et al. 2021). Then,
the individual capacitor baselines are aligned to 400 ADC counts to subtract it in
posterior calibrations. The left panel of Fig. 4.9 shows the dispersion of the baselines
before and after applying the successive waveform corrections.

ﬂhttps ://github.com/cta-observatory/ctapipe_io_lst
“*Therefore, one waveform sample is ~1 ns. The total window is about 40 ns.
Tt Known as DRS4 waveform corrections.
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Figure 4.9: Left: Electronic noise level before and after each step of the baseline corrections.
Left: Corrections applied on a waveform. Top and middle panels show the
correction to the time dependence noise, while the bottom panel shows the
correction to spikes. Credit: Gliwny (2024).

DRS4 pulse time correctionttf. The DRS4 chip has slightly uneven sampling. The
sample position in the waveform at which a short-lived pulse of light is recorded
can change by 1ns up to 4ns depending on the position of the read-out window
in the DRS4 capacitor ring (Sitarek et al. 2013). The arrival time for each capacitor
is calibrated using laser-calibration events (see Sect. 4.3.1.2) following the method
described in Sitarek et al. (2013) through a Fourier series fitting to correct the arrival
time. For pulses of 5 p.e., the typical resolution is 0.95ns (Kobayashi et al. 2021).

4.3.1.2 Pixel calibration (absolute and relative calibration)

The absolute and relative calibrations are obtained per pixel per channel and
estimated using multiple dedicated calibration events, which consist of so-called
pedestal and flat-field (FF) events. The former are events triggered without signals,
while FF events are time-coincident pulses across the camera of diffuse light from a
laser (A = 355 nm; Palatiello et al. 2019; Kobayashi et al. 2021), whose intensity can
be adjusted to uniformly illuminate the camera up to 10* p.e. per pixel to scan the
whole dynamic range. In standard conditions, the signal of an FF event corresponds
to 80 p.e. per pixel.

* Absolute charge calibration. The conversion of a pulse from ADC units to its
equivalent in p.e. units is addressed through the excess noise factor (F-Factor;
e.g. Mirzoyan 1997). In particular, LST-1 includes a quadratic noise term to
account for the non-uniform DRS4 sampling and laser fluctuations (Kobayashi
et al. 2021). The obtained conversion factor (the reciprocal of the gain) is scaled

HtKnown as DRS4 timing or sampling (Fourier) correction. This correction is performed per event
and per pixel.
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by a global scaling factor to account for the different integration windows
used for FF and cosmicSS§ events (see Sect. 4.3.2).

* Relative charge and time calibration. A homogeneous and constant flat-
field response all over the camera is highly desired. However, the PMTs in
the camera slightly differ among them. On the one hand, the PMTs may
have different quantum efficiency curves, e.g., due to ageing or by design,
responding differently to a uniform light. The charge response is homogenised
through high voltage (HV) flat-fielding, i.e., the pixel HVs are adjusted based
on the relative gain between the camera mean gain and individual pixel
gain using the PMT gain dependency with HV. On the other hand, slight
variations in the arrival time of a pulse can occur due to several factors.
In addition to the uneven time sampling of DRS4 (see Sect. 4.3.1.1), these
variations can be caused by small differences in the electronic paths, the
lengths of the optical fibres, and different HV settings (Sitarek et al. 2013).
Time equalisation is achieved through programmable delays (Saito et al. 2021).
Subsequently, calibration coefficients are estimated to quantify how much the
response of each pixel deviates from the average and apply these corrective
coefficients to achieve the desired inter-pixel charge calibration and inter-pixel
time flat-fielding.

43.1.3 Cat A and Cat B calibrations

Two different calibration protocols have been developed so far in LST-1: the real-time
and offline calibrations, Category (Cat) A and B, respectively.

¢ Cat A calibrations are estimated using calibration events taken in dedicated
observations. The calibration coefficients obtained in these observations repre-
sent the baseline calibration values.

¢ Cat B calibrations are estimated using calibration events taken during the
data taking (interleaved events). They are used to correct the Cat A calibration
coefficients during the data taking due to changes in the camera response
with time. In particular, the gain and time correction are adjusted in each
pixel using thousands of interleaved events. For example, changes in the
camera response can arise from HV variations by stars and periods with many
unusable pixels due to sudden changes in the camera illumination, among
other factors.

These calibration categories align with the data products defined within CTAO,
which comprises three different data products, from data produced with less
precision and higher systematic for fast alert communication to the highest-quality
data based on refined calibrations and more elaborated analysis techniques.

4.3.2 Charge integration

Different algorithms can be used to integrate the waveforms. LST-1 uses the
LocalPeakWindowSum, FixedWindowSum, and GlobalPeakWindowSum algorithms of

$85The term “cosmic events” is used hereafter to refer to gamma rays and CRs that produce EASs
whose Cherenkov emissions are recorded as Cherenkov images.
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Table 4.1: Charge integration settings used in LST-1 for each event type.

Algorithm name Window width Window shift Peak index
LocalPeakWindowSum (cosmic events)(”) 8 4 -
LocalPeakWindowSum (FF events) 12 5 -
FixedWindowSum (pedestal events) 12 6 18
GlobalPeakWindowSum (muon events) 8 4 -

Notes. For each algorithm and event type, the window width and window shift are pro-
vided. The peak index is specified if manually set. (/Note that the window range with
respect to the maximum of the waveform (smax) takes the form [Smax — 4, Smax + 3|, instead
of the range stated in Abe et al. (2023b) of [Smax — 3, Smax + 4]

ctapipe. All these algorithms sum up the signal in a given window of the waveform.
This window is defined from a reference position in the waveform, the peak index.
Then, the window is parametrised using the start position of the window with
respect to peak index (window shift) and its size (window width). As waveforms
are a discrete array of values (samples), the values of window shift and window
width are integers associated to the number of waveform samples considered (see
Table 4.1).

The waveforms of cosmic events are integrated using the LocalPeakWindowSum,
which sums the signal over a window whose reference position is determined by
the sample with the maximum amplitude (peak) in the waveform of the triggered
pixel. Similarly, the same algorithm is considered for FF events, but with different
window settings. In contrast, the charge of pedestal events are integrated with
FixedWindowSum. This algorithm integrates the signal in a fixed window. In this
case, the reference position is specified by the user manually using the peak index
parameter. Finally, muon events use the GlobalPeakWindowSum algorithm, which
sums the signal over a window with respect to the peak position from the average
waveform of all pixels in the camera.

The parameter values of the charge integration algorithms for a standard analysis
of LST-1 data are summarised in Table 4.1. The application of the algorithms for a
cosmic, FF, and pedestal event is demonstrated in Fig. 4.10.

4.3.3 Image cleaning

The standard image cleaning in LST-1 considers the tail-cut method, utilising an
increased picture threshold condition based on the pixel noise level through the
“pedestal cleaning”. Additionally, a time-coincident condition and dynamic cleaning
are used:

* Tail-cut method with pedestal cleaning. The noise of a pixel is quantified
using its pedestal charge bias (Qpeq) and charge standard deviation ogpeq-
High NSB conditions will induce large dgpeq (and (Qped) for some charge
integration algorithms). The pedestal cleaning accounts for the pedestal noise
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Figure 4.10: Charge as a function of the waveform (time) sample for a cosmic (top), FF (mid-
dle), and pedestal (bottom) event. The integration window and the reference
peak of the charge integration algorithm employed for each event are shown.
Additionally, the total charge and estimated arrival time are computed without
considering the pixel-wise, event-wise time shift nor the global scaling factor
applied in the F-factor method (see Sect. 4.3.1).

in the pixels by dynamically adjusting the picture threshold of individual
pixels to a certain threshold with which the charge of most of the pedestal
events in that pixel are not above the threshold. As a result, the increased
picture threshold condition permits applying a higher cleaning at noisy pixels
(e.g. around stars). In standard conditions, the tail-cut cleaning uses default
picture and boundary charge threshold values of 8 p.e. and 4 p.e., respectively,
and a minimum of two neighbour picture pixels (see method description
in Sect. 4.1.2). The increased picture threshold condition through pedestal
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Figure 4.11: Left: Picture threshold values using the pedestal cleaning from interleaved
pedestals during an observation of the Crab Nebula. Right: Pixels that fulfill
the increased picture threshold condition are highlighted in red. Many pixels
are highlighted because the Crab Nebula is located in a crowded region with
many stars. Credit: Gliwny (2024).

cleaning is considered if a pixel satisfies (Qped) + 2.50qped > 8 p-e. Then, the
picture threshold is dynamically increased to (Qped) + 2.50Qped (see Fig. 4.11).
Note, however, that the baseline charge thresholds must be adjusted to avoid
having a large fraction of images with increased picture threshold, as this will
cause problems of response inhomogeneities in the camera and, therefore,
higher discrepancy with MC simulations.

¢ Time coincident. Pixels surviving the tail-cut cleaning must have their arrival
time within a 2ns window with respect to the arrival time of at least one
neighbour pixel.

* Dynamic cleaning. Finally, pixels with charges above 3% of the average charge
value from the three brightest pixels in the image are selected as signal pixels.
This step allows the removal of fake image islands in bright events due to
misaligned mirrors that can spoil the image parametrisation and reduce the
MC-observational data agreement.

4.3.4 Ewvent reconstruction

The properties of the primary particle are reconstructed with RFs. RFs are a collec-
tion of decision trees whose initial and node parameters for splitting are randomised
with a randomised sampling procedure (Breiman 2001). The result from multiple
trees is averaged for regression tasks, while the most common result is considered
for classification tasks. Such a forest of decision trees helps to reduce over-fitting
and averages out errors from single trees. RF algorithms have demonstrated to
improve the analysis performance with respect to traditional methods such as direct
selection based on the image parameters (Albert et al. 2008b).

Two independent analysis methods are available in cta-1lstchain, known as
source-independent and source-dependent analysis (differing in the DL1 to DL2
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Figure 4.12: Image parameters and reconstructed parameters for the source-dependent and
source-independent analyses. Credit: Abe et al. (2023b).

step). The former does not consider any prior knowledge of the gamma-ray source
position and uses the disp method to reconstruct the direction of the primary
particle. In contrast, the source-dependent analysis uses as a prior the position of a
point-like source to reconstruct the events. In this analysis, the parameter known
as «, the angle between the ellipse major axis and the line joining the CoG and
the source position (see Fig. 4.5), is calculated and used in the event selection step
and subsequently in the signal detection. Note that the properties of each event
are reconstructed assuming it comes from the source position and predefined OFF
positions. In contrast, 6 is used in the source-independent analysis (see Sect. 4.1.3).

The reconstructed energy and particle classification are done with one RF each,
whose input parameters depend on whether the source-independent or source-
dependent analysis approach is used (Abe et al. 2023b). Parameters relative to the
source position are used in the source-dependent analysis as features of the energy
and particle classification RFs. For instance, the distance between the CoG of the
image and the assumed source position (known as dist) and the time gradient from
the source are effective parameters that correlate with the impact parameter. This
parametrisation boosts the reconstruction of EASs for monoscopic observations
at the lowest energies, where the telescope performance using the disp method
degrades due to the small number of triggered pixels (Aliu et al. 2009).

The incident direction estimation in the source-independent analysis requires two
RFs because the reconstruction of the shower direction retains some degeneracy in
the disp method, as only one image of the shower is reconstructed given that LST-1
operates in stand-alone mode. Therefore, two possible solutions arise at equidistant
distances from the image CoG on each side of the major axis of the ellipse. One RF
estimates the module of the disp parameter, while another RF classifies the sign (see
Fig. 4.12).

4.3.5 MC simulations

MC gamma rays and protons are used to train the RFs. The EAS development of the
MC particles is performed with the dedicated software package CORSIKA, while the
telescope response to the Cherenkov signal is reproduced with the software package
sim_telarray (Heck et al. 1998; Bernlohr 2008). These packages aim to make the
simulated and observational data as similar as possible. However, some differences
may arise between them due to diverse circumstances, such as degradation of the
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atmospheric conditions (e.g. dust) or the telescope performance (e.g. misaligned
or dirty mirrors), or changing NSB conditions, among others. The diffuse NSB is
initially accounted for in the simulations, with a value set to the NSB conditions of
a dark sky-field (corresponding to an average rate of 193 MHz p.e. per pixel; Abe
et al. 2023b). The NSB level can be increased to the specific observing conditions at
the waveform level or after the image cleaning.

The current MC production scheme in LST-1 is that both MC gamma rays and
protons are simulated at predefined telescope-pointing directions, known as nodes,
across the celestial sphere. The training pointing directions form a declination
line, i.e. the declination of the training nodes is the same. On the other hand, the
testing nodes are distributed across the celestial sphere producing a grid in the
cos(ZA)-sind plane, where § = B, /Bmax. The testing nodes are arranged in this
parameter space to consider the effect of air mass traversed by the Cherenkov light
and the impact of the geomagnetic field on the EAS development (see Sect. 3.2.1).
Figure 4.13 shows the distribution of MC testing and training nodes.

The MC simulations are processed by applying the same cuts as the observational
data during the data reduction steps. However, the increased pedestal condition in
the image cleaning is not considered because no interleaved FF or pedestal events
are simulated.

44 MAGIC+LST DATA ANALYSIS

The LST-1 facility is situated at a distance of approximately ~100 m from MAGIC,
a proximity that enables the simultaneous detection of Cherenkov light by both
instruments. LST-1 and MAGIC work independently, but an offline software-trigger
analysis allows the identification and reconstruction of common events with both
facilities. This offline analysis provides better sensitivity than considering the two
facilities independently (Abe et al. 2023c).

The software package used for the joint analysis of MAGIC and LST-1 is
magic-cta-pipelTl, Furthermore, the ctapipe_io_magic package is used to con-
vert MAGIC custom files into a common format, as the MAGIC Collaboration is
an independent experiment from CTAO and the data level and file formats are
different than the ones described in Sect. 4.2, yet the general data analysis flow
holds.

The offline software-trigger analysis consists of searching coincident events
between MAGIC and LST-1 within a coincidence window of 0.6 ps. This search is
done after applying the image cleaning on the image of each telescope and removing
dim events with intensities below 50 p.e. (Abe et al. 2023c). MAGIC calibrates the
waveform and produces camera images using the algorithms described in (Aleksi¢
et al. 2016b; Sitarek et al. 2013; Albert et al. 2008a). Moreover, the image cleaning
method known as sum image cleaning is applied in MAGIC (Aleksi¢ et al. 2011).
On the other hand, the same procedure as described in Sect. 4.3 is considered for
LST-1 up to DL1.

Once the events are associated forming different telescope combinations (e.g.
M1+M2, M1+LST-1, M2+LST-1, and M1+M2+LST-1), the EASs can be reconstructed

ﬂ‘ﬂhttps ://github.com/cta-observatory/magic-cta-pipe
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Figure 4.13: Top: Distribution of training MC nodes in horizontal coordinates. The MC
nodes form the so-called declination lines. Bottom: Distribution of testing
MC nodes in the cos(ZA)-sind plane. The traces on the right correspond to
dedicated MC simulations not following the grid pattern.

combining the images of the different telescopes. RF algorithms are used to esti-
mate the primary particle properties. As the EAS can be reconstructed in three
dimensions, the impact parameter and Hmax are used as input parameters of the RFs,
among others.

Note that MAGIC only records events to disc that are triggered by both telescopes.
Therefore, the offline event trigger between MAGIC and LST-1 is limited by the
MAGIC trigger rate. However, events may be associated with one MAGIC telescope
and LST-1 if the event image of the other MAGIC telescope does not survive the
cleaning and parameter cut. On the contrary, a hardware MAGIC and LST-1 trigger
is being implemented that would increase the trigger rate (CTA-LST Project et al.
2024). The Hardware Stereo Trigger (HaST) is capable of processing relatively faint
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events triggered by any pair of the three telescopes. In particular, it can record events
detected with M1+LST-1 and M2+LST-1 pairs, which are events not handled by the
software trigger. The result is an improvement of about 20% over the MAGIC+LST-1
software coincident trigger and about 30% over the MAGIC-stereo trigger.
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Overview

This chapter outlines the study of nova eruptions in the gamma-ray band developed for
this Thesis. Firstly, the detection of RS Ophiuchi (RS Oph) with LST-1 and the modelling of
its HE/VHE gamma-ray emission are presented. Secondly, we discuss the perspective of
novae detections with the array of four LSTs and the full CTAO. The results on RS Oph
obtained using LST-1 observations, together with the perspective with the four LSTs have
been published in Astronomy and Astrophysics (Abe et al. 2025a), while the predictions on
novae detections with CTAO have been accepted for publication to the Monthly Notices of
the Royal Astronomical Society (Abe et al. 2025b).

5.1 INTRODUCTION

A nova eruption is a thermonuclear runaway explosion on the surface of a white
dwarf star in a binary system involving a white dwarf accreting matter, often
through an accretion disc, usually from a late-type star (Gallagher and Starrfield
1978). Novae are detected across the electromagnetic spectrum as transient events
exhibiting a huge and sudden increase of the source brightness. Though novae
have been studied both observationally and theoretically for many decades, a
comprehensive understanding of nova physics is still lacking (Iben 1982; Yaron et al.
2005; Bode and Evans 2012; Kato et al. 2014; Chomiuk et al. 2021).

Particle acceleration in novae was predicted before the launch of the Fermi Gamma-
ray Space Telescope (see Tatischeff and Hernanz 2007). Shortly after, GeV emission
from the eruption of the binary system V407 Cygni, composed of a white dwarf
and an evolved red giant companion, was first detected (Abdo et al. 2010)*. The red
giant in these systems produces dense circumbinary material, likely concentrated in
the orbital plane. Relativistic particles accelerated via DSA in expanding shocks are
thought to interact with the dense circumbinary material, generating HE gamma
rays (Abdo et al. 2010; Hernanz and Tatischeff 2012; Martin and Dubus 2013).

Subsequently, novae with main sequence donor stars were also detected (known
as classical novae; Ackermann et al. 2014). Multiple nova detections at HE gamma
rays from several binary systems and, in particular, the classical ones, likely indicate
that particle acceleration is an intrinsic phenomenon in nova systems (Morris et al.
2016). The detection of classical novae, which do not exhibit a dense circumbinary
material, suggests that internal shocks between several outflows can act as an
efficient mechanism to accelerate particles in novae (Metzger et al. 2014; Martin
et al. 2018; Chomiuk et al. 2021).

By the time this Thesis is written, 20 novae' have been detected in the HE energy
band with a rate of about one eruption detection per year. The majority of these

*Gomez-Gomar et al. (1998) (and references therein) predicted gamma-ray emission from novae
but of nuclear origin, in the keV-MeV domain.
*According to https:/ /asd.gsfc.nasa.gov /Koji.Mukai/novae/latnovae.html.
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events do not occur embedded in a dense environment. Additionally, all detected
novae have been bright in the visible band (< 10 mag), and the vast majority are
nearby sources with distances within 5 kpc (Franckowiak et al. 2018).

Since the addition of novae as a new source class that emits in the HE gamma-ray
sky (Ackermann et al. 2014), novae have generated interest in the VHE gamma-ray
domain for their potential to accelerate particles to TeV energies efficiently (e.g.,
Metzger et al. 2016). Novae also provide an excellent opportunity to study particle
acceleration on fast shock-evolution timescales. They are also relatively numerous
within the Milky Way, making them accessible targets for HE astrophysics (with a
Galactic nova rate estimated from different studies between 26-50 y]F1 ; Zuckerman
et al. 2023; Kawash et al. 2022; Rector et al. 2022; De et al. 2021; Shafter 2017).
Nevertheless, nova observations did not succeed in a detection at VHE gamma rays
(Aliu et al. 2012; Ahnen et al. 2015; Albert et al. 2022) until the 2021 eruption of
RS Ophiuchi (RS Oph; H. E. S. S. Collaboration et al. 2022; Acciari et al. 2022).

When novae erupt, the detected HE emission presents a similar curved spectral
shape regardless of the companion star type (Ackermann et al. 2014). However,
the HE luminosity and duration differ and vary depending on the systems (e.g.
Ackermann et al. 2014; Cheung et al. 2016; Sokolovsky et al. 2023). Early studies with
a limited sample of classical novae suggested an inverse relation between the HE
gamma-ray luminosity and its duration (Cheung et al. 2016). However, with a larger
sample, this relation may no longer hold (Albert et al. 2022). Nevertheless, novae
seem to emit for a longer time at HE gamma rays when the optical decline from
optical maximum is shallower (Albert et al. 2022). Deep gamma-ray observations
with multi-wavelength (MWL) data are required to determine whether the physical
differences between the two nova types also reflect a different HE-VHE gamma-ray
emission.

Below we present a study of the nova RS Oph in gamma rays as well as the
perspectives for novae detection with the LST array and the full CTAO. We introduce
the source RS Oph in Sect. 5.2. Section 5.3 describes the observations and the
analyses of LST-1 and contemporaneous Fermi-LAT data. In Sect. 5.4 we discuss
the model used to characterise the gamma-ray emission of RS Oph. In Sect. 5.5
the results from the LST-1 data analysis and the modelling using the Fermi-LAT,
LST-1, MAGIC, and H.E.S.S. spectral information are presented. The model fitting
procedure and robustness tests are described in Sect. 5.6. In Sect. 5.7 we discuss the
results. Future expectations for nova detections with the array of LSTs and the full
CTAO are addressed in Sect. 5.8. Concluding remarks are provided in Sect. 5.9.

52 RS OPH

The source RS Oph is a well-known binary system that experiences recurrent nova
explosions that range from 8.6 up to 26.6 years (see Schaefer 2010 for a review).
These explosions result from the high mass-accretion rate onto the massive white
dwarf driven by the giant companion star. The accretion process in RS Oph is
unclear, but the donor star may overfill its Roche lobe (Somero et al. 2017; Schaefer
2009; Booth et al. 2016). RS Oph is characterised as an embedded nova because its
eruptions occur immersed in the dense wind of the post-main-sequence companion
star (MO III; Anupama and Mikofajewska 1999).



5.3 OBSERVATIONS AND DATA ANALYSIS

During the 2021 nova event of RS Oph, the H.E.S.S. and the MAGIC telescope
facilities detected RS Oph (H. E. S. S. Collaboration et al. 2022; Acciari et al. 2022).
RS Oph is the first nova that was detected at VHE gamma rays and the first confir-
mation of particle acceleration up to TeV energies in embedded novae. However, the
exact acceleration and radiation mechanisms remain unclear, although the favoured
explanation for the VHE gamma-ray emission is the hadronic scenario (Martin et al.
2018; Acciari et al. 2022; H. E. S. S. Collaboration et al. 2022; Zheng et al. 2022;
Diesing et al. 2023; Sarkar et al. 2023).

LST-1 observed RS Oph during the nova phase. RS Oph is the first transient
source detected with LST-1 during its commissioning phase. In this work, we
report the spectral analysis and modelling of RS Oph using LST-1 and Fermi-LAT
observations and exploiting published gamma-ray data obtained with the H.E.S.S.
and MAGIC telescopes.

5.3 OBSERVATIONS AND DATA ANALYSIS

In this section, we describe the observation campaign conducted on RS Oph with
LST-1 and the analysis procedures we used in this work (see Sect. 5.3.1). We also
analyse Fermi-LAT data that were obtained contemporaneously with the LST-1
observations (see Sect. 5.3.2).

53.1 LST-1

LST-1 started follow-up observations of RS Oph based on its detection with Fermi-
LAT (Cheung et al. 2021) at HE gamma rays and its bright emission in optical
wavelengths. The first LST-1 observation was recorded on 9 August 2021 (MJD
59435.90), about one day after the optical trigger. LST-1 observed RS Oph for several
days between 9 August and 2 September 2021 (MJD 59459.91). In this work, we
analyse LST-1 data in good atmospherict and dark or low-moonlight observing
conditions$ during the observation campaign (see Table 5.1).

The LST-1 observations were performed in wobble mode with an offset of 0.4°
(see Sect. 4.1.6.1). The LST-1 data were reduced from raw signal waveforms to a list
of gamma-like events following the LST-1 standard source-independent analysis
approach (see Sect. 4.3). The classification and regression methods rely on RF
algorithms trained on MC gammas and protons, simulated following a declination
track of —4.13° in the sky plane, close to the RS Oph declination (see Sect. 4.3.5)1.
The IRFs for each LST-1 observation were produced by interpolating the IRFs
calculated at each sky direction of the test MC data to the average telescope pointing
direction of each observation. The open-software package Gammapy (Donath et al.
2023; Acero et al. 2022) was used to obtain the scientific products from the gamma-
like events, which were assigned based on event selection cuts. To assess the signal,
the same event selection cuts in the whole energy range were used for the gammaness

iAtmospheric transmission at 9 km above 80%.

SObservations with the Moon below the horizon or maximum diffuse NSB level below 2.3
photoelectrons.

IThe impact of using a slightly different declination value for the MC simulations and RS Oph is
negligible.
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Table 5.1: Observation campaign of RS Oph with LST-1.

Effective time

Start day Start date  t—ty after data selection ZA range
[MJD] [d] (h] [°1-°]
09 Aug. 2021  59435.90*  0.97 1.43 3541
10 Aug. 2021  59436.90*  1.97 2.68 35-57
12 Aug. 2021  59438.90*  3.97 2.24 36-53
29 Aug. 2021 5945594  21.01 0.97 46-55
30 Aug. 2021  59456.90  21.97 1.52 40-56
01 Sep. 2021 59458.98  24.05 0.32 57-64
02 Sep. 2021 5945991  24.98 1.27 42-54

Notes. For each observation day, we list the day of the evening before data taking, the
starting date in MJD, the starting time offset with respect to the optical trigger (tg =
MJD 59434.93; Geary 2021), the effective observation time after the data selection, and the
ZA range of the observations. We mark the dates for which daily spectral analyses were
performed with an asterisk.

and 0 parameters. Conversely, the event selection cuts applied to the gamma-like
events used to compute the SEDs and light curve are energy-dependent efficiency
cuts at 70% (see Sect. 4.1.4).

We performed a spectral analysis using control sky regions (OFF regions) located
around the telescope pointing at the same offset as RS Oph. OFF regions at angular
offsets of 90°, 180° and 270° were used, where 0° is towards the telescope pointing
and the position of RS Oph (see Sect. 4.1.6.1). OFF regions were used to subtract the
background. The energy threshold of the analysis, computed as the peak position
of the energy distribution of the simulated gamma-ray events from a source with a
power-law spectral index equal to —4, is E ~ 30 GeV.

We computed the integral fluxes on a daily basis for observations immediately
after the eruption (t —ty < 4d, where tg = MJD59434.93; Geary 2021) using
the spectral shape from the best-fit model for each day. Moreover, we computed
integral fluxes by taking several observation days together (hereafter called joint
flux; see observation days in Table 5.1), employing the best-fit spectral model in the
corresponding time period. We calculated upper limits (ULs) at the 95% confidence
level without considering the systematic uncertainty of the telescope energy scale.
The error uncertainties correspond to 1o statistical errors.

5.3.2 Fermi-LAT

The first detection of RS Oph at gamma rays was reported with Fermi-LAT (see
Sect. 3.1.1), coincident with its optical discovery (Cheung et al. 2021). The temporal
trend in the HE band is similar to the trend in the optical band: a flat peak emission
around ~1d after the eruption, preceded by a smooth power-law increase and a
subsequent power-law decay (slopes between wavelengths consistent within errors).
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However, the gamma-ray onset was delayed by ~0.35d with respect to the time of
the eruption and could have reached the peak at later times than in the optical with
a delay of about 0.5d (Cheung et al. 2022). The HE gamma-ray emission presents
significant spectral curvature, which hardens as the eruption evolves in time. The
preferred origin for the HE emission is hadronic, as the model effectively explains
the observed emission. No leptonic model was tested in Cheung et al. (2022).

We performed a dedicated Fermi-LAT analysis to obtain contemporaneous
gamma-ray spectra with the LST-1 observations of RS Oph. To analyse the Fermi-
LAT data, we considered reconstructed events between 50 MeV and 300 GeV with
evclass=128 and evtype=3. Only events with good time intervals (DATA_QUAL>0
&& LAT_CONFIG==1) coming below a ZA of 90° were selected.

A binned analysis within a region of interest of 20° around RS Oph was used to
model the projected area of interest. We considered in the model all sources in the
LAT 10-year source catalogue (4FGL-DR?2) together with the Galactic diffuse and the
standard isotropic background from Pass 8. All the spectral parameters of all sources
within 4° to RS Oph were let free to vary above 50 MeV. No spectral differences
were observed when we fixed the spectral parameters of 4FGL ]J1745.4—0753,
the closest source to RS Oph, to its catalogue value. We adopted the latest IRFs
(P8R3_SOURCE_V3) in the analysis. The data processing and analysis were performed
using Fermitools v2.0.8 and Fermipy v1.0.1 (Fermi Science Support Development
Team 2019; Wood et al. 2017).

We extracted the RS Oph daily SED for the days on which LST-1 observed
RS Oph. A log-parabola spectral shape was used to model the HE gamma-ray
emission (Acciari et al. 2022). The ULs were computed at the 95% confidence
level for energy bins with test statistic (T'S) values below 4, with uncertainties
corresponding to 1o statistical errors. Additionally, when a significant flux was
between two ULs, it was set to UL I

54 MODELLING

Proton-proton interactions are thought to be the emission mechanism responsible
for the gamma-ray emission in RS Oph (Acciari et al. 2022; H. E. S. S. Collaboration
et al. 2022; Cheung et al. 2022). However, a leptonic contribution to the observed
emission cannot be discarded (Sarkar et al. 2023).

We considered the same modelling as the one used in Acciari et al. (2022) to
model the gamma-ray emission from RS Oph. We considered hadronic and leptonic
scenarios. We parametrised the particle spectrum as an exponential cutoff power-
law (ECPL) model, while a broken power-law (BPL) model was also considered for
the electron spectrum. The same nova parameter values for RS Oph (e.g. distance,
ejecta velocity, photosphere radius, and temperature) as those used in Acciari et al.
(2022) were assumed in this work because the data are simultaneous (see Table 5.2).

The model maps the ejecta close to a thin layer for the energetic particles. The
processes involved in the gamma-ray production for the hadronic scenario are the
decay of neutral and charged pions (see Sect. 2.2.4), whereas the IC process alone is
considered for the leptonic scenario (see Sect. 2.2.2). Bremsstrahlung emission is

"' This restrictive cut was considered to ensure that the Fermi-LAT significant differential fluxes
were as robust as possible for the model fitting.
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Table 5.2: Nova parameters used to model the RS Oph gamma-ray SED.

Parameter Values on observation day

Day1 Day2 Day 4

Distance [kpc] 2.45 2.45 2.45
Photosphere radius [Re] 200 200 200
Photosphere temperature [K] 10780 9490 7680
Time after nova explosion [d] 1 2 4
Expansion velocity [km s™!] 4500 4500 4500
Mass of nova ejecta [107° M ] 1 1 1
Confinement factor 0.1 0.1 0.1

Notes. For each observation day, we list the distance, the photosphere radius, the photo-
sphere temperature, the time after the nova explosion, the expansion velocity, the mass of
nova ejecta, and the confinement factor (the relative thickness of the shell of the expelled
material). The values were extracted from supplementary Table 10 of Acciari et al. (2022).

negligible because the total column density is lower than the radiation length of
hydrogen (see Sect. 2.2.3; Acciari et al. 2022). The seed of photons that dominate
during the eruption comes from the photosphere, whose temperature evolves in
time (see Table 5.2). Gamma-gamma absorption is considered in the model (see
Sect. 2.3.1). However, it is only relevant for the first day after the eruption (Acciari
et al. 2022).

The SED data points at gamma rays from Fermi-LAT, LST-1, MAGIC, and H.E.S.S.
were used in the model fitting. As we combine data from multiple instruments,
we adapted the model fitting to account for systematic uncertainties in the energy
scale of the spectra obtained by the IACT facilities. A systematic uncertainty in
the energy scale between £15% was considered as a nuisance parameter for each
experiment on each day during the fitting process. The absolute 15% maximum
value was assumed based on the reported energy-scale uncertainty from MAGIC
and H.E.S.S. (Aleksi¢ et al. 2016b; H. E. S. S. Collaboration et al. 2022). Similar
systematic uncertainties are expected for LST-1 (see Fig. 11 in Abe et al. 2023c).
Normally, energy-scale systematics are the dominant effect in IACTs (see Sect. 3.2.3).
This is especially relevant for soft sources such as RS Oph. However, other types of
systematics may contribute, such as uncertainties in the background normalisation,
especially at lower energies for a single telescope (Abe et al. 2023b). Including
systematic uncertainties in the model fitting reduces the number of degrees of
freedom in the fitting process because a displacement of the SED points of the
IACTs is allowed with respect to the original points. ULs are not included in the
model-fitting minimisation.

The small distance between the LST-1 and MAGIC telescopes means that the
measurements with both instruments are not fully independent. Namely, the same
gamma-ray shower can be registered by both. The correlation is expected to be
energy-dependent and is difficult to evaluate precisely. However, because the trigger
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Table 5.3: Best-fit power-law spectral parameter values and statistical detection significances
(Sig.) using LST-1 data.

Obs. day r ¢o Sig.

[1070Tevlem 2571 [o]
Day 1 —42 +03 33+£13 32
Day 2 —3.65 + 0.13 59+1.0 2.8
Day 4 —3.50 £ 0.15 59+1.1 55
Day1,2and 4 —3.73 +0.10 52+07 6.6

Notes. I is the spectral index, and ¢y is the amplitude at a reference energy of 130 GeV. The
statistical detection significance (using equation 17; Li and Ma 1983) is computed for the
full energy range.

rates of both instruments are very different and the source flux was low (i.e. large
effect of the random background on the resulting spectra), we expect the correlation
to be low and therefore treated the two experiments as independent.

5.5 RESULTS

We report the results of the LST-1 data analysis in Sect. 5.5.1 and compare them
with the MAGIC and H.E.S.S. findings. Additionally, the results of the model
parameter fitting using Fermi-LAT, LST-1, MAGIC, and H.E.S.S. data are presented
in Sect. 5.5.2, where we also compare the outcomes of the different models.

5.5.1 LST-1 results

RS Oph was detected with LST-1 with a statistical significance of 6.6¢ for the three
days of LST-1 observations within the first four days from the nova eruption (f —
to ~1d,2d, and 4d; see Table 5.1). The daily statistical significance of the detection
is shown in Table 5.3. The source was not detected (1.60) using the observations
conducted three weeks after the nova onset (t — fp > 21d). We evaluated the signal
detection in these two periods separately due to the 12-day temporal gap during
which no observations passed the data-selection criteria.

For the purpose of aggregating data from different instruments, we defined
observation days as the integer sequence of day intervals centred on ty. The ith
observation-day interval spans over MJD t; 4 i +12h. The RS Oph daily SEDs at
VHE gamma-ray energies with LST-1, including the best-fit spectral models, for the
first three observations with LST-1 data on days 1, 2, and 4 after the explosion are
shown as blue squares in Fig. 5.1.

A power-law spectral model was adopted to fit the LST-1 data of RS Oph. The
spectral index measured with LST-1 is soft for all days and seems to harden as
the eruption evolves in time from observation day 1 to observation days 2—4 (see
Table 5.3). However, a spectral profile with a constant index set to the weighted
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Figure 5.1: RS Oph daily SEDs at VHE gamma rays with LST-1 (blue squares), MAGIC

(orange diamonds; Acciari et al. 2022), and H.E.S.S. (green empty squares
and filled circles for the telescopes CT5 and CT1-4, respectively; H. E. S. S.
Collaboration et al. 2022) during the same day interval. From top to bottom,
panels a, b, and c correspond to observation-day intervals ¢t —ty ~ 1d, 2d, and
4 d, respectively. The best-fit model for LST-1 is displayed as a blue line together
with the grey spectral error band.

average of the first four observation days cannot be rejected (p-value = 0.11; a
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Figure 5.2: SED at VHE gamma rays obtained with LST-1 (blue squares) and MAGIC (or-
ange diamonds; Acciari et al. 2022) using all observations between observation-
day intervals t — tp ~ [1,4] d (see Table 5.1 for LST-1). The best-fit model for
LST-1 is displayed as a blue line together with a grey spectral error band.

significance level™ of « = 0.05 is set to test the null hypothesis). The situation is
similar for a constant-amplitude model (p-value = 0.22).

In Fig. 5.1 we compare the SEDs obtained with LST-1, MAGIC, and H.E.S.S. dur-
ing the same observation-day intervals (Acciari et al. 2022; H. E. S. S. Collaboration
et al. 2022). In general, it is sufficient to only consider statistical errors to obtain
compatible results between LST-1 and H.E.S.S./MAGIC, while LST-1 spectra can
probe lower energies than the other two IACTs. In addition to the daily SEDs shown
in Fig. 5.1, the joint spectrum for the same observation days (t — tg ~ 1d, 2d, and
4 d) with LST-1 is shown in Fig. 5.2. The joint LST-1 SED is compatible with that of
MAGIC during the same time period. We note, however, that the MAGIC joint flux
includes the observations on 11 August (t — ¢y ~ 3d), when LST-1 did not observe
RS Oph.

We show in Fig. 5.3 the light curve above 100 GeV for LST-1 and MAGIC (Acciari
et al. 2022), including the daily and joint integral fluxes for both instruments. No
significant emission is detected with LST-1 above 100GeV during the first day
of data-taking (UL with TS = 2.2). The source flux TS is instead above the UL
criterion in the following days, yielding compatible flux values within statistical
uncertainties among them. We obtain less constraining spectral parameter values
and a non-significant integral flux for the first observation day than for the second
and fourth day because the observation time was shorter and the intrinsic emission
was likely softer. The LST-1 daily light curve differs slightly from that of MAGIC
when we only consider statistical uncertainties, which suggests the presence of
systematics that are not accounted for in the integral flux computation. When the
data are joined, however, the joint VHE flux between observation-day intervals 1

“The maximum acceptable probability of committing a type I (false positive) error assigned in the
test statistic.

67



68

NOVAE

5 20 25

LA E SR
--- to=MJD 59434.93
W LST-1 daily ]
£} LST-1 joint .
MAGIC daily
MAGIC joint

59435 59440 59445 59450 59455 59460
Time, t [M]D]

= N w H U [+)] N O ® ©
I

——— ] ()

Flux (E> 100 GeV) [x10~11 cm~2 s~1]

Figure 5.3: Daily integral fluxes at E > 100 GeV for LST-1 (filled blue squares) and MAGIC
(filled orange diamonds; Acciari et al. 2022) as a function of MJD (bottom axis)
and time after the eruption onset (top axis), which is represented as the dashed
line. We also show the joint LST-1 (empty blue squares) and the joint MAGIC
(empty orange diamonds) integral fluxes during observation-day intervals 1 and
4, and more than 21 days after the eruption.

and 4 with LST-1 is compatible within statistical uncertainties with the MAGIC joint
integral flux for the same time window. For observations taken after t — ty > 21d,
when the source was not detected with LST-1, we computed a joint integral flux
UL above 100 GeV of 10~ em~2s~!, which was obtained by fixing the power-law
spectral index to I' = —3.5 (the spectral index of observation day 4). The result is
comparable in flux level with the MAGIC findings.

5.5.2  Modelling results using Fermi-LAT and IACT data

We show in Fig. 5.4 the daily SEDs with Fermi-LAT together with the VHE IACT
data shown in Fig. 5.1. The gamma-ray spectra span from 50 MeV up to about 1 TeV.
The SED points at HE connects smoothly with that of VHE gamma rays, showing
signs of curvature.

The emission model was fitted using spectral information from LST-1 and Fermi-
LAT data (this work) together with published MAGIC and H.E.S.S. spectral in-
formation for each coincident observation-day interval with LST-1. The simplest
physically motivated particle energy profile, an ECPL model, without systematic
energy-scale uncertainties in the fitting process (see Sect. 5.4), was considered for
the hadronic and leptonic models. The ECPL model is not able to provide a good fit
to the data for the leptonic model, yielding reduced x? (x%,) values for each day of
about 3 (p-values ~ 107%). The poor fit can be explained by the spectral curvature
present across the HE and VHE range (as already mentioned by Acciari et al. 2022).

To reproduce the curvature of the gamma-ray spectrum for the leptonic model, we
used a BPL shape to describe the energy distribution of electrons (see Acciari et al.
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Figure 5.4: RS Oph daily SEDs from HE to VHE gamma rays using Fermi-LAT (black
circles), LST-1 (blue squares), MAGIC (orange diamonds; Acciari et al. 2022),
and H.E.S.S. (green empty squares and filled circles for the telescopes CT5 and
CT1-4, respectively; H. E. S. S. Collaboration et al. 2022). From top to bottom,
panels a, b and ¢ correspond to observation-day intervals t —ty ~ 1d, 2d, and
4d, respectively. The best-fit leptonic and hadronic models are displayed as
dashed red and solid black curves, respectively. For the hadronic model, the
corresponding contributions from neutral and charged-pion decays are shown
in grey.
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Table 5.4: Model-fit results without and with systematic uncertainties using the leptonic
and hadronic modelling for observation days t —ty ~ 1d, 2d, and 4d.

Parameter Best-fit value on observation day
Day 1 Day 2 Day 4
Leptonic BPL model without systematics
Slope 1, T 1 0.0fgjg —1.311):; —1.4f8:?
Slope 2, Ten —3.79f8:%§ —3.57f8}é —3.52:’8:82
Epe [GeV] 1473 1718 2+
X%/ Ng.of 12.9/15 24.9/21 24.9/15
X 0.86 1.19 1.66
AIC, 23.7 34.9 35.8
Hadronic ECPL model without systematics
Slope, Tp —2.257013 2497097 248708
Ecp [TeV] 0267008 1.0%93 16708
X%/ Ngos 21.5/16 24.9/22 26.5/16
xXiq 1.34 1.13 1.66
AIC, 29.1 32.0 34.1
Leptonic BPL model with systematics
Slope1,Te; 047117 —-1670%  —14708
Slope 2, Ten  —3.707517  —3.6703  —3.75M0]
Epe [GeV] 1313 20*9 30T
X2/ Ng.os 12.9/12 22.8/18 16.8/12
X 1.08 127 1.40
AIC, 37.1 43.4 41.0
Hadronic ECPL model with systematics
Slope, T —2.227096 2517003 2401013
Ecp [TeV] 023759 09792 10706
X2/ Ng.os 21.1/13 20.4/19 19.9/13
Xood 1.62 1.07 1.53
AIC, 40.1 37.1 38.9

Notes. For the leptonic modelling, I'c ; and I'¢» are the best-fit slopes below and above
the best-fit energy break (E ), respectively, of the electron energy distribution. For the
hadronic case, Iy is the best-fit slope and E. is the best-fit cutoff energy of the proton
energy distribution. We provide the Xfe q fit statistics ()(fe 4= X%/ Ng.os) and the daily AIC,
values (see text for details). The sum of the AIC. values for all days for the leptonic model
without and with systematics is 94.4 and 121.5, respectively, while for the hadronic model
without and with systematics, it is 95.2 and 116.1, respectively. The error values correspond
to the quadratic sum of 1¢ fit and sampling errors (see Sect. 5.6). The units of E¢p and Ey, ¢
are in TeV and GeV, respectively.

2022). The fluxes of the best BPL leptonic models are shown as red curves on the
daily SEDs in Fig. 5.4, while the corresponding fit results are displayed in Table 5.4.
The leptonic model with a BPL spectral shape can describe well the curvature of
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the spectrum with Fermi-LAT and IACT data. As the SED evolves with time from
observation day 1 to 4, the best-fit parameters of the leptonic model evolve as well:
the slope below the energy break softens while the energy break shifts towards
higher energies, and the slope above the energy break hardens with time. Overall,
the electron spectrum reaches higher energies with time. Note, however, that the
uncertainties of the best-fit parameters of the leptonic model shown in Table 5.4
are large because the fitting process is rather dependent on the input parameter
values (more information on the robustness of the fitting can be found in Sect. 5.6).
The spectral parameter results are compatible within uncertainties with the best-fit
leptonic model in Acciari et al. (2022).

For the hadronic spectral fit, the best ECPL model is shown as black curves on the
daily SEDs in Fig. 5.4, while the corresponding fit results are displayed in Table 5.4.
The spectral index softens as the eruption evolves, while the proton spectrum cutoff
energy increases with time: from (0.26 £ 0.08) TeV on day 1 to (1.6 +0.6) TeV on
day 4. A constant cutoff energy during the first three LST-1 observation days is
rejected with a p-value = 6 x 1073. The temporal evolution of the proton shape
is similar but not compatible within the uncertainties to the one observed with
Fermi-LAT and MAGIC alone (Acciari et al. 2022). The hadronic fit of all gamma-ray
data presents softer proton spectra and higher cutoff energies than Fermi-LAT and
MAGIC alone.

The Akaike information criterion (AIC) estimator (Akaike 1974) was used to
compare different non-nested models. We summed the AIC values corrected for
the second-order small-sample bias adjustment (AIC.; Hurvich and Tsai 1989) of
all observation days for the hadronic and leptonic models (L AIC., and } AIC,,
respectively) and computed the difference of the higher to the lowest one (Y AIC. min)
to compare them (AAIC,). There is no preference between the hadronic over the
leptonic model: AAIC. = 0.8, which corresponds to a relative likelihood (Akaike
1981) of 0.7, where Y AIC.min = Y AIC.e. The slight loss of information, that is,
AAIC. > 0, experienced by using the hadronic over the leptonic model comes
from the low x? value for the leptonic model on observation day 1. However, on
this day, the best-fit leptonic model presents the strongest spectral slope break
(Teq —Tep = 3.8:1):%, where I'c 1 and I'cp are the slope below and above the energy
break, respectively). The no-preference of the hadronic model based on the fit
statistics disagrees with the results shown in Acciari et al. (2022).

We note that the X%e 4 for all models deviates from one (see Table 5.4). Remarkable
spectral discrepancies at hundreds of GeV are noticeable between the MAGIC and
H.E.S.S. differential fluxes, the latter presenting a harder gamma-ray emission than
MAGIC (e.g. see Fig. 5.1). The mismatch between MAGIC and H.E.S.S. results likely
contributes to the worsening the goodness of the fit of the models. Thus, to account
for the LST-1, MAGIC, and H.E.S.S. discrepancies due to possible energy-scale
uncertainties in the IACT data analyses, the hadronic and leptonic models were
refitted including systematic energy-scale uncertainties as nuisance parameters in
the fitting process (see Sect. 5.6). The best-fit results are shown in Table 5.4. The
hadronic and leptonic results with and without systematic are compatible and
exhibit the same temporal trends of the particle spectra.

We summed the AIC. values of all the observation days and compared the
models with and without systematics. The leptonic and hadronic model fits without

71



72

NOVAE

systematics are both favoured over considering them (AAIC. = 27.1 and AAIC, =
20.9, with a relative likelihood of 1 x 107% and 3 x 10> for the leptonic and hadronic
models, respectively). Therefore, we discarded the fit results accounting for energy-
scale systematics during the model fitting and consider hereafter the leptonic and
hadronic model without systematics to describe the relativistic particle energy
distribution in RS Oph.

More complicated models can be considered to explain the RS Oph gamma-ray
emission. A population of both electrons and protons was used in a lepto-hadronic
model in Acciari et al. (2022), even though it was not preferred due to a poor fit and
the fact that the derived value of the proton-to-electron luminosity ratio (Lp/Le)
would be larger by an order of magnitude with respect to the results retrieved
for the classical nova V339 Del (Acciari et al. 2022). We note, however, that the
Lp/Le in V339 Del might not apply to RS Oph because classical novae could have a
different HE particle distribution than embedded novae, since particle acceleration
mechanisms and shock formation regions might differ.

The modelling of the RS Oph gamma-ray emission using two populations of
relativistic particles, electrons and protons, was also studied following Acciari et al.
(2022). The particle energy distribution was assumed to follow an ECPL model, for
which the cutoff energies of protons and leptons were connected by the acceleration
and cooling times balance (Acciari et al. 2022). Since including systematic energy-
scale uncertainties as nuisance parameters was not preferred for the leptonic and
hadronic models, they were excluded in the lepto-hadronic model fitting process to
reduce the complexity of the fitting. The best-fit model emission is shown on the
daily SEDs in Fig. 5.5 and the fit results are shown in Table 5.5. The same procedure
as in Sect. 5.6 was followed to provide the uncertainties on the parameter values.

The emission of the best-fit lepto-hadronic model on observation days 1 and
4 is dominated by proton-proton interactions in both HE and VHE bands with
the spectral index and cutoff energies of the proton energy distribution consistent
with the values obtained with the hadronic model (see Sect. 5.5.2). On the contrary,
the emission at HE gamma rays on observation day 2 originates from IC losses,
while the VHE component comes from proton-proton interactions. However, the
best-fit model exceeds the emission constrained by the UL in the 50-100 MeV energy
bin, which is important to constrain the curvature of the spectrum. For all days,
the Lp/Le remains high, with its lowest value, 64J_r§0 %, obtained on t — ty ~ 2d
(see Table 5.5). We note that the best-fit model is highly dependent on the input
parameters. The leptonic component can contribute to the HE emission for some
solutions on t — ty ~ 1d, but with worse fit statistics than the best-fit model
with the hadronic component dominating the HE band. For these solutions, the
corresponding VHE emission of the model, which is associated with the hadronic
component, exceeds the SED ULs provided with the IACTs.

When comparing the AIC. values of the lepto-hadronic model with the leptonic
and hadronic models, the lepto-hadronic model is less preferred over them (relative
likelihood of 0.014 and 0.02, respectively). Given the no preference of the lepto-
hadronic model over the hadronic/leptonic model and the dominance of proton-
proton interactions in the best-fit model for t — ty ~ 1d and 4d, we conclude that
the lepto-hadronic model is less plausible, based on gamma-ray data alone, to
explain the gamma-ray spectrum.
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Figure 5.5: Same SEDs as Fig. 5.4 but for the best-fit lepto-hadronic model, whose total
contribution is displayed as a black curve. The corresponding contributions from
neutral and charged-pion decays are shown in grey and the leptonic contribution

in red.

For a better interpretation of the relative likelihoods with respect to the best
model according to the AIC, these were normalised to the set of positive weights
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Table 5.5: Model-fit results of the lepto-hadronic modelling for observation days t — tg ~ 1d,

2d and 4d.

Parameter Best-fit value on observation day
Day 1 Day 2 Day 4
Lepo-hadronic model

Slope, I —225%077  —14%02  —2.49%00°

Ece [GeV] 11708 2678 290799

Ecp [TeV] 0267073 11703 1.8702

Lp/Le [%] 94072880 64120 270150

X%/ Ngos 21.2/14 23.1/21 26.9/15

Xy 1.51 1.10 1.79

AIC. 32.1 33.1 37.8

Notes. I is the best-fit slope for the electron and proton energy distributions. The best-fit
cutoff energy of protons and electrons is E.p and Ee, respectively. We note that the cutoff
energies of protons and electrons are in TeV and GeV, respectively. Both spectral energy
distributions are related using the proton-to-electron luminosity ratio, Ly /Le. We provide
the X12~e q fit statistics (Xfe 4= X%/ Nq.of) and the daily AIC. values. The sum of the AIC,
values for all days for the lepto-hadronic model is 102.9.

Table 5.6: Information criteria measures for the models used in this work.

Model AAIC. Relative likelihood Akaike weight

Leptonic BPL

. 0.0 1 0.58
w /o systematics
Hadronic ECRL 0.83 0.66 0.38
w/o systematics
Leptonic BPIj 27.04 1.35%10—6 7.75%x10~7
w/ systematics
Hadronic EC.PL 2165 2%10-5 1.14x1075
w/ systematics
Lepto-hadronic ECPL 8.5 0.014 8.52x1073

Notes. The AAIC. and the relative likelihood values are shown for the leptonic BPL without
(w/o0) and with (w/) systematics, hadronic ECPL w/0 and w/ systematics and the lepto-
hadronic ECPL models after summing all days. The AAIC. and the relative likelihood
values are computed with respect to the model with ) AIC. in. Also, the Akaike weights
(see text) are shown.

that sum up to 1, called Akaike weights. The information criteria measures for the
different models are presented in Table 5.6.
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Table 5.7: Set of input reference parameter values assumed for the hadronic and leptonic
model for each observation day.

Parameter Reference value on observation day
Day1  Day2 Day 4

Slope, T'p —-2.2 —-2.2 —2.2

Ecp [TeV] 0.2,3] [0.2,3] 0.2,3]

Slope 1, I'e 1 -05 —-0.6 —-15

Slope 2, Te, ~ —375 —35 —40

Epe [GeV] 15 10 35

LST-1 syst. 0.0 0.0 0.0

MAGIC syst. 0.0 0.0 0.0

H.E.S.S. syst. 0.0 0.0 0.0

5.6 ROBUSTNESS TESTS OF THE MODEL FITTING

To assess the stability of the fitting process for the hadronic and the leptonic
models, the fitting was initialised modifying the initial parameter values of the
particle energy distribution around a set of reference values (the input systematic
IACT energy-scale values were set to zero for all executions). The reference initial
parameters were fixed at the parameter results obtained by Acciari et al. (2022) and
H. E. S. S. Collaboration et al. (2022). Since the cutoff energy of the proton energy
distribution reported by the MAGIC and H.E.S.S. Collaborations were not the same,
the input cutoff energy in the fitting was established within the energy range
reported by both IACT facilities. In contrast, the assumed reference input values of
the electron energy distribution were set to the best-fit results from MAGIC (see
Table 5.7).

A sequence of five evenly spaced values per parameter (six for the proton cutoff
energy to cover the wide input parameter range) was used to define the input
parameter space. Each free parameter of the particle distribution was allowed
to vary within £50% of its corresponding reference value. The reference input
parameter values in Table 5.7 were included in the grid. All possible combinations
of the particle energy distribution parameters were considered in the fitting of the
models.

The vast majority of the leptonic and hadronic model fitting executions without
considering systematics converge (93% and 92%, respectively). The leptonic fitting
presents more scatter of the fit results than the hadronic one likely due to the
larger number of free parameters than the assumed proton spectrum shape. On the
contrary, the hadronic model does not present significant variations in the output
parameter values for the different input values in the parameter space. The fit results
are compatible within errors for the different executions. The spread of the best-fit
particle spectrum parameters at the interquartile range (IQR) for the leptonic and
hadronic models without allowing for nuisance parameters describing systematics
are shown in Table 5.8. One can see that the slope below the energy break of the
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electron energy distribution (I'1) presents the most significant variations. The
stability of the fitting process for the leptonic model is not as robust as the fitting
of the hadronic one. Therefore, the leptonic model using a BPL model cannot
constrain the parameters of the electron energy distribution as precisely as the
hadronic model with an ECPL.

Most of the best-fit parameter values assemble forming unimodal distributions
for the leptonic and hadronic models. The inclusion of LST-1 into the dataset
reduces the dispersion of the distribution of the best-fit parameters. Nevertheless,
two local minima are visible in the output parameter distributions for the leptonic
fitting of observation day 1 (¢ — o ~ 1d), hence a bimodal distribution (see Fig. 5.6,
where the two distributions are shown in blue and black). I'¢1 presents a local
minimum peaking at negative values close to zero, while the second minimum
is centred at positive values. A bump towards the positive local minimum values
is also noticeable for observation day 2 (t — typ ~ 2d). The two local minima are
smoothly connected in the x? space. The local minimum close to zero peaks at a
x? value of x> = 12.1, while the other minimum is centred at x> = 11.7. The two
local minima are possible solutions for fitting the curvature of the HE spectrum.
Similarly, a bimodal distribution is also obtained if we execute the fitting of the
model published by Acciari et al. (2022) together with the Fermi-LAT and MAGIC
data as input spectral information, yet the fitting in Acciari et al. (2022) restricted
the fitting range to I'e; < —0.5.

Although the solutions with a hard electron spectrum are difficult to explain
through the classical non-relativistic DSA mechanism (see Sect. 2.1), we extended
the parameter space of the model fitting to include such solutions to study the
stability of the model and provide reliable uncertainties. We report the results
excluding the best-fit models with I'c; > 2 (black distribution in Fig. 5.6), which
is the intersection value we obtain after fitting two normal distributions to the
distribution of the best-fit I's 1 results for observation day 1 with different input
parameter values (see Fig. 5.6).

Restricting the results to I'e; < 2 does not significantly impact the results of
the leptonic model presented in this work for several reasons. Firstly, the best-
fit slope above the energy break would not present a notable change because
it is constrained by the IACT data, while a slight decrease of the energy break
value would result if allowing the excluded range of I'c ;. The minor differences
in these parameters would be compatible within uncertainties to the reported
value in Table 5.4. Secondly, the physical interpretation of the excluded solutions
is the same as the ones considered in the valid range (see Sect. 5.7). Thirdly, the
improvement in the fit statistics if including such solutions is marginal. Therefore,
no preference between the leptonic and hadronic models could be drawn with the
AIC estimator when including these solutions. In contrast, if the fitting range of the
electron spectral slope below the energy break would have been restricted to values
I'e1 < —0.5, as in Acciari et al. (2022), the goodness of fit of the leptonic model
would have been worse than most of the output models obtained in this work (see
Fig. 5.6). This is attributed to the leptonic model inability to account for the positive
gamma-ray emission slope below 1GeV and posterior decay at higher energies
clearly visible on observation day 1. Consequently, constraining the fitting range
would have favoured the hadronic model. However, such change does not affect
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Figure 5.6: Corner plot of the best-fit I for observation day 1 and the associated x? fit
value for different input values in the parameter space. The best-fit models used
to provide the leptonic results without systematics in Table 5.4 are shown as
solid blue lines, while the ones excluded are shown as dashed black lines (see
text for details).

the fit results for observation days 2 and 4 because the emission with Fermi-LAT is
dimmer and the curvature at HE gamma rays is less pronounced (p-value = 0.09
and 0.83 under the assumption of a flat HE emission for observation days 2 and
4, respectively). As a result, the best-fit leptonic model does not require a strong
spectral slope break as in observation day 1 to provide a good fit. Both the leptonic
and the hadronic models achieve comparable goodness of fit. In this regard, it
is worth noting that a nova eruption with a brighter gamma-ray emission than
RS Oph, e.g., T CrB, should help to constrain the population of relativistic particles
responsible for the gamma-ray emission (see Sect. 5.8).

The model fit results in Table 5.4 correspond to the best-fit execution result that
lies closest to the median of both the AIC distribution and the distributions of the
particle spectrum parameters obtained through input value variations. If the energy-
scale systematic distributions are considered, they are used as well. We report the
uncertainties of the best-fit model parameters results as the quadratic sum of the
parameter uncertainty of the fitting and the IQR of the output parameters for the
different input value executions (see Tables 5.4 and 5.5).

Despite the scattered fit results for I'¢ 1, the slope above the energy break (I'c)
is well constrained for all days thanks to the IACT spectral information at VHE
gamma rays. The use of the LST-1 spectral information is relevant to constrain the
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Figure 5.7: Derived systematic energy scaling factors for LST-1 (blue squares), MAGIC
(orange diamonds) and H.E.S.S. (green circles) for the different observation-day
intervals (t —tgp ~ 1d, 2d and 4d). The IACT systematic energy-scale value
corresponds to the median value of the IACT distribution obtained with the
hadronic model when varying the input parameters. Error bars correspond to
the IQR.

parameter space of solutions, which is narrower with the LST-1 data because of the
smaller energy gap between Fermi-LAT and the IACTs data if the LST-1 SED points
are considered.

When allowing for energy-scale systematics as nuisance parameters in the model
fitting, the percentage of executions that converge drops to 79% and 81% for
the leptonic and hadronic models, respectively, with respect to the modelling
without energy-scale systematics. The output parameter distribution statistics for
the modelling with systematics are shown in Table 5.8. One can notice that the
parameter distribution IQRs are wider when systematics are considered than when
they are not. The broader distributions are expected due to the degeneracy of
adding extra parameters in the model fitting to allow shifts with respect to the
original SED points. Moreover, IQR values are higher for the leptonic model than
the hadronic model (expected due to the worse stability of the leptonic model than
the hadronic one). The local minimum peaking at positive I'. ; values present in the
leptonic modelling without systematics vanishes when systematics are considered
(see Sect. 5.6). However, a long tail towards positive values remains.

The distributions of the best-fit IACTs energy-scale values for different input
parameters form unimodal distributions. The spread of the distributions encom-
passes all the allowed values (+£15%) for most of the cases. Interestingly, the sign
and the time evolution of the peak of the derived systematic energy-scale factors
for MAGIC and H.E.S.S. agree with the mismatch between the spectrum from
MAGIC and H.E.S.S., and the fact that the VHE gamma-ray emission increases
with time, making the difference more noticeable. Figure 5.7 shows the best-fit
IACT systematic energy scaling factors obtained with the hadronic model for the
different observation days. During observation days 1, 2 and 4, the best-daily-fit
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systematic energy-scale values remain below 5% for LST-1, while the sequence
of MAGIC and H.E.S.S. energy scaling factors start with a low-systematic value
for observation day 1 and monotonically increase with time reaching an absolute
systematic energy-scale value of about 10%. MAGIC systematic values remain
positive for all the observation days, while H.E.S.S. ones are negative (see Fig. 5.7).
As expected, no correlation between the best-fit IACT systematic uncertainties is
observed.

The addition of systematic uncertainties in the energy scale causes the differential
fluxes of the IACTs to shift accordingly in the SED, both in the x- and y-axis, with
respect to the original ones when the systematic energy scaling factor is different
from zero. The daily SEDs adopting the best-fit systematic energy-scale factors in
the IACT SED data points are shown in Fig. 5.8. One can see that the differential
fluxes at VHE gamma rays are concentrated in a band with less spread than the
one displayed in Fig. 5.4 without systematic uncertainties taken into account. We
note that the best-fit values of the IACT systematics in Fig. 5.8 are not the same as
the centre values of the IACT systematics in Fig. 5.7 because the latter shows the
median value and the IQR as error bars, while the former is the closest execution
result with respect to both the median AIC and particle parameter distributions.

Although the hadronic model with systematics can account for the gamma-ray
emission, due to rather large statistical uncertainties on the SED data points, taking
into account systematic uncertainties as extra fitting parameters (three in this case)
does not impact the fit statistics enough to obtain a better fit, given the reduction
of degrees of freedom. Yet, systematics are foreseen to affect the SED data points.
Moreover, it is worth noting that the same systematic energy-scale factor is assumed
for the H.E.S.S. spectral information obtained with the array of four telescopes
(CT1-+4; stereo analysis) and the fifth telescope (CT5; monoscopic analysis) despite
not following the exact same analysis. However, the fine agreement between both
supports our simplification to reduce the number of parameters in the model fitting.

5.7 DISCUSSION

The results reported in Sect. 5.5 show that RS Oph was detected with LST-1 during
several coincident days with Fermi-LAT, MAGIC, and H.E.S.S. In this section, we
discuss the overall spectral and modelling fit results.

The data from Fermi-LAT, LST-1, MAGIC, and H.E.S.S. allowed us to study the
emission from ~50MeV up to TeV energies. This is the largest HE-VHE dataset
compiled to date for RS Oph, for which a total exposure time of 6.35h, 7.7h, and
9.2h (6.0h) is considered for LST-1, MAGIC, and H.E.S.S. CT1-4 (CT5), respectively.
While H.E.S.S. constrains the gamma-ray spectrum at about 1 TeV given its better
sensitivity at these energies than that of MAGIC and LST-1, LST-1 bridges the HE
and VHE gamma-ray emission and reduces the lower energy bound of the SED
of IACTs to ~30 GeV. This value is lower by a factor ~2 than the MAGIC energy
threshold (Acciari et al. 2022). However, the sensitivity of LST-1 is worse by a
factor of ~1.5 than that of MAGIC above 100 GeV because of the advantages of the
stereoscopic reconstruction mode in MAGIC (Abe et al. 2023b).

The model fitting with the Fermi-LAT, LST-1, MAGIC, and H.E.S.S. spectral
information describes the spectrum of RS Oph during the first days after the
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systematic energy scaling factors obtained for the best-fit hadronic model with
systematics. The systematic value for each IACT is shown in the legend. In
addition, the best-fit hadronic model considering energy-scale systematics is
displayed as a black curve. The corresponding contributions from neutral and
charged-pion decays are shown in grey.
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eruption onset using a one-zone single-shock model. Although the hadronic model
is slightly preferred statistically over the leptonic model by a combined Fermi-LAT
and single IACT data fitting (Acciari et al. 2022), there is no clear preference, based
on the fit statistics, between the hadronic and leptonic model using the spectral
information from all instruments together.

The simplest ECPL model for the leptonic model cannot adequately describe the
curvature of the gamma-ray spectral shape. We also considered the BPL energy
distribution shape in the leptonic model to account for this curvature. This BPL
model accounts for the presence of two distinct populations of relativistic electrons.
Therefore, the curvature of the spectrum, which a single population of electrons
has difficulties to reproduce through IC cooling, is caused in this case by the
two populations of relativistic electrons. The leptonic scenario with a BPL model
presents several difficulties with respect to the ECPL hadronic model, however.
Firstly, our leptonic modelling presents multiple local minima that influence the
titting procedure through the relatively large number of free model parameters. The
distribution of the best-fit slope values below the energy break (I'¢ 1) for observation
day 1 is bimodal with two peaks, which complicates the estimation of the confidence
interval of this parameter and the x? statistics (see Sect. 5.6 for details). Secondly,
the best-fit electron distributions have a difficult physical interpretation: they are
characterised by a very different spectral slope below and above the energy break, as
pointed out by Acciari et al. (2022). In particular, the slope break is more pronounced
for t — ty ~ 1d, when the emission at HE gamma-rays is bright and the curvature
of the spectrum is significantly visible. A flat HE emission is rejected with a p-value
of 7 x 107> using the Fermi-LAT SED points presented in this work. A very hard
(positive or flat) I's 1 index of the electron energy distribution suggests that the fit
on the first day tries to imitate the injection of electrons with a high minimum
energy (~14 GeV). The injection of monoenergetic HE particles like these in novae
was investigated (in the case of protons) by Bednarek and Smiatkowski (2022). We
note however that the spectrum below the break on observation day 4 is compatible
within uncertainties with the classical —2 slope obtained in DSA for strong shocks
(see Sect. 2.1; Drury 1983). There is no straightforward explanation for the need
to inject a steep ~ —3.5 spectrum above the break, nor for the fact that the break
energy is comparable (within uncertainties) to the injection energy from the first day
of the nova. This picture of the required evolution of the electron energy distribution
might be affected by partially cooled-down electrons that were injected at earlier
phases. However, as showed by Acciari et al. (2022), the GeV electrons in RS Oph
cool down on sub-day timescales. We therefore conclude that while it is possible
to describe the gamma-ray observations of RS Oph with a leptonic model, the
required injection electron energy distribution is not the one expected from DSA.
This disfavours such a model, and we consider the hadronic scenario to be the most
suitable mechanism for explaining the gamma-ray emission.

In the hadronic scenario, the average total power in protons across the first
observation days (t —tp ~ 1d, 2d and 4d) is 4.3 x 10¥ erg. For a kinetic energy
of 2.0 x 10* erg (Acciari et al. 2022), this indicates that the conversion efficiency
of the shock energy to proton energies is about 20%. This value is in line with the
conversion efficiency estimated by Acciari et al. (2022) and above the lower limit
estimated by H. E. S. S. Collaboration et al. (2022).
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Systematic uncertainties in the energy scale were introduced in the model fitting
to account for systematic errors in the IACT spectral results and reduce their
impact on the estimated particle spectrum. However, the model with systematics is
less favourable than the model without them, as the addition of three additional
free parameters does not significantly improve the goodness of fit. Even though
this does not imply that the dataset is free from systematic uncertainties, we
chose to discard the model results that accounted for systematics as nuisance
parameters. The consistent particle spectra between the hadronic models, both with
and without systematics, suggest that the energy-scale uncertainties in the IACT
data do not substantially affect the fit results. The primary limitations appear to
originate from the small sample size and large flux uncertainties. Additionally, the
limited information available from the public data points of MAGIC and H.E.S.S.
complicates the application of more refined models that account for ULs, which
could provide additional information. While alternative methods might address
the systematics between IACTs, these are beyond the scope of this study. Although
we discarded the results with systematics, it is worth noting that the sign and
time evolution of the best-fit MAGIC and H.E.S.S. systematic energy scaling factors
agree with the mismatch between the spectrum from MAGIC and H.E.S.S. and
the fact that the gamma-ray emission at VHEs increases with time. This highlights
the difference between the H.E.S.S. and MAGIC spectral fit results further (see
Sect. 5.6).

We consider the best-fit proton spectrum and the subsequent gamma-ray emis-
sion from the hadronic modelling without systematics as the reference spectrum for
RS Oph. The best-fit proton spectra indicate that protons increase the maximum en-
ergy that can reach, up to TeV energies, in agreement with the estimated maximum
proton energy and the temporal evolution in the same time period in Cheung et al.
(2022), Acciari et al. (2022), and H. E. S. S. Collaboration et al. (2022) via DSA. The
evolution of the proton spectrum with time is interpreted as the finite acceleration
time required for the protons in the expanding shock to accelerate from hundreds
of GeV to TeV energies.

Other approaches were used to reproduce the spectral and temporal features
observed in the RS Oph eruption: a multi-population particle scenario of electrons
and protons (Acciari et al. 2022; Sarkar et al. 2023), or a multi-shock scenario
approach (Diesing et al. 2023). In the former approach, the non-thermal radio
detection at early times supports the presence of relativistic electrons that rise
early during the eruption for both classical and embedded novae (e.g., Chomiuk
et al. 2014; Finzell et al. 2018; Weston et al. 2016; O’Brien et al. 2006; Molina et
al. 2024). In particular, non-thermal radio emission has been detected coincident
with HE gamma rays in embedded novae (Linford et al. 2017; de Ruiter et al. 2023;
Nyamai et al. 2023). For instance, synchrotron emission (see Sect. 2.2.1) was detected
coincident in time with the gamma-ray emission in RS Oph (de Ruiter et al. 2023)
and the gamma-ray nova candidate V1535 Sco (Linford et al. 2017; Franckowiak
et al. 2018). However, the gamma-ray contribution from IC losses at early times is
unclear. A detailed multi-frequency follow-up monitoring is required to obtain a
precise spectrum to constrain the physics that cause the broad non-thermal emission.
When the lepto-hadronic model in Acciari et al. (2022) was fitted with all available
gamma-ray data, the HE component was described by IC, but with a hard spectral
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index, and it was disfavoured with respect to the leptonic and the hadronic models
by the fit statistics. This might imply that there are further components within the
very early gamma-ray emission from recurrent nova. Constraining these possible
additional components goes beyond the scope of this study, however, and requires
early MWL observations of nova.

On the other hand, connected to the multi-shock scenario, the non-spherical ejecta
observed in RS Oph and expected in embedded novae driven by the secondary
star (Munari et al. 2022; Booth et al. 2016; Orlando et al. 2017; Islam et al. 2024),
the multiple velocity components in the 2021 RS Oph nova (Diesing et al. 2023),
and a possible localised shock-acceleration event (Cheung et al. 2022) support the
idea of a system with multiple shocks that evolve during the eruption. However,
a single hadronic population model with spherical symmetry can reproduce the
observed spectrum and temporal evolution at HE and VHE gamma-ray energies
with acceptable accuracy (see Table 5.4). Furthermore, the temporal evolution of the
proton energy distribution seems reasonably explained by the finite acceleration
time for particles to reach TeV energies. To shed light on this matter, the observation
of future bright novae with detectors with better sensitivities and deeper monitoring
campaigns could help to distinguish between the acceleration mechanisms and the
contribution of non-thermal emission from a multiple particle population scenario
(single or multiple shocks in a hadronic or lepton-hadronic scenario).

5.8 STUDYING NOVAE WITH LSTS AND CTAO

In this section, we study the prospects of detecting further novae using LST-1, the
upcoming LST array of CTAO-N, and the full CTAO. A parametric study based
on phenomenological parameters involved in the emission of gamma rays in nova
eruptions is performed to estimate the capability to constrain these parameters with
CTAO observations. We also consider dedicated numerical simulations of RS Oph
to assess the expected detectability with CTAO.

5.8.1 Perspectives with the LST array

The source RS Oph belongs to a specific nova class in which a binary system with
a giant donor companion star undergoes recurrent eruptions. This class contains
a few members: T CrB, V3890 Sgr, V745 Sco, and RS Oph (Bode and Evans 2012).
T CrB is the closest system to Earth from this class (~ 0.9 kpc; Gaia Collaboration
et al. 2023), followed by RS Oph. T CrB is expected to erupt again in the mid-2020s
(Schaefer 2023; Schaefer et al. 2023; Luna et al. 2020). If we assume that T CrB will
manifest the same spectral profile as RS Oph, T CrB will likely present a brighter
flux than RS Oph by a factor of ~7, making T CrB one of the brightest novae at
gamma rays up to date. In Fig. 5.9, the best-fit SED models of seven embedded
(V407 Cyg, T CrB, and RS Oph) and classical (V906 Car, V959 Mon, V1324 Sco,
and V339 Del) novae detected at HE gamma rays are displayed together with the
tentative gamma-ray SED from T CrB based on the RS Oph spectral shape on
day 1, with the flux amplitude scaled to account for the difference in distance
between the two systems. The observed SED for the different novae is diverse,
possibly due to their intrinsic nature and/or distance. Moreover, the observed SED
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models were estimated considering different observation time spans depending
on the duration of the gamma-ray detection'". Between 17 and 27 days of data
were used to produce the gamma-ray spectral models in Fig. 5.9 (except RS Oph;
Aydi et al. 2020; Ackermann et al. 2014). Hence, the displayed gamma-ray spectrum
cannot accurately describe the maximum flux level or any spectral variability
during the nova events. In addition, the gamma-ray flux for the Fermi-LAT novae
was extrapolated to the CTAO energy range assuming the best-fit spectral shape
reported with Fermi-LAT, consisting of an ECPL for the first novae detected with
Fermi-LAT. In contrast, a log-parabola model was considered for V906 Car, which
resembles the RS Oph spectral shape, but has a lower flux. The expected bright
gamma-ray flux of T CrB should help to constrain the parameters of the particle
population that causes the gamma-ray emission in novae.

It is still an open question whether classical novae can emit VHE gamma rays or
if a bright VHE gamma-ray emission requires a similar binary system configuration
as in RS Oph, that is, a recurrent nova embedded in the red giant star envelope.
Related to the former, the brightest classical nova detected at HE gamma rays so
far is V906 Car (Aydi et al. 2020). Its best-fit SED model is displayed in Fig. 5.9
together with the detection sensitivity curves for LST-1 and the array of four LSTs
of CTAO-N for an integration time of 5h and 50h. The standard definition of
sensitivity at VHE gamma-rays is used (see Sect. 4.1.6.3). Note that the sensitivity
curves for LST-1 correspond to the average performance at ZA < 35° (Abe et al.
2023b), while the LST array sensitivity curves are computed at ZA = 20°H. Different
novae will be observed with LSTs and will culminate at different ZA. Hence, some
of them may not be observable at this low ZA, implying that the sensitivity at
low energies that can be achieved in these observations will degrade. When we
compare the sensitivity curves for one and four LSTs, the latter outperforms the
former by an order of magnitude at energies below 100 GeV. This improvement is
due to the larger collection area and improved background rejection by the stereo-
trigger method. Figure 5.9 shows that the V906 Car SED model remains below the
sensitivity curve of LST-1 even for 50 hours of integrated time. Nonetheless, when
the CTAO will be operational and the four LSTs dominate the sensitivity of CTAO
in the low-energy range, the possibility of detecting fainter novae than RS Oph will
grow. The LST array sensitivity for 50 h reaches a flux level similar to the model
emission of V906 Car at tens of GeV. This observation time can be challenging to
achieve in fast eruptions, but a detection with a shorter integration time may be
possible for closer novae than V906 Car. Furthermore, since the nova SED models in
Fig. 5.9 are time averaged (except RS Oph), the nova spectral models underestimate
the emission level in the peak of the gamma-ray phase, when a detection is most
probable.

We note, however, that the emission models in Fig. 5.9 highly depend on the
assumption that the observed spectral shape at HE gamma rays is constrained
enough and can be extrapolated to the VHE gamma-ray band. At HE gamma rays,
the spectral curvature for most novae is better described by an ECPL shape with
cutoff photon energies at a few GeV (e.g. Ackermann et al. 2014; Cheung et al.

V906 Car SED model does not satisfy this criterion because Fermi-LAT observations were
restricted due to solar panel issues.
HSpecifically, the IRFs at 20° in zenith and with an average azimuth.
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Figure 5.9: Best-fit SED models for RS Oph (black; this work, t — g ~ 1d), V906 Car (grey;
Aydi et al. 2020), the first novae detected with Fermi-LAT (V407 Cyg, orange;
V1324 Sco, green; V959 Mon, brown; V339 Del, violet; Ackermann et al. 2014),
and the expected SED from T CrB (blue). The solid region of the nova SEDs
corresponds to the energy range where the model was fitted to the data, while
the spaced-dashed region corresponds to the extrapolation region of the model.
In addition, the sensitivity curves for LST-1 at low zenith angles (ZA < 35°%
red square curves; Abe et al. 2023b) and the four LSTs of CTAO-N at ZA = 20°
(purple circle curves; using the latest prod5-v0.1 IRFs in Cherenkov Telescope
Array Observatory and Cherenkov Telescope Array Consortium 2021) for 5
and 50 hours of observation time are displayed as solid and dotted curves,
respectively.

2016). Nevertheless, the emission of RS Oph and V906 Car, the brightest embedded
and classical novae, are better explained by a log-parabola shape (Acciari et al.
2022; H. E. S. S. Collaboration et al. 2022; Aydi et al. 2020). Acciari et al. (2022)
suggested that the spectral shape of RS Oph is not different from other novae, but
its bright emission is the cause of the VHE gamma-ray detection. The expected TeV
emission in the case of V407 Cyg and V339 Del for an RS Oph-like spectrum would
be below the reported UL constraints (Acciari et al. 2022). Under this assumption,
the extrapolated emission for the ECPL model for HE novae will underestimate the
emission of an RS-Oph-like shape at VHE gamma rays.

Moreover, the VHE emission will depend on the properties of the system and the
ejecta if the observed cutoff energy in the photon spectrum of all novae originates
from the balance between acceleration and cooling processes. In this regard, Abe
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et al. (2025b) explored the capabilities of CTAO to constrain the physical parameters
of novae from a modelling approach, assuming that the VHE gamma rays are
produced through hadronic interactions. The novae detectability and extension in
time would depend on the shock velocity and the total mass contained in the ejecta.
These constraints on the VHE emission, together with detailed MWL contempo-
raneous observations, will be relevant for constraining the physical parameters
of the nova phenomena and for determining whether the physical differences in
embedded and classical nova systems also reflect in their gamma-ray emission.

5.8.2  Constraining physical parameters with CTAO

We utilised a phenomenological approach to study the parameter space of gamma-
ray emission from novae with CTAQO. The emission was assumed to be produced by
hadronic processes from 70 decay (see Sect. 2.2.4; Kafexhiu et al. 2014), as indicated
by the gamma-ray emission in RS Oph (see Sect. 5.7). The ¥ decay radiative model
was parametrised using the target proton density (1) and the relativistic proton
energy distribution. For the latter, we considered a particle distribution function
parametrised as an ECPL. We described the parameter space under study as a 3D
space, where we set the parameter space domain in the range of plausible values
based on observed novae at gamma rays. A 2D grid was defined with different
values for the prefactorSS (A) and the cutoff energy (Ecp) of the proton energy
distribution, the former in the range between A = [1028, 1032] protons eVl ata
pivot energy of 100 GeV and the latter in the range between E., = [10,1000] GeV.
Two values for the target proton density were used for the third axis, 7, = 108 cm =3
and ny, = 10! cm~3, which correspond to typical shock density values in novae
(Metzger et al. 2016). The distance to the gamma-ray emitter was fixed to d = 2kpc.
The spectral energy distribution for each model was obtained using the software
package Naima (Zabalza 2015).

The emission detectability was assessed for both arrays of CTAO using the
official IRFs from prod5-v0.1 in the Alpha configuration (20deg-AverageAz for 5h
observation time). The results of the simulations for CTAO-N and CTAO-S are
shown in panels a and b of Fig. 5.10, respectively. The total proton energy above
100 GeV (W,) multiplied by Zt, hereafter the “effective proton energy reservoir”, was
used as a function of E, to display the ratio between the integral source flux and the
CTAO sensitivity. This ratio was computed to obtain a qualitative estimation of the
novae detection capabilities of CTAO for each model in the parameter space. The
higher the integral flux-to-CTAO-sensitivity ratio, the more feasible the detection.
Moreover, the region where we would detect each model with CTAO in at least
one energy bin is lower-delimited in Fig. 5.10 by a dashed orange line to have a
more precise boundary of the detection region. Therefore, the region between the
dashed orange line and the white region (integral flux-to-CTAO-sensitivity close
to 0) delimits the border of the parameter space where CTAO will likely begin to
detect the gamma-ray emission with the assumed spectral models. Qualitatively,
RS Oph would be located approximately in the top right corner of Fig. 5.10, while

$8The prefactor is the amplitude of the model at a given reference energy. Its units in Naima are
particleseV 1.
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Figure 5.10: Logarithmic integral flux-to-CTAO-sensitivity ratio for CTAO-N (panel a), in-

tegrated above 20GeV and CTAO-S (panel b), integrated above 50 GeV for
different values in the defined parameter space (see text for details) of ny,
cutoff energy (Ecp) and prefactor (A) of the proton energy distribution function
at a fixed distance of d = 2.0kpc. The sensitivity was computed for a total
observation time of 5 hours. The orange dashed line indicates the domain in
the parameter space with detection in at least one energy bin for different
values of ny,, Ecp and A. Solid black lines are curves at constant integrated flux
(10713, 107" and 10~% em~?s!) above 20 GeV and 50 GeV for CTAO-N and
CTAO-S panels, respectively. The regions where V959 Mon and RS Oph would
be approximately located in the parameter space are marked with black dots
and stars, respectively.

V959 Mon (the first classical nova discovered by Fermi-LAT; Ackermann et al. 2014)
would be in the lower left region in these panels.
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The integral gamma-ray emission and the integral flux-to-CTAO-sensitivity ratio
in Fig. 5.10 increases as the effective proton energy reservoir and E., increase.
Both top regions of panels a and b in Fig. 5.10 have positive values of integral
flux-to-CTAO-sensitivity ratio (about 30% of the total combinations), while the
bottom region have negative values (about 70% of the total combinations). When
comparing the results between CTAO-N and CTAO-S, the former extends the
parameter space region with positive integral flux-to-CTAO-sensitivity towards
models with Ep, < 250 GeV. On the other hand, the latter presents a wider detection
region for E, > 250GeV than CTAO-N. CTAO-N overperforms CTAO-S with
about 10% more detections. The better performance of CTAO-N at low energies
is expected because the parameter space under study was restricted to produce
most of the gamma-ray emission below 1TeV, as it is observed from current novae
detected at gamma rays. Therefore, the lack of LSTs, which dominates the CTAO
sensitivity at these energies (Cherenkov Telescope Array Consortium et al. 2019),
in the Southern array (Alpha configuration) will reduce the parameter space of
detectability with CTAO-S.

5.8.3 Simulations of RS Oph with CTAO

It is expected that RS Oph will undergo another eruption when CTAO will be in
operation. Hence, we carried out numerical simulations of RS Oph to estimate its
detectability with CTAO along the temporal evolution of the eruption.

We performed the numerical simulations of RS Oph with CTAO using the official
IRFs from prod5-v0.1 for the CTAO northern and southern arrays. The closest
IRFs set to the culmination of RS Oph in the CTAO-N and CTAO-S site were used
(North-40deg-SouthAz, South-20deg-NorthAz) for 0.5h observation time. A total
of 59 daily observations of 1 hour each were simulated starting one day after the
beginning of the nova eruption (batches of 100 simulations per day). We simulated
this source based on the gamma-ray spectral and temporal profile reported by the
MAGIC and H.E.S.S. Collaborations, respectively. The best daily-fit spectral log-
parabola models from Acciari et al. (2022) were considered to model the gamma-ray
emission. Spectral variations were only contemplated for the simulations of the first
four days, when spectral information in Acciari et al. (2022) was available during
the eruption. The spectral parameter values utilised in the different log-parabola
models are shown in Table 5.9. After the fourth day, the spectral profile was fixed
to that of the last day with available spectral data, and the simulated gamma-ray
emission was scaled to follow the power-law temporal decay reported by H.E.S.S.
We set the index value of the power-law decay to 1.4.

The statistical detection significance as a function of time is shown in Fig. 5.11.
The results confirm that RS Oph would be clearly detected with CTAO-N and
CTAO-S for the first days, reaching a detection significance of about 60c and 30c
in an hour with CTAO-N and CTAO-S, respectively. RS Oph is not only detectable
with CTAO during the first days after the eruption, but CTAO would also daily
detect RS Oph up to 20 and 15 days after the eruption with the northern and
southern arrays, respectively. If we consider the combined data of 5 and 10 adjacent
days with CTAO-N, the detection would be possible even up to 36—40 and 46-55
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Table 5.9: Daily parameter values of the log-parabola spectral models used to simulate RS
Oph. Adapted from Acciari et al. (2022).

Prefactor at 130 GeV

Model day « B
[10710TeV—1em—2s71]
Day 1 5.40 3.86 0.194
Day 2 4.54 3.73 0.175
Day 3 5.37 364 0.173
Day 4 — 59 5.00 3.44 0.147
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Figure 5.11: Daily statistical detection significance (equation 17 of Li and Ma 1983) from
1-hour simulated observation with CTAO-N and CTAO-S (blue filled diamonds
and red empty diamonds, respectively) as a function of the number of days
since the eruption of RS Oph. The 5-day (i.e. 5h of total observation time,
filled orange circles) and 10-day (i.e. 10h of total observation time, filled green
squares) combined significance for CTAO-N are computed when the daily
and 5-day statistical detection significance are below a 50 detection (dashed
black line), respectively. Error bars correspond to the standard deviation of the
statistical detection significance distribution for the 100 simulations per day.

days, respectively. The 5¢ detection would be limited down to 23-27 and 38-47
days with CTAO-S.

The resulting SED for the first simulated observation (day 1 after the eruption) is
shown in Fig. 5.12 together with the observed spectrum obtained with MAGIC for
the same observation time. The results suggest that CTAO will be able to probe the
gamma-ray emission for several weeks after the eruption with a precise spectral
coverage at least during the first days. Using 1-h observation, CTAO would be able
to characterise the curvature of the VHE gamma-ray emission of RS Oph (e.g. in
the case of the simulated observation of day 1, a log-parabola spectral model is
preferred over a power-law model at a 3.7¢ level).
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Figure 5.12: VHE gamma-ray SED of RS Oph after 1 day since the eruption. The best-fit
model from Acciari et al. (2022) using MAGIC and Fermi-LAT for the first night
of observation is used (violet dashed line) to simulate the source with CTAO.
The CTAO-N flux points for a 1-h observation time are shown as black points.
The MAGIC flux points (computed using 1-h observation time of data after
cuts) from Acciari et al. (2022) are also displayed (violet points).

59 CONCLUSIONS

The source RS Oph is the first nova that was detected at VHE gamma rays and
the first transient source that was detected with the first LST of the future CTAO.
During the first observation days after the eruption (t —ty ~ 1d, 2d, and 4d),
RS Oph was statistically detected at 6.60 with LST-1 and was characterised by a
soft power-law emission at energies E = [0.03,1] TeV. LST-1 spectral results are
consistent with the emission reported with MAGIC and H.E.S.S. in coincident
observation-day intervals with LST-1. We did not detect RS Oph with LST-1 after
21 days after the eruption onset.

We obtained the particle energy spectrum during the LST-1 observations imme-
diately after the eruption onset by using the most complete gamma-ray spectrum
to date, including Fermi-LAT, LST-1, H.E.S.S., and MAGIC spectral information.
The simpler spectral shape of the hadronic model supports the hadronic over the
leptonic scenario to explain the RS Oph gamma-ray emission, although the relative
likelihood of the two models is comparable. The proton energy spectrum evolves
with time, increasing the maximum energy of the accelerated protons from hun-
dreds of GeV up to TeV energies between observation-day intervals 1 and 4 after
the eruption. The results were validated with a set of robustness tests.

In the following years, other novae can be expected to be detectable by IACTs. The
next eruption of T CrB is foreseen to occur in mid-2020a and likely become a bright
nova at gamma-ray energies. An event like this is expected to give outstanding
constraints in the evolution of gamma-ray emission during the eruption phase
and on the maximum energy attainable by the accelerated particles in embedded
novae. In the near future, the better sensitivity of the LST array with respect to

91



92

NOVAE

current facilities at low energies will allow us to probe fainter gamma-ray fluxes. A
better sensitivity may enable the detection of classical novae, a nova type yet to be
detected at VHE gamma rays.

Once the full CTAO array is operational, CTAO is expected to give strong con-
straints only to a sub-space of the whole parameter space under study. About 30%
of the area of the parameter space covered in Fig. 5.10 could be likely detected
with CTAOQ, particularly in the case that the relativistic protons have a high value
of prefactor and cutoff energy. Assuming that the target proton number density
is the number density of the main ejection of matter in the eruption, the results
suggest that for denser ejecta, the detection region with CTAO will cover a rela-
tively wider range of parameter values of the relativistic proton energy distribution.
CTAO-N should outperform CTAO-S for novae with E,, < 250GeV, while for
Eep > 250 GeV, CTAO-S should perform better than CTAO-N as expected given the
different instrument set ups composing the two observatories.

If one assumes that the next RS Oph eruption follows the same behaviour as the
2021 eruption, a plausible assumption based on the similarities observed at radio,
optical and X-ray for the first weeks between 2006 and 2021 eruptions (Munari et al.
2022; Acciari et al. 2022; Page et al. 2022), CTAO observations can provide a deep
coverage of the gamma-ray emission with unprecedented detail, allowing to probe
the maximum energy of the accelerated particles and the nova physical conditions
across different eruption stages.



CORE-COLLAPSE SUPERNOVAE

Overview

This chapter contains the results of the analysis of data taken on two core-collapse super-
novae (CCSNe) observed with LST-1, SN 2023ixf and SN 2024bch. The work related to
SN 2023ixf corresponds to a paper in preparation, while the study of SN 2024bch with
LST-1 has been submitted for publication to Astronomy and Astrophysics.

6.1 INTRODUCTION

A core-collapse SN (CCSN) event marks the explosive end of the evolution of a
massive star (M > 8M; Woosley et al. 2002; Smartt 2009). CCSNe are some of
the most energetic events in the Universe (total released energy ~10% erg; Heger
et al. 2003). The SN explosion occurs when the collapse of the star is stopped by
the formation of a proto-neutron star. This event creates a shock wave (core bounce)
that propagates through the infalling outer part of the core material. The shock
wave is further energized with neutrino capture and magnetic fields and powers
the ejection of the outer layers of the star. The result of this explosive phenomenon
is a bright MWL transient event (Bethe 1990; Woosley and Bloom 2006; Gal-Yam
2017; Jerkstrand et al. 2025).

SNe with hydrogen-rich spectra are classified as Type II SN and represent the
most common SN type (Shivvers et al. 2017). In contrast, SN lacking hydrogen lines
are classified as Type I, which can be produced from core-collapse or thermonuclear
explosions (Type Ia SNe). CCSNe without silicon absorption lines are divided
into Type Ib and Ic, which either lack hydrogen lines or hydrogen and helium
features in their spectra, respectively. The spectral differences among Type II, Ib
and Ic SNe are attributed to the loss of the external layers of the progenitor star.
Type Ib SNe have lost most of their hydrogen-rich envelope, whereas Type Ic SNe
have additionally lost most of their helium-rich layers. This envelope removal is
interpreted as the result of stellar-wind mass losses or binary interaction (Woosley
et al. 1993; Podsiadlowski 1992). If the hydrogen layers of the progenitor star are
not fully stripped, early-time hydrogen lines can be detected that subsequently
disappear. This in-between group of SNe is classified as Type IIb.

The progenitor stars of Type II are typically associated with red supergiants with
masses between ~8-18 M., at zero-age main sequence (Smartt et al. 2009). These
stars are characterised by wind velocities of 10-30 km s~! and mass-loss rates of
about 107® M, yr~! (van Loon et al. 2005; Mauron and Josselin 2011). Additionally,
unstable massive stars known as luminous blue variables may produce giant
eruptions and explode as SNe (Smith 2017; Weis and Bomans 2020). Enhanced
mass-loss rate (M ~ [107°,107%] M yr—!) expanding at a few hundred km yr—!
is observed in these unstable stars that may additionally undergo giant eruptions
with further mass-loss rate that can even mimic SN explosions (Humphreys and
Davidson 1994; Smith 2017). Wolf-Rayet (WR) stars may additionally be progenitors
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of a fraction of the hydrogen-poor SNe (Filippenko 1997). However, their population
may not produce most of these hydrogen-poor SNe (Eldridge et al. 2013; Lyman
et al. 2016). WR stars undergo large mass-loss rates of M ~ [107%,1074] M, yr!
with winds of thousands of kmyr~! (Nugis and Lamers 2000; Niedzielski and
Skorzynski 2002).

The mass-loss history of the progenitor star is tightly bound to its end and is
key for determining its SN type (Smith 2014; Renzo et al. 2017; Modjaz et al. 2019).
In general, the more massive the star, the higher the rate of mass loss through
powerful winds (Humphreys and Davidson 1994; Nugis and Lamers 2000). In
addition, binary interaction and eruptive events can further enhance the mass-loss
rate (Podsiadlowski 1992; Fuller 2017; Ofek et al. 2013a). The expelled material
remains in the progenitor star circumstellar medium (CSM). If the mass loss rate
is abundant close in time to the SN explosion (from days to hundreds of years),
spectral features related to the ejecta-CSM interaction arise (e.g. Strotjohann et al.
2021; Pastorello et al. 2007; Smith et al. 2008). SNe displaying ejecta-CSM interaction
signatures are classified with an “n”, e.g., Type IIn SN, as they exhibit narrow
emission lines with broad wings over a blue continuum (Schlegel 1990; Chugai
2001). Such lines are believed to arise from the photo-ionisation of the un-shocked
CSM and its interaction with the ejecta (Chugai 1991; Chugai and Danziger 1994).
Additionally, CSM properties can be probed with X-ray and radio observations (e.g.
Ofek et al. 2013b; Chevalier 1998; Berger et al. 2023). Notably, ejecta-CSM features
have been observed in all CCSN spectral-based groups, i.e., Type IIn, Ibn, and Icn
SN (see review in Fuller 2017). Most Type IIn SNe are associated with luminous
blue variable progenitors (e.g. Gal-Yam and Leonard 2009).

Early-time spectroscopic observations (known as “flash” or rapid spectroscopic
observations) revealed that SNe commonly present narrow lines associated with the
flash ionisation of the CSM material after the shock breakout (Khazov et al. 2016;
Waxman and Katz 2017; Bostroem et al. 2024; Bruch et al. 2023; Hinds et al. 2025).
These narrow lines are called “flash ionisation” lines and give information on the
mass-loss rate in the last stages of the progenitor star before the explosion and the
mass, composition and extension of the near surrounding CSM (Svirski et al. 2012;
Gal-Yam et al. 2014; Yaron et al. 2017). Typically, flash ionisation lines disappear
within days after the explosion (t < 10d; Khazov et al. 2016). Persistent narrow
emission lines from ejecta-CSM interaction are characteristic of Type I/IIn SNe (e.g.
Stathakis and Sadler 1991; Tartaglia et al. 2020).

The light curves of CCSNe are diverse because of the intrinsic differences in
evolution and mass loss history among progenitor stars, CSM properties, and
explosion parameters (e.g. Modjaz et al. 2019). Depending on the observed optical
light curve decay rate, Type II SN can be further classified into Type II-L and II-P
SNe. The former SNe present a fast linear decay after the luminosity peak, while
Type II-P SNe have a distinct plateau phase (Barbon et al. 1979). These differences
are linked to the recombination of the hydrogen envelope (Woosley et al. 1987).
Since the amount of hydrogen is reduced, the plateau phase of Type II-P reduces
until it is less pronounced or absent, which is the case of Type II-L (e.g. Anderson
et al. 2014; Gutiérrez et al. 2017).

Ejecta-CSM interactions do not appear to be a phenomenon limited to specific
SNe. Instead, they seem to be widespread across a variety of progenitor masses and
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all types of SNe (Fraser 2020). Interacting SN exhibit vastly diverse observational
light-curve features. For instance, some SNe present a brighter luminosity peak
that takes longer to reach than in non-interacting SN, a behaviour associated with
a massive progenitor star and CSM. In contrast, narrow emission lines have also
been detected in rather faint SNe with erratic light curves. Moreover, ejecta-CSM
interaction features are present in SNe with similar declines to Type II-L- and Type
II-P-like non-interacting SNe (Nyholm et al. 2020).

In recent years, it has been proposed that at least some CCSNe can be TeV-PeV
particle accelerators, contributing to the bulge of CRs through particle acceleration in
the collision between the SN blastwave and the dense CSM (Tatischeff 2009; Murase
et al. 2011; Bell et al. 2013). In such environments, proton-proton interactions are
expected to occur, and subsequent HE and VHE gamma rays can be produced
(see Sect. 2.2.4; Cristofari et al. 2022; Brose et al. 2022). Models suggest that SNe
surrounded by an enhanced CSM are the best candidates for efficient proton
acceleration and subsequent VHE gamma-ray emission. For instance, luminous
blue variable and red supergiant (RSG) progenitor stars present high mass-loss rate
and wind densities, which create favourable conditions for particle acceleration and
subsequent non-thermal emission.

When the CCSN occurs embedded in the CSM, it generates a fast-moving forward
shock that propagates outward and interacts with the nearby CSM and a reverse
shock that interacts with the ejecta. Since the density of the CSM decreases with
distance, we expect the highest gamma-ray luminosities to be reached shortly after
the eruption (Tatischeff 2009; Brose et al. 2022). However, strong VHE gamma-ray
attenuation can occur over the first few days due to the interaction of the putative
gamma rays and the low-energy photons from the SN photosphere (see Sect. 2.3.1;
Cristofari et al. 2022).

By the time this Thesis is written, no firm detection of HE or VHE gamma-ray
emission from SNe has been achieved (see review by Carosi and Lépez-Oramas
2024). At HE gamma rays, several source candidates have been claimed to be
associated with SNe, including the Type II-P SN 2004dj (Xi et al. 2020), the super-
luminous hydrogen-poor SN 2017egm (Li et al. 2024), the peculiar luminous Type
IT iPTF14hls (Yuan et al. 2018) and the SN candidates AT2018iwp and AT2019bvr
(Prokhorov et al. 2021). However, these HE source candidates present low statistical
significance and large localisation uncertainties. At VHE gamma rays, observations
on dedicated SNe have been performed with IACTs without yielding a significant
detection. These studies include the observations of the Type Ia SN 2014] with
MAGIC (Ahnen et al. 2017b), the monitoring of several CCSNe with H.E.S.S. (H. E.
S. S. Collaboration et al. 2019), and the observation campaign on the superluminous
SN 2015bn and SN 2017egm with VERITAS (Acharyya et al. 2023).

This chapter is organised as follows. Sections 6.2 and 6.3 describe the observations,
data analysis, and results on SN 2023ixf and SN 2024bch, respectively. We discuss
the obtained results in Sect. 6.4, and we provide our conclusions in Sect. 6.5.

6.2 sN 20231xF

The Type II SN 2023ixf was discovered in the Galaxy M101 (6.85 £ 0.15Mpc; Riess
et al. 2022) on 19 May 2023 at 17:27:15 UTC (MJD 60083.72; Itagaki 2023). The
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explosion time is estimated to have occurred on 18 May 2023 at 18:00 UTC, about
one day before the discovery (MJD 60082.75, hereafter Tp; Hosseinzadeh et al. 2023).
The optical emission increased in the days following the discovery, reaching the
peak magnitude about ~5 days after the explosion. Afterwards, the emission
decay remained shallow in a plateau decaying phase for almost three months.
Subsequently, the ejecta became transparent, entering the so-called nebular phase
following a fast linear decay.

The progenitor has been identified to be an RSG star with an estimated mass of
8-20Mg, (e.g. Pledger and Shara 2023; Kilpatrick et al. 2023; Kozyreva et al. 2025).
Flash spectroscopic observations within a few days after discovery revealed narrow
emission lines consistent with a confined, asymmetric and inhomogeneous CSM
(Bostroem et al. 2024; Jacobson-Galan et al. 2023; Smith et al. 2023).

The pre-existent, dense CSM within which the ejecta interacted has also been
characterised at other wavelengths. In the infrared (IR) band, the progenitor star
showed a mid-IR excess before the explosion, which is most likely explained
by a dusty CSM. Furthermore, significant pre-explosion IR variability has been
discovered (Kilpatrick et al. 2023).

At X-rays, SN 2023ixf was first detected by the Nuclear Spectroscopic Telescope
Array (NuSTAR) on 22 and 29 May 2023 (MJD 60086.74 and 60093.37, ~ Ty +4d and
~ To +11d, respectively; Grefenstette et al. 2023), the X-ray Multi-mirror Mission-
Newton (XMM-Newton) on 27 May 2023 (TO + 9; Nayana et al. 2024) and the Chandra
X-ray Observatory on 31 May 2023 (MJD 60095.65, ~ Ty + 13 d; Chandra et al. 2023).
These early detections of hard X-ray emission are produced by material heated
in the interaction between the forward shock and the confined CSM. Finally, the
early non detections at radio until about one month after the explosion, on 17 June
2023 (MJD 60112.04) by the Karl G. Jansky Very Large Array (VLA) (Matthews et al.
2023), have been explained by the initial high-column densities ahead of the heated
material (Chandra et al. 2023).

No significant HE gamma-ray emission was detected with Fermi-LAT on
SN 2023ixf within a month after Ty. The derived ULs constrain the CR acceler-
ation on this source at early times, estimated to be <1% (Marti-Devesa et al. 2024).
Complementary VHE gamma-ray data are required to constrain the gamma-ray
spectrum at the highest energies and, subsequently, the maximum energy of the
CRs accelerated during the event. SN 2023ixf is the closest and one of the brightest
CCSNe visible in the Northern hemisphere since MAGIC and LST-1 are operational.
Consequently, this close and bright event provides a unique opportunity to observe
this kind of events and study the possibilities of CCSNe to be VHE gamma-ray
emitters. In this work, we aim to constrain the VHE emission from SN 2023ixf.

In this section, we present the observations of SN 2023ixf in the deepest campaign
ever performed at VHE gamma rays on a CCSN covering both the rise and plateau
phases. Section 6.2.1 summarises the observational campaign performed with
MAGIC and LST-1 IACT facilities. In Sect. 6.2.3, we describe the model used to
divide the data. The analysis procedure is described in Sect. 6.2.2, while results are
shown in Sect. 6.2.4.
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6.2.1 Observations

We triggered joint MAGIC and LST-1 early-time observations via target of opportu-
nity (ToO) on SN 2023ixf to search for early VHE gamma-ray emission. Observations
started on 20 May 2023 at 21:30 UTC (T + 2.15d), only one day after the discovery,
and extended until 22 June 2023 (Ty + 35.18 d).

Both IACT facilities performed observations under the same observation scheme
in wobble mode: a sequence of four recursive telescope pointings around SN 2023ixf
position with an offset from the source of 0.4° (see Sect. 4.1.6.1). The observation
time on every telescope pointing was about 20 min. With this strategy and under
simultaneous observations, we can perform a three-telescope stereoscopic analysis,
MAGIC+LST-1 (see Sect. 4.4).

The observations were taken with the Moon below and above the horizon, here-
after designed dark and moon observations, respectively. MAGIC collected almost
60 h of data between dark and moon conditions, whereas LST-1 gathered about 47 h
of data, taken in dark or low-moon conditions. Eventually, about 42 h of data were
taken simultaneously with LST-1 and MAGIC. We analyse simultaneous observa-
tions with MAGIC and LST-1, which provide better performance than considering
the two facilities separately (see Sect. 4.4; Abe et al. 2023c). We summarise the joint
observation campaign in Table 6.1, where the effective observation time is shown
for each night.

The rapid classification of SN 2023ixf as a Type II SN, its close distance, luminous
peak, and signs of ejecta-CSM interactions triggered extensive observations during
the different phases of the SN explosion within the first month after the explosion.
The first five observation days were taken during the rising phase of the light
curve and the luminosity peak. Subsequent observations in June occurred during
the shallow decay in the plateau phase. The final dataset is 25.6 hours of dark or
low-moonlight observing conditions after data quality selection (see Table 6.1).

6.2.2 Analysis

We performed an offline software search of coincident events triggering the three
telescopes by matching the event timestamps. Once identified, the events are
reconstructed with the dedicated pipeline magic-cta-pipe v0.3.1 (more details in
Sect. 4.4 and in Abe et al. 2023c).

After the timestamp matching algorithm, the stereoscopic parameters are cal-
culated and used for the direction and energy reconstruction, as well as in the
gamma-hadron separation through RF algorithms (see Sect. 4.1.3). Dim, poorly-
parametrised events (intensity < 50 p.e. and width > 0) are excluded for the stereo-
scopic reconstruction. The parametrised images of the three telescopes are weighted
to obtain a single parametrisation per event using the image intensity (Abe et al.
2023¢).

The dedicated MAGIC+LST-1 MC simulations are initially produced with an
NSB corresponding to a dark-sky patch (see Sect. 4.3.5). In order to improve the
matching of observational data and MC simulations, the NSB of the MC simulations
is increased through additional Poissonian noise after summing up the charge in
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Table 6.1: Observation campaign of SN 2023ixf with MAGIC and LST-1.

Observation time

Start day Start date  Time since Tj after data selection ZA range
(MJD] [d] (h] [°-°]
20 May 2023  60084.90 2.15 5.66 25-61
21 May 2023  60085.98 3.23 1.31 26-31
22 May 2023  60086.93 4.18 1.52 25-40
23 May 2023  60088.02 5.27 2.39 29-47
27 May 2023  60092.10 9.35 0.55 45-48
12 Jun. 2023 6010791 25.16 2.64 25-37
15 Jun. 2023  60110.94 28.19 2.46 27-43
18 Jun. 2023  60113.91 31.16 0.53 25-26
19 Jun. 2023 6011491 32.16 271 26-42
20 Jun. 2023  60115.91 33.16 2.12 26-43
21 Jun. 2023  60116.91 34.16 2.62 26-43
22 Jun. 2023  60117.93 35.18 1.10 27-35

Notes. For each MAGIC+LST-1 joint observation day, we list the day of the evening before
data taking, the starting date in MJD, the starting time offset with respect to the explosion
time (Tp = MJD 60082.75; Hosseinzadeh et al. 2023), the MAGIC+LST-1 observations time
after the data selection, and the ZA range of the observations.

each pixel of the camera. Six different values of the Poisson variances are considered
to tune the MC simulations, ranging from 0.5p.e. to 3p.e. in steps of 0.5p.e.

The observational data are divided based on the NSB conditions during their
data taking and binned according to the Poisson variances simulated in the MC
reprocessing. The properties of the primary particle are reconstructed using the
corresponding RFs.

We selected events surviving the image cleaning in LST-1 and at least one MAGIC
telescope (see Sect. 4.4). In particular, we apply energy-dependent 90% efficiency
cuts on the gammaness parameter. The IRFs are computed using the nearest MC
simulations to each run.

We perform a spectral analysis using aperture photometry with the open-software
package Gammapy (Donath et al. 2023; Acero et al. 2022). Three equidistant OFF
regions located around the telescope pointing at the same offset and size as the ON
region (centred on SN 2023ixf) are used to estimate and subtract the background.
We consider a radius of 0.2° to perform the spectral analysis, regardless of the event
reconstructed energy.

6.2.3 Model-based data division

The intense SN photosphere is expected to attenuate the VHE gamma-ray emission
via photon-photon pair production (see Sect. 2.3.1). This effect is particularly
relevant at early times when the photosphere is bright and the fast shock produced
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by the SN explosion is expanding in the CSM (e.g. Tatischeff 2009; Marcowith et al.
2014; Cristofari et al. 2022; Brose et al. 2022). As a result, early times interpretation
of VHE gamma-ray observations from SNe should consider careful treatment of
gamma-gamma attenuation.

To accurately estimate the pair-creation opacities at early times, a time-dependent,
anisotropic modelling is required because of two main reasons. Firstly, both the SN
shock and photosphere are expanding. The physical properties of the latter, such as
photon density and temperature, evolve with time. Secondly, the relative position
between the shock and the photosphere affects the number of photons reaching the
shock, which, in turn, determines the probability of photon-photon pair creation
(Cristofari et al. 2020).

To assess the division of the LST-1 data, we used the time-dependent anisotropic
model in Cristofari et al. (2022) tailored to SN 2023ixf physical parameters. Based
on the predicted attenuation of the VHE gamma-ray emission, we divide the
MAGIC+LST-1 dataset into two subsamples.

The first sub-sample (hereafter sample A) corresponds to the early observation
before and around the peak luminosity. During these observations, the early VHE
emission is expected to be significantly attenuated at E > 100GeV. However,
given the inverse relation of emission with time (Tatischeff 2009), the emission at
E < 100GeV, where the gamma-gamma attenuation is less severe than at higher
energies, is expected to reach the maximum. Sample A encompasses observations
taken during May 2023 (Ty < 10d; see Table 6.1). These observations occurred in
the phase of enhanced CSM density (Jacobson-Galan et al. 2023).

The second subsample (hereafter sample B) contains the rest of the observations
conducted after Tp + 24 d in June 2023 (see Table 6.1). In sample B, the gamma-
gamma absorption is expected to be less severe and without large changes with
time compared to earlier phases of the explosion. The VHE gamma-ray emission is
predicted to reach the maximum observed emission level.

6.2.4 Results

No significant VHE gamma-ray emission is detected from SN 2023ixf during the
joint observations of MAGIC+LST-1, in either samples A or B (see Sect. 6.2.3). We
assume a power-law spectral model to constrain the VHE gamma-ray emission. The
spectral index (T') is fixed to I' = —2 during the fitting process. We calculate ULs at
the 95% confidence level. The SEDs for samples A and B are shown in Fig. 6.1. We
derive comparable ULs between the two samples, at the level of ~10712 ergem 257!
at the lowest energies of hundreds of GeV. At higher energies, we constrain the
emission at a level of few x10 13 ergem 2571

The integral flux is derived using the same spectral model assumption as the SED
computation. Figure 6.2 shows the light curve above 200 GeV for the two samples
during non-coincident days. The emission is constrained for both samples at the

level of few x10~ B em—2s 1.
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Figure 6.1: SED of SN 2023ixf in VHE gamma rays obtained with MAGIC and LST-1 during
the raising and peak luminosity in red (Sample A) and the plateau phase in blue
(Sample B).
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Figure 6.2: Integral fluxes of SN 2023ixf obtained with MAGIC and LST-1 for samples A
and B in red and blue, respectively. We note that the observations in the two
samples are performed on non-coincident days (see Table 6.1).

6.3 sN 2024BCcH

SN 2024bch was discovered on 29 January 2024 at 06:02:50 UTC in the galaxy NGC
3206 (at a distance d ~ 20 Mpc; Tully et al. 2016), at coordinates RA /Dec (J2000):
155.4592°, 56.9267° (Wiggins 2024). It was initially classified as a Type IIn SN based
on its spectral similarity to SN 1998S at 3.5 days post-explosion (Balcon 2024).
Subsequent optical observations resulted in a revised classification of SN 2024bch
as a Type II SN with CSM interaction (Tartaglia et al. 2024; Andrews et al. 2025).
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Table 6.2: Observation campaign of SN 2024bch with LST-1.

Observation time

Start day Start date  Time since Tj after data selection ZA range
IMJD] [d] (h] [°1-°]
13 Feb. 2024  60354.03 15.76 3.5 28-34
14 Feb. 2024  60355.06 16.79 2.7 28-34
15 Feb. 2024  60356.06 17.79 3.8 28-35
16 Feb. 2024  60357.11 18.84 22 28-35
18 Feb. 2024  60359.20 20.93 0.8 38-43
06 Mar. 2024  60376.02 37.75 1.5 28-30

Notes. For each observation day, we list the day of the evening before data taking,
the starting date in MJD, the starting time offset with respect to the discovery (Ty =
MJD 60338.25196759 Wiggins 2024), the observations time after the data selection, and the
ZA range of the observations.

In this section, we present VHE gamma-ray follow-up observations of SN 2024bch
conducted with LST-1. We describe the observations and data analysis in Sects. 6.3.1
and 6.3.2, respectively. Results are presented in Sect. 6.3.3.

6.3.1 Observations

ToO observations of SN 2024bch with LST-1 were initiated on 13 February 2024
(MJD 60353), approximately two weeks after its discovery. The follow-up was
intentionally delayed to avoid the early phase when significant gamma-gamma
attenuation is expected (see Sect. 6.2.3). Observations were conducted over six
nights between February and March 2024, accumulating a total exposure time of
14.6 h within a ZA range of 28°-43° (see Table 6.2). Data were acquired in wobble
mode with an offset of 0.4° (see Sect. 4.1.6.1), under good atmospheric conditions
and during dark to low moonlight periods.

6.3.2 Data analysis

The low-level data analysis follows the standard, source-independent analysis
described in Sect. 4.3, utilising the cta-1stchain software package (L6pez-Coto et
al. 2024). MC simulations, generated at a fixed declination of +61.66° (4.73° from the
position of SN 2024bch) are employed to reconstruct the properties of the primary
particles (see Sects. 4.3.4 and 4.3.5). Energy-dependent efficiency cuts at 70% for
gammaness and 6 are applied to obtain the gamma-ray-like events. Furthermore,
faint events with intensities below 50 p.e. are excluded to minimise contamination
from events close to the energy threshold (see Sect. 4.1.4).

We performed an aperture photometry spectral analysis using the open-software
package Gammapy (Donath et al. 2023; Acero et al. 2024). Background estimation is
performed using a single OFF region, defined as the reflected region with respect
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Figure 6.3: SED obtained using all the LST-1 observations of SN 2024bch.

to the ON region centred on the position of SN 2024bch (see Sect. 4.1.6.1). Only
one OFF region was used in this case because of pointing instabilities during the
observations.

6.3.3 Results

No significant VHE gamma-ray excess was detected on any of the observed nights
or in the full dataset. To constrain the gamma-ray emission from SN 2024bch,
we compute the SED in the range between 75GeV and 10TeV stacking all the
observations (see Sect. 4.1.6). A power-law spectral model with a fixed spectral
index to I' = —2 is assumed. We calculate ULs at the 95% confidence level. The SED
is shown in Fig. 6.3. We can constrain the observed emission from 10~ ergem 257!
at 100 GeV down to few x1073-10"12ergem 257! above 1 TeV.

We computed night-wise integral flux ULs between 100 GeV and 10TeV con-
sidering the best-fit spectral model on each night. The light curve is shown in
Fig. 6.4. Additionally, we constrain the integral flux using the full dataset. This
result is also shown in Fig. 6.4. The daily light curve constrains the emission at few
x10712cm ™25, while the integral flux UL for the full dataset is at the level of
about 1072 cm—2s~ 1. We note, however, that the time span of the stacked integral
flux between 13 February and 6 March 2024 is poorly covered after 18 February
because the presence of the Moon prevented observations with a low energy thresh-
old. Furthermore, we note that the integral flux ULs are sensitive to the assumed
spectral index. In particular, if one assumes that the spectral index is I' = —2.5, the
flux ULs increase by a factor of ~2.
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Figure 6.4: Light curve of SN 2024bch computed between 100 GeV and 10 TeV. We compare
the night-wise light curve (purple) with the integrated flux UL, obtained by
stacking all results together (fuchsia).

6.4 DISCUSSION

The flux ULs derived for SN 2023ixf and SN 2024bch constrain the VHE gamma-ray
emission above 200 GeV and 100 GeV, respectively. The corresponding integral flux
ULs at these energies are at the level of few x10"*cm~2s~! for SN 2023ixf and
few x10712ecm 257! for SN 2024bch. These values correspond to about 0.2% and
1% of the Crab Nebula flux, respectively. The lower energy threshold of LST-1 and
higher sensitivity of MAGIC+LST-1 observations enable probing the emission of
CCSNe down to energies where the gamma-gamma absorption is not as severe as
in the TeV band. No previous IACT observations of SNe were carried out with such
a low energy threshold (Ahnen et al. 2017b; H. E. S. S. Collaboration et al. 2019;
Acharyya et al. 2023). Additionally, IACT observations at tens to hundreds of GeV
provide competitive, sensitive observations to short-timescale emission compared to
the Fermi-LAT sensitivity at these energies with similar exposures (see Sect. 3.2.3.2;
Funk et al. 2013).

Gamma-ray observations can also constrain the physical properties of the CSM.

Under the assumption that the gamma rays arise from proton-proton interactions
with the wind of the progenitor star, the mass-loss rate over the wind velocity

(M /Vw) can be constrained (e.g. Dwarkadas 2013; H. E. S. S. Collaboration et al.

2019). In a steady-wind scenario (Chevalier 1982), the density profile as a function
of the radius R takes the form
M

= R~ 6.1
47710y, (6.1)

7

Pw

where s = 2 and M/v,, is assumed to be constant. Dwarkadas (2013) derived the
relation between the emitted gamma-ray flux above a certain energy F, (> E) and
M /vy,. This theoretical model assumes that a fraction ¢ of the total kinetic energy
of the shock is used to accelerate CRs. The differential energy gain that CR acquire
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during acceleration is decr = ZNCRShpshvghdt, where Rgy, pgh, and vy, are the shock
radius, density, and velocity, respectively. Proton-proton interactions occur when the
accelerated protons interact with target material from the swept-up material by the
shock (see Sect. 2.2.4). For a steady-wind scenario, the differential swept-up material
is described as dMg, = 47pyr?dr. The contact discontinuity* between the ejecta,
with density profile pej & v™", and a stationary medium, with density p.,, expands
as Rep = mCqt™, where m = (n — 3)/(n — s) (Chevalier 1982). The forward shock
radius can be related to Rcp as Ry, = k¥Rcp, where « is fixed in the case of a
self-similar solution (Chevalier 1982). Under the above-mentioned framework and
considering the fact that the emitting volume is confined to a fraction j of the total
volume (the shocked region has a volume V = 47BR3 /3), the gamma-ray flux
from proton-proton interaction takes the form (Drury et al. 1994; Dwarkadas 2013):

L B3ECym (M
B ED = 5 m— ) pump \vw ) © (©.2)

where g, is the gamma-ray emissivity normalised to the CR energy density (Drury
et al. 1994), u is the mean molecular weight, m,, is the proton mass, d is the
distance to the SN, and ¢ is the offset time of the observations with respect to the
explosion event. Equation 6.2 can be expressed as a function of the shock velocity
veh = Ren/t = kmCyt" 1 as (H. E. S. S. Collaboration et al. 2019):

_ 3q,Gosm® M ? -1
B(>E) = 3272(3m — 2) Bumpd? \ vy, a (63)

For a wind density profile (s = 2) and typical values of n, which range between 7-12,
m ranges between 0.8-0.9 (H. E. S. S. Collaboration et al. 2019). To derive the M /vy,
ULs of SN 2023ixf and SN 2024bch from VHE observations with MAGIC+LST-1 and
LST-1, respectively, we consider for both SNe a canonical 10% proton-acceleration
efficiency, 4 = 1.4, and B = 0.5 (Dwarkadas 2013; H. E. S. S. Collaboration et al. 2019).
On the other hand, g, can be estimated based on numerical calculations accounting
for the spectral index and the energy threshold used to compute the integral flux
(Drury et al. 1994). Table 6.3 shows the constraints on M/v,, accounting for the
distance and shock velocity inferred for each SN. We use the flux ULs computed
with several non-coincident observation days. The offset time associated with the
flux UL used in Eq. 6.3 and Table 6.3 is calculated based on the exposure-weighted
average of the mid-time for each observations. The derived M/v,, ULs without
considering gamma-ray attenuation are of the order of 10> M., ylr*1 km~!s (see
Table 6.3).

As previously discussed, VHE gamma rays have the disadvantage of being
affected by photon-photon pair creation, which attenuates the emitted flux (see
Sect. 2.3.1). As a result, the derived M/v,, estimates with VHE gamma-ray data will
be too restrictive if the gamma-gamma attenuation is not accounted for, especially
at early times. Therefore, to correct the gamma-ray flux ULs due to photon-photon
pair creation, the integral flux has to be multiplied by e™ (see Sect. 2.3). That is,
the right-hand side of Eq. 6.3 must be multiplied by this quantity. During the few

“Region that separates the shocked ejecta and shocked ambient gas.
*But see Chandra et al. (2024).
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Table 6.3: ULs on M /vy, without considering gamma-ray attenuation.

Exposure-weighted average

Dataset time after explosion M/ow
[d] [x10~® M, yr‘1 km~1s]
Sample A (SN 2023ixf) 3.66 6
Sample B (SN 2023ixf) 30.95 17
All data (SN 2024bch) 20.49 20

Notes. The exposure-weighted average time after the explosion and the UL on M/v, are
provided for the datasets of SN 2023ixf (samples A and B) and SN 2024bch (all data). For
SN 2023ixf, we used g, (E > 200GeV,a = 4.1) = 6 x 10~V erg~ ! em®s~! (H-atom) ! (Drury
et al. 1994), vy, = 9,000kms~! (Jacobson-Galan et al. 2023)*, and d = 6.85 Mpc (Riess et al.
2022). For SN 2024bch, we used g, (E > 100GeV,a = 4.1) = 1.2 x 10 ®erg ! em3s~! (H-
atom)~! (Drury et al. 1994), vg, = 7,000 km s! (Tartaglia et al. 2024), and d = 20Mpc
(Tully et al. 2016). We note that the values of vy, are approximate estimates, intended to be
consistent within an order of magnitude to the real value.

days after the explosion, the value of 7., is of the order of tens to few units at
VHE gamma rays. The opacity should decrease to a value of about a few or one
after a few tens of days, while it should further diminish to a value of one or a
fraction after month timescales. In contrast, other wavebands such as radio, optical
or X-ray can also constrain the CSM physical parameters without the complications
introduced by photon-photon pair creation. In these bands, close CCSNe are often
observationally detected as bright sources. Furthermore, in special cases, CCSNe
can even be spatially resolved at radio wavelengths for nearby explosions (e.g.
Marcaide et al. 1995a,b; Bietenholz et al. 2003; Krauss et al. 2012). Consequently,
CSM constraints can be inferred in general more precisely at other bands than
gamma rays (e.g. Teja et al. 2023; Grefenstette et al. 2023; Chandra et al. 2024; Berger
et al. 2023).

SN 2023ixf was notably followed up at multiple wavelengths. The estimated
M value for SN 2023ixf depends on the time of observations. Early-time (2 days
post-explosion) observations from narrow-line studies estimate M at an order of
magnitude of 1072 Mg, yr~! (e.g. Jacobson-Galén et al. 2023; Bostroem et al. 2024;
Zimmerman et al. 2024). The non-detection of radio emission at early times due to
absorption is also consistent with this enhanced mass-loss rate (Berger et al. 2023;
Iwata et al. 2025). X-ray observations at few to tens of days after the explosion
place a mass-loss rate at about 10~* M, yr~! that decreases following a wind-like
profile (Grefenstette et al. 2023; Panjkov et al. 2024; Chandra et al. 2024). Note that
this estimate of M at X-rays is in tension with millimetre-band observations at
that time (Berger et al. 2023). The radio data exclude the range between few 106
1072 Mg, yr~!, in agreement with the derived value of 107° M, yr~! from optical
spectra to model comparison at later times (Jacobson-Galan et al. 2023; Berger
et al. 2023). However, this discrepancy can be eased if the CSM is confined and
non-homogeneous in regions above the shock-breakout (e.g. Berger et al. 2023). The
transition in the CSM structure is estimated to take place between Ty + [3.5,4.5] d, at

105



106

CORE-COLLAPSE SUPERNOVAE

a radius of few x10'* cm. The M value derived from VHE gamma-ray observations
in sample A (see Sect. 6.2.3), adopting a wind velocity of 100kms~!, can be easily
accommodated within the estimates of M ~ 107°-10"* M, yr~! given the large
attenuation that gamma rays experience within the first days. On the other hand,
the M UL computed from sample B is comparable to the M estimates at other
wavelengths without considering gamma-ray attenuation.

In contrast to the case of SN 2023ixf, the electromagnetic observations of
SN 2024bch have been solely reported in the optical band. Andrews et al. (2025)
obtained an estimated mass-loss rate between 1072~10~2 M, yr ! from model com-
parison with the early spectra. Although this enhanced mass-loss rate may be
limited to weeks or years before the explosion, the presence of CSM signatures at
later times points to an extended CSM with distinct structured regions that may in
addition be asymmetric. Ejecta-CSM interactions were observed at 60 days after the
explosion. We note, however, that despite the signature of ejecta-CSM interaction
at about 60 days, the origin of the narrow lines due to ejecta-CSM interactions is
still debated (Andrews et al. 2025; Tartaglia et al. 2024). If the CSM interaction
origin of the early-time narrow lines is true, its contribution is low, and it is not
required to explain the luminosity of the explosion. The M value derived with all
the LST-1 observations of SN 2024bch, assuming a wind velocity of 100 km s, is
about 1073 M, yr—! without considering gamma-ray attenuation. The UL should
increase at most by three orders of magnitude if the attenuation is considered.

SN 2023ixf and SN 2024bch are CCSNe that exhibit signatures of ejecta-CSM
interaction. However, the high-ionisation lines completely disappeared within few
days after the explosion, indicating a dense and confined CSM (Jacobson-Galan et al.
2023; Smith et al. 2023; Andrews et al. 2025). A significant fraction of SNe may show
similar signs of confined interaction shortly after the explosion (Khazov et al. 2016;
Bruch et al. 2023; Hinds et al. 2025). Although SN 2023ixf and SN 2024bch present
a dense asymmetric CSM, the CSM of SN 2024bch may be more extended than in
SN 2023ixf, but displays a lower level of ejecta-CSM interactions than SN 2023ixf,
whose bright peak luminosity may be explained with additional power from the
ejecta-CSM interaction. Models such as those in Cristofari et al. (2022) and Brose
et al. (2022) assume a steady wind scenario without accounting for this enhanced
confined CSM. Moreover, a shallower decay slope than the steady-wind scenario
profile of s = —2 can explain the observation of some interacting SNe (e.g. Moriya
2023; Nayana et al. 2024). As a result, the proton-proton interaction efficiency and
gamma-ray emissivity would be enhanced in shocks sweeping up the CSM. At early
times, however, photon-photon pair creation is important (potentially attenuating
the VHE gamma-ray flux by several orders of magnitude; Cristofari et al. 2022;
Brose et al. 2022). Therefore, even if the gamma-ray emission is enhanced due to a
dense compact CSM, this emission may remain undetectable. Once the confined
CSM is surpassed, the proton-proton efficiency and gamma-ray emissivity will
diminish due to the density drop. The observation of close SNe with ejecta-CSM
interaction signatures, as in the case of SN 2023ixf and SN 2024bch, is crucial for
probing gamma-ray emission in CCSNe. On the contrary, Type Ia SNe are expected
to have lower CSM than CCSNe. Consequently, they are expected to have less
efficient proton-proton interactions and gamma-ray emission (Smith 2014).
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As emphasised throughout this chapter, precise modelling of the photon-photon
pair creation is essential for estimating the intrinsic gamma-ray emission at early
times and inferring the physical properties of SNe. However, this task is complex
(see Sect. 6.2.3). The gamma-gamma opacities are highly sensitive to the model
parameter values, which can drastically alter the derived opacities by orders of
magnitude. Furthermore, small variations of the parameter values can significantly
alter the gamma-ray attenuation relevance with time at energies between tens to
hundreds of GeV, which is a critical energy range for IACTs such as MAGIC and
LSTs. Therefore, precise MWL data are required to constrain the parameters related
to the opacities, such as the photosphere and the hydrodynamical evolution. Photon-
photon pair creation requires a minimum energy to create an electron-positron pair
and additionally depends on the number density of the surrounding photon field.
The attenuation is expected to be the highest at early times when the photosphere
reaches the highest luminosity and temperature. As the explosion evolves with
time, these quantities decrease. The energy range affected by gamma-gamma pair-
creation will shrink at low energies, as low-energy gamma rays will start being
unattenuated because the minimum energy for a pair creation process will not
be reached. The observation at tens to hundreds of GeV is critical for the early
detection of SNe.

A stringent constraint on the particle acceleration efficiency of <1% in SN 2023ixf
was derived based on its non-detection with Fermi-LAT within a month after the
explosion (Marti-Devesa et al. 2024). Although this value is lower than the canon-
ical 10% particle acceleration efficiency value, this constraint can be eased if an
inhomogeneous environment is considered or the time window when the shock is
not collisionless is excluded (Marti-Devesa et al. 2024; Kimura and Moriya 2024).
Gamma-ray observations can provide valuable information about the physical
parameters related to non-thermal particle acceleration. These observations com-
plement MWL SN studies. Even when only upper limits are derived, they can
still offer important constraints on particle acceleration and non-thermal emission.
For example, the temporal evolution of the particle acceleration efficiency may be
constrained if MWL data can characterise the rest of the physical properties of the
system.

Interestingly, the configuration of the CSM in CCSNe can, to some extent, be
compared to the CSM that is found in symbiotic recurrent nova such as RS Oph?
(see Sect. 5.2). In these systems, the nova occurs embedded in the red giant wind
with additional over-densities concentrated in the orbital plane through binary
interaction. A non-spherical ejecta may develop, additionally leading to complex
spatial remnants (see Sect. 5.7; Bode and Evans 2012). Similarly, SN 2023ixf and
SN 2024bch show signs of an asymmetric-confined CSM. While shocks that form
in novae are generally slower than SNe, they partially overlap between them.
Moreover, the nova photosphere will also partially attenuate the gamma rays, but
with less efficient photon-photon pair creation due to the fainter photon energy
field and characteristic temperature of the nova photosphere than the hotter SN
photosphere. These similarities suggest that novae and SNe are, to some extent,
phenomenologically connected. Therefore, novae can be used as valuable systems

In contrast, the low CSM of classical novae could be related to the low-density environment of
Type Ia SNe compared with CCSNe.
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for testing particle acceleration and improving the understanding of supersonic
shocks, offering insights into similar processes occurring in both types of systems
while we await a close and bright SN.

6.5 CONCLUSIONS

SN 2023ixf and SN 2024bch are two close Type II SNe that exhibit early-time sig-
natures of ejecta-CSM interaction. In particular, SN 2023ixf is the closest CCSN
detected in the last 10 years with a bright peak luminosity. Dedicated ToO observa-
tions were conducted with MAGIC+LST-1 on SN 2023ixf and only with LST-1 on
SN 2024bch within the first 40 days after the explosion. SN 2023ixf observations
began as early as one day after the discovery, while SN 2024bch was observed
after ten days to minimise the gamma-ray attenuation on the observed flux at early
times. Although no significant VHE gamma-ray emission is detected for either
SNe, we constrain their emission to few x10" ¥ ecm2s~ ! and 102 ecm 251 above
200GeV and 100 GeV, for SN 2023ixf and SN 2024bch, respectively. The obtained
flux ULs for SN 2023ixf represent the deepest ULs at low-energy VHE gamma rays
across different phases of the SN explosion. The differential and integral flux ULs
derived can serve as valuable information to constrain theoretical models if proper
gamma-gamma attenuation is accounted for.



GAMMA-RAY BURSTS

Overview

This chapter contains the work on the data analysis and physical interpretation of the
observations with LST-1 of GRB 221009A, the brightest gamma-ray burst (GRB) since their
first observation in the late sixties. In particular, this GRB is dubbed as the “brightest-of-all-
time” (BOAT) burst. This chapter includes also the first moon-adapted analysis of LST-1. A
dedicated paper has been submitted for publication to The Astrophysical Journal Letters.

7.1 INTRODUCTION

GRBs are brief, intense pulses of gamma rays peaking in the MeV band, detected
at an average rate of ~1 per day, randomly distributed in the sky (Meegan et al.
1992). The initial, prompt phase of their emission exhibits irregular variability and
typically lasts seconds to minutes (Fishman et al. 1994). This is followed by the
afterglow phase, where emission across the electromagnetic spectrum decays more
gradually, over timescales of hours up to months (van Paradijs et al. 2000). Based on
the duration and spectra of the prompt emission, they are classified as either short-
or long-duration GRBs (Kouveliotou et al. 1993). Long GRBs are known to typically
originate from the core collapse of some massive stars (Woosley and Bloom 2006),
while short GRBs are widely thought to be triggered by the coalescence of binary
compact objects (Berger 2014; Margutti and Chornock 2021). For either GRB class,
the event is believed to generate collimated jets of plasma with ultrarelativistic bulk
velocities, within which the prompt emission is produced and observed as a GRB
when the jet is oriented close to our line of sight (Rees and Mészédros 1994). The
afterglow emission from the radio band up to the GeV band is robustly interpreted
as synchrotron radiation by electrons accelerated in a blast wave, triggered by the
interaction of the jet with the ambient medium (Mészdros and Rees 1997; Sari
et al. 1998; Piran and Nakar 2010). IC radiation by the same electrons can induce
afterglows at even higher photon energies (Fan and Piran 2008). For reviews on
GRBs, see, e.g., Mészaros (2002), Piran (2004), Gehrels and Mészaros (2012), and
Kumar and Zhang (2015).

Gamma-ray emission at VHEs from GRBs had been long expected (Mészaros
et al. 1994; Zhang and Mészaros 2001; Inoue et al. 2013; Kakuwa et al. 2012; Nava
2018), but was not observationally verified until recently with the detection of VHE
gamma-ray emission of four different GRBs with the MAGIC and H.E.S.S. telescope
facilities from GRB 190114C (MAGIC Collaboration et al. 2019b), GRB 180720B
(Abdalla et al. 2019), GRB 190829A (H. E. S. S. Collaboration et al. 2021), and
GRB 201216C (Abe et al. 2023a). These detections confirmed that at least some long
GRBs emit VHE gamma rays during the afterglow phase (Nava 2021; Miceli and
Nava 2022; Noda and Parsons 2022). For short GRBs, a ~3¢ hint was reported by
MAGIC for GRB 160821B (Acciari et al. 2021).
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Below we present the results for GRB 221009A obtained during the follow-up
campaign with LST-1. This includes the earliest observations of GRB 221009A by
an IACT in a period not covered by other VHE facilities. We contextualise these
results, compare them with theoretical models of VHE afterglow emission from
structured jets, and address the physical implications. This section is organised as
follows. Sections 7.2 and 7.3 describe GRB 221009A and the observing conditions
under which the data were obtained, respectively. The details on the data analysis
are given in Sect. 7.4. The results are presented in Sect. 7.5, and we compare the
obtained data with theoretical models and discuss physical implications in Sect. 7.6.
Finally, we provide our conclusions in Sect. 7.7.

7.2 GRB 221009A

On 9 October 2022 at 13:16:59.99 UTC, hereafter Tj, the Gamma-ray Burst Monitor
(GBM) on board the Fermi Gamma-ray Space Telescope detected an extremely bright
burst at 0.01-1 MeV lasting hundreds of seconds (Lesage et al. 2022, 2023)*. The
Swift-Burst Alert Telescope (BAT) reported the detection of a very bright transient at
15-150keV at 14:10:17 UTC at the coordinates RA /Dec (J2000): 288.2643°, 19.7712°
(Dichiara et al. 2022; Williams et al. 2023), triggering follow-up observations by
other instruments. From the detections by Fermi-GBM and Swift-BAT coincident in
time and localisation, the source was recognised as an extremely bright, long GRB,
labelled GRB 221009A (Kennea et al. 2022). Other satellites such as AGILE-GRID
(Tavani et al. 2023), Insight-Hard X-ray Modulation Telescope (Insight-HXMT) (Tan
et al. 2022), and Gravitational wave high-energy Electromagnetic Counterpart All-
sky Monitor-C (GECAM-C) (Liu et al. 2022) also detected the event. From optical
spectroscopic follow-up observations, the redshift of the source was determined to
be z = 0.1505 (Castro-Tirado et al. 2022). In HE gamma rays, Fermi-LAT reported
extremely bright emission (Bissaldi et al. 2022), the bulk of which started ~200
seconds after the GBM trigger pulse, and manifested rapid variability in flux and
spectra for ~200 seconds afterwards (Axelsson et al. 2024). Due to the brightness
of the event, Fermi-LAT suffered from a strong pile-up at early times. During the
prompt phase that lasted for more than 600s, a photon of 99.3 GeV was detected at
To + 240 s, while a photon of 400 GeV was detected at Tp + ~9h in the afterglow
phase. These are the highest-energy photons seen by Fermi-LAT from a GRB during
each phase (Pillera et al. 2022; Axelsson et al. 2024). LHAASO was observing the
region of the sky that included GRB 221009A during the prompt and afterglow
phases and reported the detection of VHE gamma rays from the GRB by the
WCDA detector between 200 GeV to 7 TeV at more than 2500 (Huang et al. 2022;
LHAASO Collaboration et al. 2023). LHAASO also reported the detection of the
GRB with the KM2A detector from ~3TeV to ~13TeV during the period Tp +
[230,900] s (LHAASO Collaboration 2023). The HAWC gamma-ray observatory
reported observations starting at Ty + ~8h, providing a preliminary differential flux
UL at 1 TeV (Ayala and HAWC Collaboration 2022). Rapid follow-up observations
of GRB 221009A by IACTs were prevented by the brightness of the full Moon on

*A bright, line-like emission feature of unknown origin with temporal evolution in both energy
(from ~12 MeV to ~6 MeV) and luminosity (from ~10% erg/sto2- 104 erg/s) was identified in the
Fermi-GBM data (Ravasio et al. 2024).
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9 October 2022. H.E.S.S. observations started at Tp + 53 h and ULs were reported
between 650 GeV and 10 TeV (Aharonian et al. 2023).

Follow-up observations were also conducted at all wavelengths spanning the
radio, optical, and X-ray bands, resulting in the most extensive MWL coverage
of a long GRB to date (Laskar et al. 2023; Williams et al. 2023; Kann et al. 2023;
O’Connor et al. 2023; Rhodes et al. 2024; Giarratana et al. 2024). This led to some
unique inferences regarding the underlying physical processes. Firstly, the temporal
and spectral properties of the VHE gamma-ray and X-ray emission seen up to a
few 1,000 seconds showed that they likely originate from an afterglow due to a
narrow jet with an opening angle of ~0.6° (LHAASO Collaboration et al. 2023;
An et al. 2023). On the other hand, the temporal behaviour of the radio to X-ray
emission at later times cannot be explained by such a narrow jet and requires a
separate emission region. This is most plausibly identified with a wider, outer jet
surrounding the narrower, inner jet (Gill and Granot 2023; Sato et al. 2023b; Ren
et al. 2024; Zheng et al. 2024; Zhang et al. 2025). Such structured jets, for which
basic jet parameters like the kinetic energy and bulk velocity depend on the angle
from the jet axis (Mészdros et al. 1998; Rossi et al. 2002; Zhang and Mészaros 2002),
are naturally expected in realistic models of jet formation and propagation in GRBs
(Morsony et al. 2007; Mizuta and Ioka 2013; Gottlieb et al. 2021). Notwithstanding
some indications in previous GRBs (Sharan Salafia and Ghirlanda 2022; Sato et al.
2023a), GRB 221009A represents the first long GRB with strong evidence for a
structured jet. It offers a unique opportunity to probe the physics of jet formation
and propagation in long GRBs, which is still not well understood (Kumar and
Zhang 2015). However, afterglow models accounting for such structured jets are
more complicated compared to standard, simpler afterglow models, and effectively
constraining them requires comprehensive MWL observations. In particular, more
VHE gamma-ray data at late times are highly desirable, in addition to the ULs
obtained by H.E.S.S. and HAWC.

LST-1 started observing GRB 221009A at 1.33 days after the burst and continued
for more than 20 days. It constitutes the largest GRB campaign conducted by LST-1
to date, with deep coverage of the late afterglow phase. The analysis of the first two
days of data required meticulous treatment of the NSB, as the observations were
acquired under moonlight conditions.

7.3 OBSERVATIONS

LST-1 (see Sect. 3.2.3.3) is optimised to operate under astronomical darkness and
absence of the Moon (hereafter dark). If PMTs are exposed to bright environments,
they experience accelerated ageing and a significant gain reduction. Therefore,
around full moon periods, observations are halted due to the high NSB from the
Moon (see Sect. 3.2.3). However, observations in low moonlight conditions are
feasible. These observations, hereafter referred as moonlight observations, increase
the duty cycle of IACTs by ~30% with respect to the ~1,500 h/yr of data in dark
conditions (Ahnen et al. 2017a; Archambault et al. 2017; Ohm and Wagner 2023).
Increasing the duty cycle is relevant for all source types, but it is particularly critical
for fast-evolving transient sources. Yet, they come at the cost of degraded telescope
performance and higher systematic uncertainties on the estimated spectrum, as
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Table 7.1: Observations of GRB 221009A with LST-1 in October 2022.

Start day Start date T —Tj Time after ZA range
data selection

MJD] [d] (h] [°1-[°]
10 Oct. 2022 59862.88* 1.33 1.75 31-54
12 Oct. 2022 59864.89* 3.33 1.42 34-52
15 Oct. 2022 59867.85 6.30 0.80 25-52
16 Oct. 2022 59868.88 7.32 2.35 34-65
17 Oct. 2022 59869.85 8.30 241 28-60
23 Oct. 2022 59875.86 14.30 2.01 34-61
25 Oct. 2022 59877.89 16.33 1.18 45-59
26 Oct. 2022  59878.87 17.32 1.42 42-58

Notes. For each observation day, we list the day of the evening before data taking, the
starting date, the starting time offset with respect to the burst trigger (Tp; Lesage et al. 2022),
the observation time after the data selection, and the ZA range of the observations. The
data taking under bright moonlight conditions are marked with an asterisk.

the JACT data analysis is sensitive to NSB conditions (see Sect. 4.1). Moonlight
observations can be conducted with reduced HV to reduce the operational gain of
PMTs and observe across all the NSB levels encountered when the Moon is above
the horizon.

The night after the detection of GRB 221009A, on 9 October 2022, no operations
of LST-1 were possible due to the presence of the full moon. However, due to the
exceptional nature of this event, observations were resumed with reduced HV on
10 October 2022 (Ty + 1.33d) and continued on 12 October 2022 (Tp + 3.33 d), with
camera problems preventing observations on 11 October 2022 (see Table 7.1). A total
of 3.17h of data were acquired under bright moonlight conditions. The observation
campaign continued until the end of November 2022, extending for two moon
periods. In this work, we focus on the observations in moonlight and dark conditions
of October 2022. A total of 10.17 h of good-quality observations were obtained in
dark conditions in October 2022. This is summarised in Table 7.1.

LST-1 observations were performed in wobble mode (see Sect. 4.1.6.1). During the
observation campaign, four telescope pointing directions were considered, each
at 0.4° offset from the reported position of Swift-BAT (Dichiara et al. 2022). The
telescope pointings were equally spaced around the GRB 221009A position, starting
in the positive direction along the right ascension axis with respect to the source.
The observation time at each wobble position was 20 min.

74 DATA ANALYSIS

The analysis of the presented data is divided according to the specific observing
conditions during their acquisition. We consider a moonlight-adapted analysis (see
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Sect. 7.4.2) to process the first two observation nights (see Table 7.1), and standard
dark analysis to process the rest of the data (see Sect. 7.4.1). Both analyses are
performed with the dedicated software analysis pipeline cta-1lstchain (see Sect. 4.3;
Lépez-Coto et al. 2023). The two independent analysis chains in cta-1stchain, ie.,
the source-independent and the source-dependent analysis, are used in this work
(see Sect. 4.3.4). The former, being the standard analysis scheme for CTAO (see
Sect. 3.2.3.2), is selected as the reference analysis discussed in Sects. 7.4.1 and 7.4.2,
while the latter is used as a cross-check to verify the consistency and robustness of
the results. Details on the source-dependent analysis are presented in Sect. 7.4.3.

7.4.1 Analysis of observations in dark conditions

The LST-1 performance under dark conditions has been studied in Abe et al. (2023b)
and described in Sect. 4.3. A similar analysis is used for the GRB 221009A observa-
tions in dark conditions (see Table 7.1). This approach considers a single calibration
per observation obtained from calibration events (FF and pedestal events) taken in a
dedicated observation run on the same night (Cat A calibrations; see Sect. 4.3.1). The
signals in the waveforms are integrated with the LocalPeakWindowSum algorithm of
ctapipe (see Sect. 4.3.2). Subsequently, the image cleaning applied is the tail-cut
method, utilising an increased picture threshold condition based on the pixel noise
level. Additionally, a time-coincident condition and dynamic cleaning are used (see
Sect. 4.3.3).

The energy, incident direction, and gammaness of the events are estimated through
RF algorithms, which are trained with MC gamma rays and protons (see Sect. 4.3.5).
We need to adjust the NSB on the MC simulations to the specific NSB level in the
FoV of GRB 221009A. Due to the proximity of GRB 221009A to the galactic plane
(b ~ 4.3°), the NSB level is similar to a galactic source like the Crab Nebula. The
extra NSB for the analysis of GRB 221009A is accounted for through the addition
of random Poissonian noise on the camera images before the image cleaning stage.

The selection criteria for gamma-like events are optimised using data from
the Crab Nebula, which were collected under conditions similar to those of the
GRB 221009A observations. We discard dim events with intensity below 50 p.e.
Global cuts in the gammaness parameter and 6 parameter are used to assess the
statistical significance of the detection. Energy-dependent, efficiency-based cuts on
the gammaness and 6 parameters are used for the spectral analysis. Three sets of
gammaness cuts (50%, 70%, and 90%) are tested, while the efficiency cut on the 6
parameter is kept at 70% (see Sect. 4.1.4). The Crab Nebula spectra obtained with
these cuts are consistent with those in the literature. Among the three sets of cuts,
the gammaness efficiency cut at 90% provides the most stable results throughout the
energy range studied, and is selected for the analysis of GRB 221009A observations.

The energy threshold of the analysis is defined as the peak energy position of
the MC gamma-ray rates, weighted to the assumed spectral index of the source,
after the event selection. Assuming an observed spectral index of I' = —3 for
GRB 221009A (LHAASO Collaboration et al. 2023), the energy threshold for the
dark data is from ~20GeV to ~200GeV at 25°, and 65° zenith angles, respectively.

We perform a spectral analysis using the science analysis tools in the software
package Gammapy (Donath et al. 2023; Acero et al. 2022). The joint likelihood fitting
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method is used, in which three control regions (OFF) are employed to estimate
the background (see Sect. 4.1.6). These OFF positions are defined from the three
reflected positions with respect to GRB 221009A and the telescope pointing direction
at equidistant rotation angles (see Sect. 4.1.6.1). Only events above the energy
threshold are used during the fitting process.

7.4.2 Analysis of observations in moonlight conditions

The sensitive PMTs that are used to detect the faint Cherenkov light in LST-1 are
affected by high NSB conditions. The scatter of the moonlight in the atmosphere
increases the anode current in the PMTs of the whole camera. Observations taken
under moonlight conditions become noisy due to spurious NSB triggers, which
produce larger noise fluctuations and more after-pulse signals in the waveforms as
the NSB increases. As a consequence, the pulse timing and signal reconstruction are
affected, worsening the precision in the event reconstruction and gamma/hadron
separation for moonlight data with respect to observations taken in dark conditions.
A dedicated data analysis is needed to ensure the best telescope performance under
the atypical observing conditions and different trigger and camera settings (e.g.
reduced HV) that affect the moonlight observations of GRB 221009A with LST-1.
The following modifications to the standard analysis chain (see Sect. 7.4.1) are made
to adapt it to the moonlight conditions:

* The camera calibrations are adjusted to account for fast changes in the ob-
serving conditions: interleaved calibration events during the data taking are
acquired to perform a continuous correction of the initial calibration parame-
ters (Cat B calibrations; see Sect. 4.3.1).

¢ In addition, we consider the algorithm NeighborPeakWindowSum of ctapipe
to integrate the pulse of the waveform. NeighborPeakWindowSum sums the
signal over a window centred around the peak position, which is determined
from the averaged waveform of the triggered pixel and its adjacent pixels. In
particular, we considered a window width of 7 waveform samples, starting 3
samples before the estimated peak position (see Sect. 4.3.2).

¢ Concerning image cleaning, we employ the tail-cut method with the time-
coincident condition and dynamic cleaning. The image cleaning levels are
increased by a factor ~2.5 compared with the values applied to the dark
data. These values are determined by limiting the fraction of images from
interleaved pedestal events that pass the image cleaning to less than 4%.

These adaptations are considered after evaluating multiple charge-integration
and image-cleaning algorithm combinations. For example, we test different window
shifts and sizes to integrate the signals (see Sect. 4.3.2), ranging between 8 (4) and 6
(2) samples in size (shift). We also study if the pulse shape of the signal between
the observations in nominal and reduced HV significantly changed. However,
differences of a few per cent are found among them. Therefore, no serious effects
on the analysis are expected from changes in the pulse shape. Moreover, as the
integration window is modified with respect to the standard one (see Sect. 4.3.2),
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the global scaling factor applied to the calibrations is modified accordingly (see
Sect. 4.3.1).

During the GRB observations in moonlight conditions, the NSB level increased
during the data taking following the Moon rising. The NSB level between two
consecutive 20 min observations is high enough to require a per-observation analysis,
where the NSB on the MC simulations and image cleaning levels are consequently
adjusted. The MC events are simulated with noisier waveforms to match the level
of observed NSB in the data. Subsequently, we fine-tune the match between MC
and observational data on a per-observation basis at the camera image level by
adding random Poissonian noise.

We select gamma-like events and produce the final analysis products following
the same procedure as for the analysis in dark conditions. For the moon-adapted
analysis, the event selection cuts are optimised with Crab Nebula observations
in similar NSB conditions to GRB 221009A with reduced HV. A cut in intensity
below 200 p.e. is applied to remove dim events. For the spectral analysis, we use
energy-dependent, efficiency-based cuts of 50% and 70% for the gammaness and 0
parameters, respectively. In this case, the tightest gammaness cut from the tested
set is selected because the alternative cuts (70% and 90% in gammaness), while also
yielding results consistent with the Crab Nebula spectrum reported in the literature,
are more sensitive to variations in the lower energy bound of the fitting range.

The tighter image cleaning with increasing NSB and different telescope pointing
directions as a function of ZA affects the energy threshold of the analyses. In
particular, for 10 October, the energy threshold, assuming an observed spectral
index of I' = —3, increases from ~100GeV to 300 GeV from the first to the last
observation.

7.4.3 Source-dependent analysis

The same configurations as the source-independent analysis are adapted for the MC
production for both the moon and dark datasets. Specifically, the same techniques
are used to match the NSB level of the simulation with that of the moonlight
observations, and the same algorithms are used to optimise the charge extrac-
tion and the image cleaning performance of LST-1 (see Sect. 7.4.2). Parameters
unique to the source-dependent analysis are introduced for the RF generation (see
Sect. 4.3.4). Differences in the analysis settings arise after the event reconstruc-
tion of each Cherenkov shower image. For the spectral analysis, the efficiency of
energy-dependent gammaness cut is 50% and 80% for moonlight and dark datasets,
respectively. The efficiency of energy-dependent a parameter cut is 70% for both
the moon and dark dataset.

75 RESULTS

The reconstructed squared angular distributions of gamma-like events centred on
the GRB 221009A coordinates and the average background regions for the first
day of observation (Ty + 1.33 d) are shown in Fig. 7.1. We obtain an excess at 4.1¢
statistical significance (using equation 17 of Li and Ma 1983). For the second day
of observations at Ty 4 3.33 d, the statistical significance is 0.8c. As no signal was
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Figure 7.1: 62 plot using observations recorded at Ty + 1.33 d. The 6? distributions centred at
the GRB 221009A position (ON) and the mean background estimation from the
three reflected regions (OFF) are displayed as black points and dark orange error
bars, respectively. The vertical dashed line indicates the angular size used to
compute the detection statistical significance (Li&Ma Sig.) and S/B. The vertical
error bars correspond to 1o statistical errors.

observed at Ty 4 3.33 d, guided by the power-law temporal decay observed at other
wavelengths, we stack all the dark time data, which allows us to obtain better
constraints on the SED of GRB 221009A. No significant excess is observed using all
the dark observations together (—0.40 using data within Ty + [6.30, 17.32] d). Results
using the source-dependent analysis chain are consistent with that reported above
for the source-independent analysis: at Ty 4+ 1.33 d, the excess reaches a statistical
significance of 4.6, while the significance is compatible with the background for
the datasets at later times. The angular distributions of gamma-ray events for the
first night are shown in Fig. 7.2. Instead of 6 angle for the standard analysis, the «
angle is used here to calculate the excess counts.

A power-law model is assumed to describe the putative intrinsic signal of
GRB 221009A to perform the spectral analysis. The expected attenuation due
to the EBL is accounted for using the Dominguez et al. (2011) model for redshift
z = 0.1505 (see Sect. 2.3.1). We note that for such values of z, the choice of the
EBL model is not critical. Given the limited significance of the excess, the intrinsic
spectral index (I') is fixed to I' = —2 during the fitting process and the computation
of the SED and light curve. This index is similar to that seen by LHAASO at much
earlier epochs (LHAASO Collaboration et al. 2023). We also checked the case of
assuming I' = —3, and obtain comparable results. The range of I we consider
covers the value of I' ~ —2.5 determined by Fermi-LAT at energies and times that
overlap with the LST-1 observations (Axelsson et al. 2024). ULs are computed at a
95% confidence level when the TS is below 4, otherwise points with error bars are
placed. Error uncertainties correspond to 1o statistical errors.
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Figure 7.2: Same as Fig. 7.1, but displaying the « distributions at Ty + 1.33 d after analysis
cuts. The vertical dashed line indicates the a cut value, below which the detec-
tion statistical significance (Li&Ma Sig.) is computed. The vertical error bars
correspond to 1o statistical errors.

Figure 7.3 shows the SEDs for the three periods using the moonlight (Tp +1.33d
and Ty + 3.33 d) and dark (T) + [6.30, 17.32] d) observations. The lower energy bound
is 200 GeV and 50 GeV for the moonlight and dark analyses, respectively. We can
constrain the EBL-corrected SED points to be below a few 10~ ' ergcm 257! at
E < 1TeV, with the most constraining ULs at several hundreds of GeV. For the
tirst observation day, we obtain a SED point with a local TS = 6.9 in the energy
bin between 0.38 TeV and 0.74 TeV. We obtain compatible SED results with the
source-dependent analysis, for which a significant SED point (TS = 9.0) is also
obtained in the same energy bin for the observations at Ty 4 1.33d, while ULs
constrain the emission at a similar differential flux level. The comparison between
the SEDs from the source-independent and source-dependent analysis are shown
in Fig. 7.4. We note that the SED for the source-dependent analysis at Ty + 1.33d
is shifted towards higher flux values/ULs, compared to the source-independent
SED across the studied energy range. On the contrary, this shift is not visible for
To +3.33d and T + [6.30,17.32] d data (see Fig. 7.4). The presence of this shift
only at Tp + 1.33 d may be caused by accentuated systematic uncertainties due to
the high NSB conditions affecting these observations. Yet, overall, no significant
difference is observed between the two analysis for any of the periods.

The effect of varying the background normalisation by 3-0.5% is shown in Fig. 7.3
to evaluate possible systematic errors in the background estimation. A +0.5% rela-
tive difference in events between the control OFF regions and the mean OFF events
are observed for the dark observations at the lowest energies (E < 200 GeV), where
the number of events is large, O(10°-10°). The modification of the background
normalisation by £0.5% corresponds to a ~60% relative difference in the estimated
SED ULs at the lowest energies for Ty + [6.30,17.32] d. As pointed out in Abe et al.
(2023b), the monoscopic configuration of LST-1 leads to modest background sup-
pression power close to the threshold of the telescope. On the contrary, the tighter
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Figure 7.3: Intrinsic SED of GRB 221009A corrected for EBL attenuation on 10 October 2022
(To + 1.33d; pink), 12 October 2022 (Tp + 3.33 d; brown) and between 15 and 27
October 2022 (all dark, Ty + [6.30,17.32] d; olive), respectively. For the latter SED,
the diamond and square olive empty markers show the effect of increasing and
reducing by 0.5% the normalisation of the background, respectively.

cuts and higher energy fit range used for the moonlight observations reduce the
number of events to O(10%), making the systematic uncertainty associated with the
background normalisation not relevant for this dataset. Applying the background
normalisation test on the estimated SEDs at Ty + 1.33d and Ty + 3.33 d results in
small changes (less than 3%).

The integral energy flux is computed keeping the intrinsic spectral index of the
power-law model fixed to I' = —2, the same value assumed in the SED computation.
The energy flux with LST-1 is computed between 0.3TeV to 5TeV for a clear
comparison with data from other VHE gamma-ray experiments. Note that the
computed energy flux depends on the choice of the intrinsic spectral index since
the higher energies are more affected by EBL attenuation. If I' = —3 is adopted, the
energy flux is reduced by about a factor of 2. Additionally, the integration interval
at high energies is loosely constrained compared with the lowest energies, which
gathers most of the observed excess.

The energy flux is estimated in four different time periods, two for the moonlight
observations (Tp 4+ 1.33d and Ty + 3.33d) and two for the dark observations. The
first subset of the dark dataset gathers the data recorded during intervals closer
to the burst trigger (Tp + [6.30,8.30] d), while the second collects those at later
intervals (Tp + [14.30, 17.32] d). This is motivated by the wide time window of the
dark observations, and the lack of good-quality data for several days in a row (see
Table 7.1). These results are shown in Fig. 7.5, starting at about 10° s after the burst
trigger.

At Ty + 1.33d, both the energy flux and UL point obtained with LST-1 are shown
given the putative signal on this observation day (TS = 4.6 in the energy range
of 0.3-5TeV). The ULs at E = [0.3,5] TeV constrain the EBL-corrected energy flux
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Figure 7.4: Comparison of SEDs between source-independent (blue) and source-dependent
(red) approaches using the datasets on 10 October 2022 (T + 1.33d; left), 12
October 2022 (T + 3.33 d; middle) and between 15 and 27 October 2022 (all dark,
To + [6.30,17.32] d; right).

at the level of a few 1011 erg cm 257!, The light curve derived with the source-

dependent analysis is consistent with that in Fig. 7.5 and can be compared with the
source-dependent light curve in Fig. 7.6. However, at Ty + 1.33d, the energy flux
between 0.3TeV to 5TeV (TS = 14.3) for the source-dependent analysis is about two
times higher than the energy flux for the source-independent analysis. They are
separated by 1.50c when considering the error bars of the data points. This suggests
that systematic errors are the responsible source of error for this mismatch and are
comparable to the statistical ones.

The energy flux of GRB 221009A measured by different instruments is also shown
in Fig. 7.5. The light curve spans over 20 days with the reference time at Ty + 2265,
the VHE afterglow onset (T*; LHAASO Collaboration et al. 2023). Right after the
burst trigger, LHAASO unveils the onset of the afterglow emission at VHE gamma
rays (0.3-5TeV) during the first hour after the burst. Coincident with LHAASO,
Fermi-LAT and AGILE-GRID detect GRB 221009A in the HE band (Axelsson et al.
2024; Tavani et al. 2023). In particular, an extended emission up to few 10°s is
detected with Fermi-LAT (0.1-100 GeV), coincident in time with part of the LST-1
observations. In Fig. 7.5 we include only the light curve obtained with AGILE-GRID
in the HE gamma-ray band within 1ks after T for reference. The corresponding
Fermi-LAT light curve is excluded from this time interval to avoid overcrowding the
figure. After several hours, a preliminary differential flux UL at 1 TeV (Ayala and
HAWC Collaboration 2022) is reported with HAWC that is shown in Fig. 7.5 as a UL
in energy flux (0.3-5TeV) corrected for EBL attenuation with the Dominguez et al.
(2011) model and assuming an intrinsic spectral index of I' = —2. HAWC bridges
the early observations by LHAASO at VHE gamma rays with the first observations
performed by an IACT from LST-1 at Tj + 1.33 d. Monitoring by IACTs continued
during the following days, leading to several ULs with H.E.S.S. and LST-1. The
original H.E.S.S. energy fluxes, in the range E = [0.65, 10| TeV, are recomputed to
the 0.3-5TeV energy range using the spectral index value assumed in Aharonian
et al. (2023). The recomputed energy-flux ULs constrain the emission at a similar
level to LST-1 ULs. These gamma-ray observations are summarised in the light
curve in Fig. 7.5, where we also plot the Swift-XRT energy flux (0.3-10keV) for
reference.

119



120

GAMMA-RAY BURSTS

10-3

106

1077

1078

10°°

Energy flux [ergcm~2s71]

10—10

10—11

10—12

=

T TTTI T T OO T T TR T T 1Oy ||%||rl'|'| TTTTIm T
s 3

p=

0.3-5 TeV energy band
Ren+24 total=inner
Zhang+25 total
$ inner
outer (FS)

: Zheng+24 total
inner
outer

&  LHAASO
*& HAWC (GCN)
\ Ol LST-1
TT @ HESS. ]
? ;r Fermi-LAT (0.1-100 GeV) ]
T, AGILE-GRID (0.05-3 GeV)
Swift-XRT (0.3-10 keV)

_E'

! ?

3 Sk E
:l Ll Ll Lol Lol L1 vl L1 ||||||:
o° 10! 102 103 104 103 106 107

Time since Ty + 2265 (T*) [s]

Figure 7.5: MWL intrinsic light curve of GRB 221009A corrected for EBL attenuation versus

time since the burst trigger (1) shifted by +226s (see text). The energy fluxes
for the energy range 0.3-5TeV with LHAASO (dark grey vertical triangles;
LHAASO Collaboration 2023), HAWC (green diamond; adapted from Ayala
and HAWC Collaboration 2022, see text), LST-1 (black filled and empty circles
for ULs and the energy flux point, respectively; this work) and H.E.S.S. (orange
squares; adapted from Aharonian et al. 2023, see text) are compared with the
best-fit emission models from Ren et al. (2024), Zhang et al. (2025), and Zheng
et al. (2024) in pale gold, red and purple, respectively. For the latter two models,
the contributions from the inner and outer jet regions are also shown separately.
In addition, the light curve at HE gamma rays with AGILE-GRID (light blue
dots; Tavani et al. 2023) and Fermi-LAT (light blue horizontal triangles; Extended
Table 3 of Axelsson et al. 2024) are displayed with the energy fluxes at X-rays
with Swift-XRT (light grey; Williams et al. 2023).

In summary, a positive deviation in excess counts from a background-only
hypothesis is obtained at 4.1¢ in the region of GRB 221009A with LST-1 at Ty +
1.33 d. Afterwards, we measure no significant excess in non-coincident days between
To + [3.33,17.32] d. The SEDs with LST-1 probe the afterglow emission at the lowest
energies of the VHE band, an energy range not previously studied with good
sensitivity for GRB 221009A. In particular, the best differential sensitivity with
LST-1 is obtained at few hundreds of GeV (Abe et al. 2023b), where the effect of
EBL attenuation is small. The energy fluxes obtained with LST-1 provide deep
constraints at a few 10"t ergecm 25! between 0.3-5TeV after Ty + 1.33d. The
LST-1 observations on 10 October 2022 are the closest to Ty obtained by an IACT,
filling the gap between the HAWC UL (approximately one day before) and H.E.S.S.
observations (approximately one day after).
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Figure 7.6: Comparison of intrinsic light curves (0.3-5 TeV) between source-independent
(blue) and source-dependent (red) approaches. As in Fig. 7.5, both the energy
flux and ULs at T + 1.33d, are shown to illustrate the putative signal. Note that
data points after Ty + 10° s cover different time ranges due to the different data
selection criteria between the analyses.

7.6 DISCUSSION

The results obtained from observations of GRB 221009A with LST-1 described above
are compared with selected theoretical models for the MWL emission of this burst,
and the physical implications are addressed below.

The VHE light curves of GRB 221009A observed by LHAASO in different energy
bands are consistent with broken power laws, implying that most of the emission
originates from the afterglow. A key finding is the achromatic break in the light
curve at ~ T* + 670s. This is most plausibly interpreted as a jet break. The term
“break” refers to the change in the slope of the decay in the light curve and it is
caused by a geometric effect of the jet. In particular, it appears by the decrease
in emissivity when the opening angle of the relativistically beamed radiation
from the decelerating blast wave becomes wider than that of the emitting jet
plasma (Sari et al. 1999; Rhoads 1999)*. The jet break time constrains the half-
opening angle of the jet to be ~0.6°, much narrower than that inferred for most
previously known GRBs (LHAASO Collaboration et al. 2023). Coverage at other
wavelengths contemporaneous with the LHAASO observations is sparse, but X-
rays were measured at some early epochs by Insight-HXMT and GECAM-C with
light curves similar to LHAASO, showing that the emission can originate from
the same narrow jet (An et al. 2023). If this narrow jet was the only emitting
region, light curves at all other wavelengths after the break time are expected to be
relatively steep, similar to that at VHE gamma rays seen by LHAASO. However,
the observed HE gamma-ray, X-ray, and optical light curves at T 2 T*+1000s
reveal decay slopes that are considerably shallower, strongly indicating that an

*For alternative interpretations, see Khangulyan et al. (2024) and Foffano et al. (2024)
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emission region separate from the narrow jet is necessary. The most likely such
region is a wider, outer jet surrounding the narrower, inner jet. In general, physical
properties of the jet such as the kinetic energy Ey;, and bulk Lorentz factor I', y can
be distributed as nontrivial functions of angle 6 from the jet axis. GRB afterglow
models assuming such jet configurations as initial conditions are referred to as
“structured jet” models (Mészdros et al. 1998; Sharan Salafia and Ghirlanda 2022),
as opposed to the standard, simpler assumption employed in most earlier studies
of “top-hat” jets, where E,;, and I', o are distributed uniformly up to a certain
angle. Structured jets are physically more realistic, as such configurations can
arise when the jet forms (Zhang et al. 2024), and are also robustly expected when
the jet propagates through the progenitor star and interacts with stellar material
(Morsony et al. 2007; Mizuta and Ioka 2013; Gottlieb et al. 2021). The afterglow of
GRB 170817A, associated with a neutron star merger detected in GWs, provided
the first clear evidence for a structured jet in a GRB, albeit for an atypical, short
GRB (Mooley et al. 2018). For long GRBs, some previous studies suggested that the
available data can be modelled better by structured jet models than simpler models
(Sharan Salafia and Ghirlanda 2022; Sato et al. 2023a), but the conclusions were not
definitive. GRB 221009A provides the strongest case to date that a structured jet is
indispensable to explain the MWL afterglow of a long GRB (Gill and Granot 2023;
Sato et al. 2023b; O’Connor et al. 2023; Ren et al. 2024; Zheng et al. 2024; Zhang
et al. 2025).

The MWL afterglow of GRB 221009A offers unique prospects for probing the jet
structure in a long GRB that may be difficult to achieve otherwise. However, as
the functional forms for Ey,(0) or I', o(€) are not known a priori, structured jet
afterglow models necessarily entail a large number of parameters, often more than
20, compared to simpler afterglow models usually characterised by 8 parameters.
Even for the extensive MWL data obtained for GRB 2210094, this poses a challenge.

This is illustrated by comparing three structured jet afterglow models in the
literature that describe reasonably well the published MWL data of GRB 221009A:
Ren et al. (2024), Zheng et al. (2024), and Zhang et al. (2025). All three models
assume the density profile of the circumburst medium ncpy(R) to be constant with
radius R in the inner parts and declines as R~2 in the outer parts. Also common
to all three are an inner jet component that is uniform but narrow, as required
to account for the observed data before a few ks after T*. At these epochs, the
emission is attributed mainly to the forward shock of this inner jet, with X-rays
and VHE gamma rays dominated by synchrotron and SSC emission, respectively,
and HE gamma rays bridging these two components (see Sects. 2.2.1 and 2.2.2).
The models also have outer jet components with assumed functional forms for
Eyin(0) and T, o(6) that are somewhat different between the models, though not to
a significant extent. Synchrotron emission from the forward shock of this outer jet is
primarily responsible for the optical to X-ray emission starting from a few ks after
T*. For each model, the authors determined the best-fit values for the parameter
set.

Figure 7.5 compares the light curves at 0.3-5TeV for the available data including
our LST-1 results with the models presented in Ren et al. (2024), Zheng et al. (2024),
and Zhang et al. (2025). As a reference point for the power radiated in VHE gamma
rays, we also show only the data for the X-ray and HE light curves. Corresponding
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model curves, as well as optical and radio data vs models, are shown in the papers
above. Interestingly, although all models provide broadly acceptable fits to the
published dataset including LHAASO, the VHE predictions for the models diverge
at late times, differing by more than an order of magnitude in energy flux between
them after ~ T* + 1d. Thus, in conjunction with the published MWL data, our
LST-1 results provide valuable additional constraints on these structured jet models.

Firstly, conservatively considering our data at Tp + 1.33d to be a UL, we disfavour
the model by Zheng et al. (2024) whose VHE gamma-ray flux around this time due
to SSC from the outer jet is the highest among the three, and which was marginally
consistent with the H.E.S.S. ULs. Given the numerous model parameters, it is
possible that a different set of parameters can still allow a suitable fit of all data;
nevertheless, our UL disfavours at least the parameter space discussed as fiducial
by Zheng et al. (2024). On the other hand, the VHE gamma-ray emission in the
models by Ren et al. (2024) and Zhang et al. (2025) are below our UL.

Next, considering our 4.1¢ excess as actual gamma rays from GRB 2210094, the
VHE gamma-ray flux is quite consistent with the Zhang et al. (2025) model. While
the VHE gamma-ray flux in the Ren et al. (2024) model falls somewhat short of our
data, it may not be incompatible, as other parameter values than the fiducial ones
might solve this discrepancy. It is notable that although the VHE gamma-ray flux
at ~ T* 4 1d in these two models are similar, their origins are quite different. For
Ren et al. (2024), the VHE gamma-ray emission at ~ T* + 1d is a continuation of
what is seen by LHAASO, with the SSC emission from the inner jet dominating at
all times. Contrastingly, for Zhang et al. (2025), the SSC emission from the outer jet
takes over as the dominant component starting from a few ks after T*, as was also
the case for Zheng et al. (2024). Distinguishing between Ren et al. (2024) and Zhang
et al. (2025) is not possible with the current data, and requires more spectral and
temporal coverage.

Despite the apparent similarities in the model assumptions, comparison of the
best-fit parameter values actually reveals significant differences among the three
models. For example, the values of ncpy(R = 0) differ between the models by up
to 4 orders of magnitude, and there are correspondingly large differences in the
parameters related to the magnetic field eg and electron acceleration efficiency ee.
Thus, even with the extensive MWL data obtained for GRB 2210094, realistic struc-
tured jet models still appear to be under-constrained, and significant degeneracies
in the parameters remain.

We present in Fig. 7.7 a brief graphic comparison of the parameters in the
structured jet afterglow models of Ren et al. (2024), Zheng et al. (2024), and Zhang
et al. (2025). The aim is to simply illustrate the sizeable disparities in the best-fit
parameters between the models, rather than a detailed discussion of the physical
implications or the quality of fits to the observed data, which is beyond our scope.

Figure 7.7 compares Eyi, (6) (initial kinetic energy vs angle from jet axis), I', o (6)
(initial bulk Lorentz factor vs angle from jet axis), ncpm(R) (circumburst medium
density vs radius), and the microphysical parameters epy (fraction of post-shock
energy in magnetic field), ¢ o (fraction of post-shock energy in accelerated electrons),
and (o (fraction in number of accelerated electrons) for the inner jet, and analogous
parameters €g 1, €¢,1 and ¢ for the outer jet. Only Ren et al. (2024) provide errors
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Figure 7.7: Comparison of model parameters for Ren et al. (2024), Zheng et al. (2024), and
Zhang et al. (2025). Top left: Ey;, (), initial kinetic energy vs angle from jet axis.
Top right: T', 4(6), initial bulk Lorentz factor vs angle from jet axis. Bottom left:
ncpm(R), circumburst medium density vs radius. Bottom right: ep , fraction
of post-shock energy in magnetic field, €, fraction of post-shock energy in
accelerated electrons, and (e g, fraction in number of accelerated electrons for
the inner jet; €p 1, €01, and (.1, analogous quantities for the outer jet.

for the parameters from a Markov Chain MC analysis, and these are not shown for
consistency in the comparison.

Particularly large differences between the models can be seen for €p, ncpm at
small R, and Ey;,(0) and T, o(6) at large 6. This indicates that for constraining such
structured jet afterglow models with large number of parameters, the available
MWL data is insufficient, and requires more extensive spectral and temporal cov-
erage including VHE observations. In this context, GRB are among the primary
targets for follow-up observations with CTAO (Inoue et al. 2019), which is expected
to shed light on key aspects of GRB physics due to its improved sensitivity. In
particular, the low energy threshold that LSTs offer to CTAO allows probing the
lowest gamma-ray energies that are less affected by EBL attenuation (see Sects. 2.3,
3.2.3.2 and 3.2.3.3).

Quantitatively evaluating the impact of our data for constraining the model
parameters and the physics of structured jets is beyond the scope of this work.
Below we outline qualitatively how this may be approached with future, high-
sensitivity observations of GRBs with IACTs covering the earliest to latest possible
timescales. For a given epoch (“snapshot”), a sufficiently well measured broad-
band spectrum of the afterglow, particularly spectral breaks that reflect electron
injection and cooling, and the SSC to synchrotron flux ratio, mainly constrain the
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microphysical parameters such as the electron injection index p, €, and €. (see
Chapt. 2). The VHE gamma-ray band is crucial as the emission is likely distinct
from electron synchrotron radiation, with different dependences on the parameters
(Piran and Nakar 2010; Inoue et al. 2013; Nava 2018). In practice, this may not be
straightforward as components each from the inner and outer jets can overlap, but
at least it can be done for the component dominating at that epoch. Obtaining a
series of such snapshots throughout the afterglow evolution then constrains mainly
the dynamical parameters Ey;,(0) and I', o(6), and ncpm(R), leading us to valuable
new information on the physics of GRB jet formation and propagation. There are
also potential multi-messenger implications for CRs and neutrinos as discussed
in Zhang et al. (2025), whose model appears most consistent with our data. They
attribute the emission exceeding 10 TeV seen at ~ Ty + [500,800] s (LHAASO Col-
laboration 2023) primarily to synchrotron radiation by UHE protons accelerated
at the reverse shock, a hypothesis that could have been tested if sufficiently early
follow-up by IACTs was possible.

7.7 CONCLUSIONS

GRB 221009A, the “brightest-of-all-time” GRB and first long GRB with strong
evidence for a structured jet, was observed by LST-1. The high NSB in the hours
following the GRB alert due to the full Moon prevented rapid follow-up by IACTs.
LST-1 was the first IACT to start observing at Tp + 1.33 d, covering epochs that were
missed by other VHE facilities. Here we addressed for the first time the challenge
of analysing LST-1 data of a GRB in moonlight conditions, presenting a scheme
adapted to handle the high NSB conditions at the analysis level. We obtain an excess
signal at a statistical significance of 4.1¢ for that night, constraining the intrinsic
emission from GRB 221009A at the level of few 107! ergem™2s! at E = 0.3-5TeV.
ULs are derived at Ty + 3.33 d, still under moonlight conditions, and during later
times, from Tp + 6.30d to Tp + 17.32d without the Moon. These analyses were
cross-checked with an independent method and compatible results were obtained.
Our data was compared to different realistic models of afterglows from structured
jets that adequately describe published MWL data for GRB 221009A, but imply
significant differences in the VHE gamma-ray emission after approximately one
day. Depending on the model, this can be dominated by SSC from either the narrow
inner jet or the wider outer jet, and the flux can vary by more than an order
of magnitude. Although all models were consistent with the LHAASO data and
H.ES.S. ULs, those that implied VHE gamma-ray flux at one day significantly
exceeding 10~ ergem™2s™! are disfavoured by our results. If the observed excess
corresponds to a gamma-ray signal from GRB 221009A, the VHE gamma-ray flux
is consistent with a subset of the models, although we cannot distinguish between
an inner and outer jet origin. Future, sensitive IACT observations of GRBs, such as
CTAO, over a broad range of timescales, together with comprehensive MWL data,
should help to clarify the nature of structured jets and provide new insight into the
physics of jets in long GRBs.
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This Thesis was developed during a decisive period in ground-based VHE astro-
physics. A transition is occurring from private, experiment-based IACT facilities,
such as MAGIC, to the establishment of an open IACT observatory, CTAO. The
studies reported here focus on the scientific exploitation of LST-1 during its com-
missioning phase. The LST-1 has been designed to provide unique capabilities to
detect gamma-ray sources at energies from tens to hundreds of GeV. This Thesis
accounts for the study of several type of transient systems based on observa-
tions conducted with LST-1, validating its performance to follow up fast-evolving
gamma-ray sources.

We have been involved in the entire process leading to the results reported in this
Thesis: from the scientific justification of the observation proposals, to the evaluation
of follow-up observations, the data acquisition, the reduction and analysis of these
data, as well as the interpretation and publication of the obtained results. Particular
emphasis was placed on testing and optimising the data analysis pipeline. We
contributed to the development of a number of software packages and scientific
tools required for the analysis of LST-1 data.

During the development of this Thesis, multiple transient or variable sources
were observed with LST-1, including neutrino alerts, GW events, GRBs, AGN
flares, gamma-ray and X-ray binaries, stellar flares, novae, supernovae, soft gamma
repeaters, and colliding-wind binaries. Despite contributing to some extent to the
acquisition and/or data analysis of these transient events, the main focus of the
Thesis was on the study of novae, supernovae and GRBs:

* Novae. LST-1, together with the MAGIC and H.E.S.S. telescopes, have set a
new milestone at VHE gamma rays with the detection of the eruption of RS
Oph in 2021, the first nova detected at this energy range. Characterised with
a very soft spectrum, the obtained results with LST-1 allow us to study RS
Oph at tens of GeV, the lowest energies unveiled with IACTs. We use contem-
poraneous Fermi-LAT, MAGIC, and H.E.S.S. data with LST-1 to advance the
physical understanding of this new VHE source type. A hadronic scenario
provides a satisfactory explanation for the gamma-ray emission observed
in RS Oph. Additional work has been developed to assess the possibility of
detecting more novae with the LST array and when the CTAO is operational.

¢ Core-collapse supernovae. CCSNe remain undetected at VHE gamma rays.
The potential of CCSNe to accelerate particles to TeV /PeV energies and the
subsequent emission of gamma rays in relatively short timescales after the
explosion make the LSTs well suited for the observation of CCSNe. We report
the LST-1 observations of two close CCSNe, SN 2023ixf and SN 2024bcn,
providing important constraints on their emission within the first months
after the explosion.
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¢ Gamma-ray bursts. The detection of VHE gamma-ray emission from long
GRBs in 2019 provided a new window for the study of this type of transient
events, which are nevertheless still poorly understood. LST-1 participated in
the observations of GRB 2210094, the brightest GRB to date. We find a gamma-
ray excess with a statistical significance of 4.1c during the observations taken
1.33 days after the burst, followed by background-compatible results for the
later days. We are able with these data to provide relevant constraints on its
emission in a stage of the explosion for which no previous sensitive VHE
observations were available.

All these achievements demonstrate the capabilities of LST-1 to follow up rapidly-
evolving gamma-ray events and to advance and explore the physics leading to this
transient emission. The three remaining LSTs of CTAO-N are being constructed
by the time this Thesis is written. The stereoscopic observations with the four
LSTs in the upcoming years will open a new window from tens to hundreds of
GeV to faint and fast-evolving sources. The LSTs will be crucial for advancing
the physical understanding and providing new insights into the poorly-known
physics of gamma-ray transient sources. Hopefully, we may detect the first VHE
electromagnetic counterpart of GWs, the first VHE detection of short GRBs and
CCSNe, or a detailed characterisation of the processes leading to long GRBs and
novae.



TEMPORAL RESOLUTION ESTIMATOR
FOR TRANSIENT SOURCES

Studying fast variable emission is crucial for comprehending the acceleration
process of gamma-ray sources and testing the validity of fundamental laws. We
developed an algorithm, Temporal Resolution Estimator for Transient Sources
(TRETS)" (Aguasca-Cabot et al. 2022, 2023), which aims to retrieve the shortest
temporal resolution to obtain significant fluxes while considering a given threshold
for the source detection significance level. This algorithm produces a variable light
curve without a human-based time-bin definition that can bias the results.

We implemented an iterative process that increases the number of events used to
compute the statistical significance of detecting a source over the background. Once
the statistical significance surpasses a certain threshold (Y7), the flux is estimated
assuming a given spectral model, e.g., the best-fit spectral shape of the entire
dataset. An additional condition requires that the flux points statistical significance
reaches a given threshold (Y>). These details can be specified by the user, among
other features. The algorithm is developed for IACT data analysis. In particular,
it uses gamma-like events whose primary particles are reconstructed. For more
information about the data processing and the analysis methods used to reach this
data level, we refer the reader to Chapt. 4. TRETS is developed in the framework
of Gammapy (Donath et al. 2023). A detailed flowchart of the algorithm is shown in
Fig. A.1.

The current version of the algorithm can only be used in aperture photometry
analysis (see Sect. 4.1.6). As the algorithm aims to obtain the shortest time resolution,
few counts are considered in the detection significance evaluation. As a result,
we implemented both the frequentist and Bayesian approaches. The former uses
equation 17 in Li and Ma (1983), while an equivalent equation for the Bayesian
inference can be found in Gillessen and Harney (2005).

TRETS can be executed either from an event-wise list of gamma-ray-like events
(DL3) or after binning them in different energy bins (DL4; see Sect. 4.2). This
possibility provides the user with a flexible starting point to apply the algorithm,
adds modularity to the tool, and avoids unnecessary re-analysis of archival data
already processed. Moreover, this feature is particularly relevant for simplifying the
numerical simulations.

TRETS can combine events from adjacent observations to overcome the typical
non-continuous observation mode in IACTs. A maximum time window can be set
to limit the time offset between the timestamp of the last event in the previous
observation and the timestamp of the first event in the subsequent observation.

Two methods can be used to increase the number of events in each iteration:
either a fixed number of events or a fixed time window. Figure A.1 considers the
latter approach. Selecting either option depends on the specific scientific case and

*https://github.com/aaguasca/TRETS
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Figure A.1: Flowchart of the TRETS algorithm. # refers to the collection of events, t repre-
sents time, N indicates counters, and quantities with superscript i are associated
with the ith observation. In particular, ¢} and . are the time of the first and last

event. niotal lists the total number of events. Non and Nogg are the number of

events from #events located in the ON and OFF regions and are used to compute
the significance (sig). Y7 and Y, are the statistical significance thresholds set
for the detection and the flux point, whose statistical significance value is sig;.
try is the maximum threshold time for combining the events between two
observations, and ty;, is the time bin set by the user.

the computational cost. For example, a fixed time window may be recommended
for data analysed with loose cuts due to the large number of events.

We applied the algorithm to both observational data and numerical simulations of
transient gamma-ray sources to demonstrate the capabilities of TRETS. Section A.1
discusses the application of TRETS to numerical simulations of a transient source
such as RS Oph, while Sect. A.2 presents the results for observational data obtained
with LST-1 on BL Lacertae during a bright flare. Conclusions and future work are
addressed in Sect. A.3.

Al APPLICATION TO NUMERICAL SIMULATIONS

The number of gamma-ray events from the source and background are simulated
using Gammapy, which only allows simulations of gamma-ray events in a binned map
in spatial and energy coordinates without the temporal information of the events.
Therefore, the events within a simulated observation cannot be split sequentially
based on the event timestamp. Therefore, TRETS performs the iterative process of
adding events for the statistical significance computation on an observation-wise
basis, i.e., each step adds the total number of events in each simulated observa-
tion. As a result, the shortest temporal resolution is limited to the livetime of the
simulation itself (see example of RS Oph below).



A.2 APPLICATION TO OBSERVATIONAL DATA

Gammapy uses Poissonian distributions to describe the gamma-ray events simu-
lated for signal and background. The expected number of events during a fixed sim-
ulation livetime is determined by the source model and the background model. We
note that the forward-folding method is used to convert the source and background
model into measured events by the experiment. Since the aperture photometry
analysis is employed, only the Aeff and edisp are required (see Sect. 4.1.6.2).

We performed numerical simulations of RS Oph (see Sect. 5.2), making use of
the IRFs for CTAO-N from prod5-v0.1 in the Alpha configuration (Cherenkov
Telescope Array Observatory and Cherenkov Telescope Array Consortium 2021).
We considered the same simulation prescription to model the spectral and temporal
evolution of RS Oph, as done in Sect. 5.8.3. The livetime of the simulated observa-
tions was fixed to one minute. As a result, the numerical simulations consist of 60
observations of one-minute exposure per day for 60 days.

Figure A.2 shows the light curve obtained with TRETS (see settings in Table. A.1).
At early times, when the source is bright, the algorithm divides the data into
multiple flux points with short time bins. In contrast, as time goes by and the flux
decreases following the power-law temporal decay, the time bins of the integral
fluxes increase. The shortest and longest time intervals span observation exposures
of 1min to 15h', respectively. We also show in Fig. A.2 the light curve obtained
by combining the numerical simulations of five consecutive observation days, i.e.,
using a total of 5h of observation time. Both light curves follow the same power-law
temporal decay trend.

The unprecedented (possibly) sub-minute temporal resolution that may be achiev-
able at early times in the RS Oph nova explosion will allow us to characterise the
gamma-ray emission on these systems at timescales never explored. Using the
TRETS algorithm to optimise time bins for statistically significant detections or
well-sampled spectra could potentially uncover new physical insights from these
systems. Firstly, a fine temporal sampling of the flux with sufficient photon statistics
at a statistically significant level could reveal intra-night variability. The tempo-
ral resolution down to 1min can probe the emission region on timescales never
explored before, which may reveal enhanced emission that arises from particle
acceleration in multiple time-evolving shocks in the ejecta (formed from internal
shocks between multiple ejections of material or external shocks between ejecta and
the inhomogeneous circumbinary medium). Secondly, the characterisation of the
spectral emission at different times can improve our derivation of the radiating par-
ticle population energy spectrum to test the DSA models involved in the supersonic
shocks of novae and the temporal evolution of the gamma-gamma pair creation
with the low-energy photons from the photosphere.

A.2 APPLICATION TO OBSERVATIONAL DATA

BL Lacertae (BL Lac) is a jetted active galactic nucleus at z = 0.069. It was first
detected at VHE gamma rays in 1998 (Neshpor et al. 2001) and detected by LST-1
on 11 July 2021 during an enhanced activity at gamma rays (Cortina and CTA LST
Collaboration 2021). BL Lac is known to undergo short (a few minutes duration)

tThe time bin in Fig. A.2 has a width of ~15 days because 1h of observation time is simulated
per day.
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Figure A.2: Comparison between the light curve of numerical simulations of RS Oph
produced with TRETS (blue) and a fixed time window of 5 h observation time
(i.e. combining 5 days of 1h observation time; orange). The vertical error bars
correspond to 1c statistical errors, and ULs are computed at the 95% confidence
level.

Table A.1: TRETS parameters for the numerical simulations of RS Oph.

Parameter Yj [c] Yo [o] tryg[d] thin Spectral model

Value 5 2 15 livetime of each simulation (1 min) log parabola

Notes. Y7 and Y, are the statistical significance thresholds set for the detection and the
flux point, try is the maximum threshold time for combining the events between two
observations, tp,;, is the time bin set by the user, and “Spectral model” is the model used to
compute the integral flux (see Fig. A.1). The log-parabola spectral model uses the best-fit
parameter values obtained with MAGIC using all the observations within the first four
days after the eruption (Acciari et al. 2022).

variable gamma-ray flares (MAGIC Collaboration et al. 2019a). In 9 August 2021,
BL Lac also displayed a flare activity observed with LST-1 (Nozaki et al. 2023). The
emission during that day reached a flux of about 3—4 times that of the Crab Nebula
at 100 GeV, displaying intra-night variability (Nozaki et al. 2023).

We applied TRETS to the observations taken on BL Lac with LST-1 during its
flare on 9 August 2021. The effective time of the observations spans about 2h.
Figure A.3 shows the light curve using TRETS (see settings in Table. A.2), together
with the light curves produced with conventional observation-wise and 5 min fixed
time binning. The light curves display variability, which is observed as two-peaked
increases in flux separated by about 1h. The TRETS light curve is distributed
around the observation-wise integral fluxes and the 5 min light curve.
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Figure A.3: BL Lac light curve on 9 Aug. 2021. The TRETS light curve (blue) is compared
with the flux points computed using the duration of each observation (per-
observation flux; orange) and a fixed time interval of 5 minutes (black). The
vertical error bars correspond to 1o statistical errors, and ULs are computed at
the 95% confidence level.

For a proper comparison between two light curves, matching their temporal
resolution is required. For this reason, we produced a weighted average light curve
by grouping the integral fluxes obtained with TRETS. The weight of the ith TRETS
flux that overlaps in time with the reference flux point is computed as

_1 pin — out 1

, Al
0'1.2 t%Otal % 1 4+ max (0, TSt — TSZ') ( )

Wi

where 0; is the 10 statistical error of the ith integral flux, £ and 9% are the time
inside and outside the reference flux time bin, t}"tal is the time bin of the ith flux,
TSy, is the threshold TS for a flux UL, and TS; is the TS value of the flux. The
second term is added to account for fluxes partially outside the time interval, while
the third term is included to consider ULs. The weighted statistical errors are
summed quadratically.

Figure A.4 shows the light curve obtained using flux time bins defined as the
elapsed time of each observation, while Fig. A.5 displays the light curve utilising a
fixed time interval of 5 minutes. These light curves are considered as a reference to
produce the weighted average light curve with TRETS. Figures A.4 and A.5 compare
the reference per-observation and 5-min flux light curves with the weighted average
TRETS integral fluxes, respectively. The weighted average TRETS integral fluxes are
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Table A.2: TRETS parameters considered for LST-1 data taken on BL Lac.

Parameter Yy [0c] Yo [o] tryg [min] ty, [s]  Spectral model
Value 3 2 1 1 log parabola

Notes. Y7 and Y; are the statistical significance thresholds set for the detection and the
flux point, try is the maximum threshold time for combining the events between two
observations, tp;, is the time bin set by the user, and the spectral model used to compute
the integral flux (see Fig. A.1). The log-parabola spectral model uses the best-fit parameter
values obtained by fitting all the data on 9 Aug. 2021. Note that the units of tryy are minutes.
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Figure A.4: Same light curve as Fig. A.3 for BL Lac. The flux points computed using the
duration of each observation (orange) are compared with the weighted-average
light curve from TRETS (blue).

compatible within errors to the reference light curves. The good agreement between
them highlights the reliable flux points derived with TRETS.

Applying the algorithm to the BL Lac data, LST-1 has a temporal resolution
shorter than 1 min, within which the source is detected at a statistical significance of
at least 3¢ for this BL Lac dataset (see Fig. A.6). Moreover, we investigated how the
temporal resolution increases as the threshold for the statistical significance of the
detection is increased. Figure A.7 shows the median statistics of the distribution of
flux time intervals, viz. the distribution in Fig. A.6, for different detection statistical
significance thresholds. As the threshold for a flux computation increases from 3¢
to 100, the median of the distribution increases from less than one minute to about
9minutes. Remarkably, about two minutes of data are required for a detection
with a 50 pre-trial detection significance. Such a well-sampled light curve can
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Figure A.5: Same light curve as Fig. A.3 for BL Lac. The flux points computed using a fixed
5 minute time interval (black) are compared with the weighted-average light
curve from TRETS (blue).
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Figure A.6: Distribution of flux time intervals computed with TRETS for fluxes with a
detection statistical significance of 3¢ from BL Lac observations.

help to better investigate the mechanisms responsible for the short-time variability
and eventually constrain the physical parameters of the emitting region. We note,
however, that this temporal resolution is sensitive to the flux level of the source, the
observing conditions, and the specific data analysis applied to the data.
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Figure A.7: Median time-bin distribution for different detection statistical significance
thresholds in TRETS using BL Lac observations. The median is marked as a
horizontal orange line, the boxes delimit the first and third quartile (Q1 and
Q3, respectively) of the distribution, while lower (upper) error bars mark the
Q1 — 1.5xIQR (Q3 + 1.5xIQR).

A.3 CONCLUSIONS AND FUTURE WORK

TRETS is a tool to produce a time-variable light curve. We obtain the time inter-
vals where the statistical significance of the detection is above a given threshold.
Moreover, TRETS allow us to estimate the time required for a variable source to
be detected above a given statistical significance level. TRETS light curve avoids
light-curve binning biases, as it assigns the time bin based on the source detection
significance. There is no need for a human-based time-binning definition unrelated
to the intrinsic source flux variability (e.g., “observation-by-observation”, “day-by-
day”, “week-by-week”). This algorithm can be used in real-time or offline analysis.
The algorithm applicability can be very diverse, such as light curve production,
schedule optimisation, and detectability studies, among others.

We demonstrated the algorithm capabilities using numerical simulations for a
transient source that exhibits a power-law decay as RS Oph. We additionally applied
TRETS to the observational data of BL Lac that showed intra-night variability. The
light curves obtained with TRETS are in good agreement with the light curve
obtained on a fixed 5 min binning and per-observation basis.

The shortest temporal resolution achieved with TRETS can provide key ob-
servables to derive stringent constraints on the underlying gamma-ray emission
processes, absorption mechanisms and the physical parameters of the emitting
region to advance in our understanding of transient sources.

Further studies are required to address several aspects yet not implemented in
TRETS. We list below some of them.
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¢ A change in the observed flux can result from either an intrinsic change in
the emitted flux or due to variations of the observing conditions during the
data-taking, as well as due to effects related to the data analysis. A tool to
assess the origin of the variable emission is needed. Several observables can
be used as diagnostic tools to address these changes. For example, the rate of
counts in control regions as a function of time can be used for this purpose.

¢ TRETS may poorly estimate the time at which a flare starts or finishes, or
even miss a dim flare because the number of previously sampled events can
dampen the significance due to the iterative nature of the algorithm. The
accurate estimation of the start and end time of an enhanced emission episode
would certainly help in these kind of transient studies. Several methods are
under investigation and may be included in the algorithm to address these
requirements.

¢ TRETS considers the statistical significance detection to bin the data. We note,
however, that this value does not consider the number of trial factors that
result from binning the entire period. The inclusion of trial factors in the
calculations is work in progress.






OBSERVATIONS OF CLASSICAL
NOVAE WITH LST-1

An observational program devoted to nova observations is active in LST. This
program aims to trigger rapid follow-up observations of novae for their study at
gamma rays. By the time this Thesis is written, four novae have been followed up
with LST-1: nova Cas 2021 (V1405 Cas), nova Her 2021 (V1674 Her), nova RS Oph
in 2021, and nova U Sco in 2022 (see Table. B.1).

In this Appendix, we describe the results of the gamma-ray data taken on V1405
Cas, V1674 Her, and U Sco, whereas the reader is referred to Chapt. 5 for the study
of RS Oph. For the study of these novae, we have made use of gamma-ray data
obtained with Fermi-LAT and LST-1. Sections B.1, B.2, and B.3 describe the eruption
of V1405 Cas in 2021, V1674 Her in 2021, and U Sco in 2022, together with the
observations performed with LST-1. The dedicated LST-1 and Fermi-LAT analyses
performed for all these novae are reported in Sects. B.4 and B.5, respectively. The
results of these analyses are presented in Sect. B.6, whereas a short summary of
novae observations with LST-1 is provided in Sect. B.7.

B.1 v1405 cas

V1405 Cas was discovered on 18 March 2021 and classified as a classical nova at a
distance of about 1.7 kpc (Maehara et al. 2021; Gaia Collaboration et al. 2023). The
top panel of Fig. B.1 shows the light curve during this nova event obtained in the
optical V band from the American Association of Variable Star Observers (AAVSO)
database (Vollmann 2024). The optical emission of V1405 Cas post-eruption re-
mained enhanced, compared to its quiescence state, in a plateau phase (V < 8 mag)
that lasted for about 7 months (Munari et al. 2021b). During this period, several
flaring episodes were observed, each presenting increased optical activity than the
plateau emission level. The luminosity peak reached an apparent magnitude in the
V band of about 5 on 10 May 2021. The optical spectra from the luminosity peak
to several days post-maximum present a drastic evolution in the emission lines,
transitioning from a slim profile with velocities of ~700kms~! to the emergence of
multiple high-velocity components (Valisa et al. 2023). Notably, Fermi-LAT detected
a hint of a signal on the V1405 Cas direction during this period (Buson et al. 2021).

LST-1 observed V1405 Cas during the maximum flaring episode in May 2021 for
four consecutive days, starting on 12 May 2021 (see Table B.1). All observations were
recorded with the Moon below the horizon. However, they were partly affected by
low atmospheric transmission, so the final dataset comprises only two days of data,
taken on 12 and 13 May 2021, with a total of 1.76 hours of good quality data. These
dates are marked in the top panel of Fig. B.1.
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Table B.1: Observation summary for the novae observed with LST-1.

Variable Name Eruption discovery (tg) tstart —fp Obs. time ZA range HE Detection

UTC [d] [h] [°1-[°]
V1405 Cas 2021-03-18 10:10:34 55.74 1.76 53-59 hint (40)(@)
V1674 Her 2021-06-12 04:34:02 1.79 438 12-43 yes(?)
RS Oph 2021-08-08 22:19:12 0.97 10.94 35-64 yes(©)
U Sco 2022-06-06 17:17:14 0.19 2.82 47-69 no

Notes. For each novae observed with LST-1, we list the date of the eruption (¢(), the starting
time offset with respect to tg, the observation time after the data selection, the ZA range of
the observations, and if the eruption was detected at HE gamma-ray emission. (Y Buson
etal. (2021), (®)Li (2021), ()Cheung et al. (2022).

B.2 V1674 HER

The classical nova V1674 Her was discovered on 12 June 2021*. V1674 Her has
been detected across the electromagnetic spectrum, from radio to gamma rays.
In the optical, it is characterised by a rapid 1-day steep rise from quiescence to
peak, which reached a magnitude 6 in the V band, followed by some of the fastest
decay rates ever observed in novae (see middle panel of Fig. B.1; Woodward et al.
2021). Spectroscopic observations revealed multiple components with velocities at
several thousand kms~?!, which are interpreted as multiple outflows at different
velocities (Munari et al. 2021a; Woodward et al. 2021; Aydi et al. 2021). This broad-
band emission can be explained by the shocks that arose due to the collision and
shock of these fast outflows (Sokolovsky et al. 2023). V1674 Her distance is poorly
constrained, with proposed distances in the range of ~3-9kpc depending on the
estimation method (Woodward et al. 2021; Drake et al. 2021; Sokolovsky et al. 2023).

LST-1 performed follow-up observations at about 1.79d after its discovery on
12 June 2021 (see Fig. B.1 and Table B.1). Observations were taken with the Moon
below the horizon for a total time of 4.38h. These data are mildly affected by
low atmospheric transmission. We considered all the observations to search for
gamma-ray signal and constrain its emission. We note, that a tailored analysis is
required to account for these non-optimal observing conditions, which is work in
progress.

B.3 U sco

U Sco belongs to the reduced class of recurrent novae in the Milky Way (e.g. Bode
and Evans 2012), with a recurrence time of ~10 years (Schaefer 2010). The source
has been observed multiple times during a nova phase, with its last eruption
taking place on 6 June 2022 (Moriyama 2022). The binary system consists of a
massive white dwarf star and a K2 IV companion star (Mason 2011; Anupama and
Dewangan 2000). The distance to this system is largely unknown, ranging between

*http://www.cbat.eps.harvard.edu/unconf/followups/J18573095+1653396.html
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Figure B.1: From top to bottom, the optical light curve in the V band of nova V1405 Cas,
V1674 Her, and U Sco 2022 (Vollmann 2024). Vertical red lines mark the dates in
which LST-1 performed observations.
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~8.5 and ~15kpc (Schaefer 2010). The light curve of U Sco is characterised by a
rapid decline, which takes about 1.2 days to decay by two optical magnitudes from
the peak at V ~ 8 mag. This attribute places U Sco among the fastest-evolving nova
systems together with V1674 Her. The bottom panel of Figure B.1 shows the optical
light curve of U Sco in the V band (Vollmann 2024).

LST-1 observations were taken during the eruption in 2022 with a time delay
of less than 0.2 days. Observations occurred with the Moon above and below the
horizon and at high ZA (see Table B.1). We selected data with the Moon below
the horizon. The total observation time with good-quality data is 2.82h. The dates
corresponding to this dataset are shown in Fig. B.1.

B4 1sT-1 DATA ANALYSIS

We analyse LST-1 data taken on V1674 Her, V1405 Cas and U Sco using
cta-lstchain (Moralejo et al. 2025). A standard LST-1 analysis is performed from
the raw data to produce the final list of gamma-ray events (see Sect 4.3). In partic-
ular, we utilise the closest MC declination line to each novae to train the RFs (see
Sect. 4.3.5). The simulated NSB on the MC data is increased to match the average
diffuse NSB in the FoV of each nova campaign, and the IRFs are computed by
interpolating the IRFs derived from the closest MC nodes to the telescope pointing
of each observation. We perform an aperture photometry analysis using 3 OFF
regions, both for the signal detection (see Sect. 4.1.6.1) and the spectral analysis
(see Sect. 4.1.6.2). Global cuts are used to compute the statistical significance of
detection. In contrast, energy-dependent efficiency cuts at 70% for the gammaness
and 0 parameters are used for spectral and light curve studies. For both cuts, we
additionally apply an event selection cut to exclude events with intensities below
50p.e.

B.5 FERMI-LAT DATA ANALYSIS

We carried out a dedicated analysis of Fermi-LAT data obtained during the eruptions
of V1405 Cas, V1674 Her, and U Sco to search for HE gamma-ray signal and
constrain their emission during the LST-1 observations. We followed the same
analysis prescription for the three analyses. We consider events between 100 MeV
and 300GeV from evclass=128 and FONT+BACK event types (evtype=3). Only
events below ZA of 90° are used to avoid contamination from the Earth’s limb.
Furthermore, only events recorded within good time intervals are considered
(DATA_QUAL>0 && LAT_CONFIG==1). We account for all sources in the LAT
14-year catalogue (4FGL-DR4) within a FoV of 25° around the source of interest.
Moreover, the diffuse and Galactic components from Pass 8 are considered. Sources
within 8° from the source of interest and TS above 9 are left free during the fitting
process. A power-law spectral shape is assumed to describe the emission of the
novae, whose initial value is set to —2.2, which is the typical best-fit spectral index
found in other gamma-ray novae (e.g. Ackermann et al. 2014; Cheung et al. 2016).
The position of the source is fixed to the coordinates in the optical band. A binned
analysis is performed in which the source of interest is located in the centre of the
FoV. Events are binned into a 15°x15° grid with a pixel size of 0.1°. Eight bins per
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energy decade are considered. We utilise the IRFs from Pass 8 (P8R3_SOURCE_V3),
and the analyses are performed with Fermipy v1.3.1, employing Fermitools v2.2
(Fermi Science Support Development Team 2019; Wood et al. 2017).

We compute integral fluxes in time bins of 24 h. The light curve probes the HE
gamma-ray emission of the three novae within days before and after the eruption.
The start and stop time of the light curve with respect to the nova discovery changes
according to the prior information on the source. Additionally, we compute the
SED of each novae during the LST-1 observations taking all the data between 12:00
UTC of the day preceding and 12:00 UTC of the day succeeding the night of LST-1
data taking. This procedure is considered for V1674 Her and U Sco. In contrast, the
analysis is slightly modified for V1405 Cas because of the enhanced background
contribution in the FoV of this nova due to its proximity to the galactic plane. For
V1405 Cas, we increased the time lapse for the flux computation to 5d, and fixed
the spectral index of the spectral model of V1405 Cas to —2.2.

B.6 RESULTS

None of the sources is detected with LST-1 using a total of 1.76h, 4.38h, and
2.82h of observation time taken on V1405 Cas, V1674 Her, and U Sco, respectively.
In contrast, at HE gamma rays, a signal excess at a statistical significance level
of TS = 21 is obtained between 21-26 May 2021 on the position of V1405 Cas.
Furthermore, we detect V1674 Her on 13 June 2021, the first time bin after the
eruption, at TS = 33. U Sco, however, is not detected in the studied period. These
findings at HE gamma rays agree with the results reported in previous studies
(Buson et al. 2021; Li 2021). The enhanced gamma-ray signal in V1405 Cas and
V1674 Her is not coincident with the LST-1 observations.

Given the non-detection with LST-1 and Fermi-LAT at the time of LST-1 obser-
vations, we consider a power-law spectral model with a fixed spectral index. We
assume a value of —3.5 during the computation of the SED at VHE gamma rays for
all novae. Such a soft spectral index value is considered assuming that its eventual
gamma-ray emission has a spectral index similar to the one detected in RS Oph
during the first days after the eruption at these energies. We calculate the SED with
Fermi-LAT and LST-1 to constrain the emission between 100 MeV and 10 TeV from
these classical novae. We describe the specific results of V1405 Cas, V1674 Her, and
U Sco in Sects. B.6.1, B.6.2, and B.6.3, respectively. We compute integral flux ULs if
either the source TS is below 9, the number of predicted counts is below 4, or the
flux error over the flux is above 60%.

B.6.1 V1405 Cas

The top panel of Fig. B.2 shows the light curve of V1405 Cas above 100 MeV obtained
with Fermi-LAT. The light curve spans the time from 45d to 75d after the eruption,
covering the rise and the decay of the maximum peak in time bins of 5 days. The
position of the optical peak in the light curve is shown, as well as the position of
the mid-time of the LST-1 observations. ULs are calculated for most of the time
intervals at the level of a few x10~7 cm~2s~L. Only the flux in the time bin between
to + [64,69] d, in which a hint of signal at TS = 21 is detected, is above the UL
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criterion threshold. The flux point is at the level of 2 x 1077 ecm 257! and offset

with respect to the LST-1 observations by 9.8d at later times. This offset time is
computed using the mid time of the analysed temporal bin to the closest LST-1
observation in time.

The bottom panel of Fig. B.2 shows the SED from 100 MeV to 10TeV. Fermi-
LAT ULs reach down to few x10~1 erg cm 257! at few GeV, and their values
monotonically increase below and above this energy. On the other hand, LST-1
ULs decrease from few x10~!!ergcm 25! at few hundred of GeV to an order of
magnitude lower in flux than Fermi-LAT at energies above ~1TeV. We also show
in this plot the gamma-ray emission of the hadronic model of RS Oph obtained
by fitting Fermi-LAT, LST-1, MAGIC, and H.E.S.S. SED points at t — tp ~ 2d (see
Sect. 5.5.2). We can constrain the gamma-ray emission of V1405 Cas at GeV energies
at the level of 10% of that of RS Oph at GeV energies. The ULs with LST-1, in
contrast, are located above the emission level of RS Oph at VHE gamma rays due
to its soft emission at those energies.

B.6.2 V1674 Her

The daily Fermi-LAT light curve of V1674 Her above 100 MeV is displayed in the
top panel of Fig. B.3. HE gamma-ray emission is detected only within a day after
the eruption, at the level of 1.1 x 107 cm~2 s~ 1. This significant flux point is offset
with respect to the LST-1 observations by 1.07 d at earlier times (see Sect. B.6.1 for
details on the computation of this time offset). Similarly, the calculated HE ULs
at other periods with no detection constrain the emission at a similar flux level of
~1.5x 107 %em 2571,

We show on the bottom panel of Fig. B.3 the SED using Fermi-LAT and LST-1 data.
ULs at HE gamma rays constrain the emission below a few x107 1 ergem 2571,
while the ULs with LST-1 are the level of x 1072 ergcm—2s~! above a few hundred
of GeV. These constraints allow us to rule out the emission of an RS-Oph-like
spectral shape down to 50% of its flux. Note that the increase in the flux level at
HE gamma rays with respect to the ULs derived for V1405 Cas in the same band is
mostly attributed to the reduction of exposure by about a half (see bottom panel of
Fig. B.2).

B.6.3 U Sco

The top panel of Fig. B.4 shows the daily integral fluxes of U Sco above 100 MeV,
all of them reaching a TS below 9. The UL fluxes increase from 2 x 107¢cm 257!
at the eruption time to about 3 x 107> cm2s~! four days later. This increase by
about an order of magnitude is due to an uneven exposure of Fermi-LAT on the
position of U Sco. LST-1 observations were taken when the exposure time started
to decrease compared with the exposure days before the eruption, when the ULs
are at 1.5 x 107®cm~2s~!. Possibly, the non-detection with Fermi-LAT may be
influenced by the large distance to the source, which may have decreased the
putative gamma-ray flux below the detection level.

We show in the bottom panel of Fig. B.4 the gamma-ray SED of U Sco dur-

ing the observations of LST-1. The derived ULs at HE gamma rays are within
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Figure B.2: Top: Light curve of V1405 Cas above 100 MeV obtained with Fermi-LAT. The
eruption discovery time and the mid-time of the LST-1 daily observations are
marked with vertical dashed grey and red lines, respectively. Bottom: SED
of V1405 Cas with Fermi-LAT (blue diamonds) and LST-1 (red circles). The
emission of the best-fit hadronic model of RS Oph at t — tyg ~ 2d is shown as
a solid black curve together with its scaled down emission to 10% level (grey
dotted curve). For both plots, the vertical error bars correspond to 1 statistical
errors, and ULs are computed at the 95% confidence level.

10719-10"% ergcm 25~ L. In contrast, the ULs computed with LST-1 data probe the
emission at energies above 100GeV at a level of 10~12-10~ 1 erg cm 2571 As a
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Figure B.3: Same figure format as Fig. B.2, but displaying the results for V1674 Her.

result, we can constrain the HE emission at 1 GeV at about 50% of that of RS Oph on
day 2 after the eruption, while the VHE gamma-ray ULs reach the RS Oph emission
level at hundreds of GeV.

B.7 SUMMARY

Nova explosions are some of the transient sources that LST-1 is actively observing.
By the time this Thesis is written, four novae have been followed up with LST-1.
Among them, three are classical novae (V1405 Cas, V1674 Her, and U Sco) and
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the symbiotic nova RS Oph, which is the only nova detected at VHE gamma rays.

Additionally, two of them, U Sco and RS Oph, undergo multiple recurrent eruptions
within about human timescales. The observations conducted with LST-1 on these
classical novae yield a compatible signal with the background. We constrain its
gamma-ray emission from 100 MeV to 10 TeV through a dedicated Fermi-LAT and
LST-1 analysis. We contextualise the derived ULs by comparing them with the
emission of the best-fit hadronic model that describes the most complete HE and
VHE dataset obtained in the case of RS Oph.
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CODE DEVELOPMENTS IN THE
CONTEXT OF TACTS

In addition to private code development for the pieces of code needed for all
the steps in the data analysis, tests, and checks of LST-1 and MAGIC+LST-1 data,
we contributed to developing and debugging software for LST, MAGIC+LST-1
and CTAQ, including the open-source software packages Gammapy, cta-lstchain,
lstmcpipe, ctapipe, magic-cta-pipe, and ctapipe_io_magic. We list in Table C.1
issues and pull requests opened to report bugs, request new features, and address
their implementations.

Table C.1: Issue and pull request numbers opened in each repository.

Repository name Issue number  Pull request number

3669, 3800, 4054,

3664, 3801, 4038, 4041, 4104, 4428,

Gammapy 41452;93459 5397, 4816, 5345, 5645,
! 5460

cta-lstchain 865, 954, 1019, 867, 1119, 1120,

1020, 1045 1170, 1210
) 151, 171, 290,

lstmcpipe 309 409

ctapipe - 2608, 2613

magic-cta-pipe 212 -

ctapipe_io_magic 67 -
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LIST OF ACRONYMS

a.s.l.
AAVSO
ACT
ADC
Aeff
AGILE
AGNs
AIC
BAT
BPL
Cat
CCSN
CGRO
CoG
COMPTEL
COS-B
COSI
CR
CSM
CTAO
CTAO-N
CTAO-S
DLO
DL1
DL1a
DL1b
DL2
DL3
DL4
DL5
DRS4
DSA
EAS

above sea level

American Association of Variable Star Observers
atmospheric Cherenkov telescope
analog-to-digital converter
Effective area

Astro-Rivelatore Gamma a Immagini Leggero
active galactic nuclei

Akaike information criterion
Burst Alert Telescope

broken power-law

Category

core-collapse SN

Compton Gamma Ray Observatory
centre of gravity

imaging Compton telescope
Celestial Observation Satellite B
Compton Spectrometer and Imager
cosmic ray

circumstellar medium
Cherenkov Telescope Array Observatory
CTAO-North

CTAO-South

Data Level 0

Data Level 1

First Data level 1

Second Data level 1

Data level 2

Data level 3

Data level 4

Data level 5

Domino Ring Sampler 4
Diffusive shock acceleration

extensive air/atmospheric shower
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152 CODE DEVELOPMENTS IN THE CONTEXT OF IACTS

EBL extragalactic background light

ECPL exponential cutoff power-law

edisp Energy dispersion

EGRET Energetic Gamma Ray Experiment Telescope

FF flat-field

FoV field of view

GBM Gamma-ray Burst Monitor

GECAM-C Gravitational wave high-energy Electromagnetic Counterpart
All-sky Monitor-C

GRB gamma-ray burst

GRID Gamma Ray Imaging Detector

GW gravitational wave

H.ESS. High Energy Stereoscopic System

HaST Hardware Stereo Trigger

HAWC High-Altitude Water Cherenkov

HE high energy (100 MeV < E < 100 GeV)

HG high gain

HV high voltage

IACT imaging atmospheric Cherenkov telescope

IBIS Imager on Board INTEGRAL Satellite

IC inverse Compton

IQR interquartile range

Insight-HXMT Insight-Hard X-ray Modulation Telescope

INTEGRAL INTErnational Gamma-Ray Astrophysics Laboratory

IR infrared

IRF instrument response function

ISM interstellar medium

KN Klein-Nishina

LAT Large Area Telescope

LG low gain

LHAASO Large High Altitude Air Shower Observatory

Lp/Le proton-to-electron luminosity ratio

LST Large-Sized Telescope

LST-1 first LST

M1 MAGIC I

M2 MAGIC I

MAGIC Major Atmospheric Gamma-ray Imaging Cherenkov



MC
MST
MWL
NSB
NuSTAR
0S0O-3
p-e.
PMT
PSF

RO

R1

RF
RSG
S/B
SAS-2
SED
SN

SPI
SSC
SST
ToO
TRETS
TS
UHE
UL
VERITAS
VHE
VLA
WCD
WCDA
WR
XMM-Newton
ZA

CODE DEVELOPMENTS IN THE CONTEXT OF TACTS

Monte Carlo

Medium-Sized Telescope
multi-wavelength

night sky background

Nuclear Spectroscopic Telescope Array
Orbiting Solar Observatory 3
photoelectrons

Photomultiplier tube

Point spread function

Raw level 0

Raw level 1

random forest

red supergiant
signal-to-background ratio

Second Small Astronomy Satellite
spectral energy distribution
supernova

SPectrometer on INTEGRAL
synchrotron self-Compton
Small-Sized Telescope

target of opportunity

Temporal Resolution Estimator for Transient Sources
test statistic

ultra-high energy (E > 100 TeV)
upper limit

Very Energetic Radiation Imaging Telescope Array System
very-high energy (100 GeV < E < 100 TeV)
Very Large Array

water Cherenkov detector

water Cherenkov detector array
Wolf-Rayet

X-ray Multi-mirror Mission-Newton

zenith angle
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