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Chapter 1

Introduction

Novae are among the most frequent explosive transients in the Galaxy, producing rapid
optical brightening and rich time variability on timescales of hours to weeks (Bode
and Alan Evans, 2008). In recent years, they have also emerged as established high-
energy sources following the Fermi Large Area Telescope (Fermi-LAT) detections of GeV
emission from multiple Galactic novae (Abdo et al., 2010; Fermi-LAT Collaboration,
2014), demonstrating that particle acceleration in nova-driven shocks can be e cient
(Metzger et al., 2015). This makes novae an attractive target for wide- eld gamma-
ray observatories and, more broadly, for time-domain studies that combine optical
and gamma-ray information. In this thesis, we explore two complementary ways in
which ground-based gamma-ray instrumentation can contribute to nova science: (i)
assessing the detectability of novae with the proposed Southern Wide- eld Gamma-ray
Observatory (SWGO) (Concecao and SWGO Collaboration, 2023), and (ii) extracting
optical light curves from High Energy Stereoscopic System (H.E.S.S.) data using Night
Sky Background (NSB)-related camera signals to trace optical brightness variations.

1.1 Motivation

Time-domain astronomy studies sources that change with time, where the timing of
the emission can reveal the physical processes at work. For explosive transients, the
brightness can evolve strongly within hours to days, so observation cadence (time
spacing) and duty cycle become crucial. In practice, however, many events are not
well covered, especially at early times, due to scheduling constraints, weather, seasonal
visibility, and limited sky coverage.

Novae are a useful laboratory for studying explosive out ows and shocks in our
Galaxy. They are bright in the optical and evolve on timescales of days to weeks, which
makes them accessible to regular monitoring. The detection of high-energy emission from
novae also shows that these shocks can accelerate particles to relativistic energies. From
an astroparticle point of view, novae therefore provide nearby, time evolving systems in
which non-thermal particle populations can be probed through their radiation.

Optical and gamma-ray measurements can provide complementary information.
Optical light curves trace how the visible emission evolves as the out ow expands and
cools, while gamma rays directly probe non-thermal emission from accelerated particles.
Comparing the timing and variability across these bands can therefore help to constrain
where and when shocks form and how energy is dissipated during the eruption. In
addition, the gamma-ray signal can provide indirect information on the underlying



acceleration and interaction channels (e.g. leptonic versus hadronic scenarios), which
connects nova eruptions to broader questions of particle acceleration in astrophysical
shocks.

Observationally, novae are challenging high-energy targets because their onset is
unpredictable and their emission evolves quickly. This motivates instruments with a
wide eld of view and a high duty cycle. Also, large archival datasets from Imaging
Atmospheric Cherenkov Telescopes (IACTSs) include camera rate information related
to the NSB, recorded continuously while tracking a eld. Although these instruments
are optimised for gamma-ray observations, the same rate measurements are sensitive to
changes in optical sky brightness within the eld of view. If this information can be
calibrated and corrected for instrumental and atmospheric systematics, it could enable
the reconstruction of usable optical light curves for bright transients observed during
gamma-ray pointings. Establishing the feasibility of this idea would not only improve
temporal coverage for individual events, but could also broaden the scienti ¢ use of
existing H.E.S.S. archival data as a complementary, high cadence optical monitoring
resource. These points motivate the analysis approach adopted in this work, which
combines a detectability study for SWGO with an exploration of what can be learned
from archival H.E.S.S. observations.

1.2 Novae and optical transients

1.2.1 Classical novae in brief

Classical novae occur in close binary systems in which a white dwarf accretes matter
from a companion star. As hydrogen-rich material accumulates on the white dwarf
surface, pressure and temperature rise until a thermonuclear runaway ignites in the
accreted layer (Bode and Alan Evans, 2008). The resulting explosion ejects material

at velocities of order 1 kms?! and produces a rapid increase in optical brightness,
followed by a decline over days to months. Because the eruption evolves on human-
accessible timescales and often reaches naked-eye brightness, novae have long been key
targets for optical time-domain astronomy.

In the following, novae and nova-like optical transients are used as a representative
class of fast-evolving sources for which dense temporal coverage is particularly valuable.
Their optical evolution provides a direct record of the eruption development, while their
high-energy emission probes additional non-thermal processes discussed below.

1.2.2 What optical light curves encode

Optical light curves describe how the brightness of a source changes with time. For
novae, they capture the rise to maximum light, the subsequent decline, and in some
cases additional features such as plateaus, secondary maxima, or dust-related dips
which can be observed in Figure 1.1. These features re ect the changing conditions in
the expanding ejecta, including its temperature, density, opacity, and geometry. The

1This is discussed in more detail in Chapter 2.



Figure 1.1: Morphology of a nova light curve, from Bode and Alan Evans (2008).

overall decline rate is often used as a simple empirical descriptor of how quickly the
eruption evolves, while shorter-timescale variability can indicate structure in the out ow
or interaction with the surrounding environment.

From a practical point of view, optical light curves are also useful because they
provide timing information: when the eruption started, when it reached peak brightness,
and when major transitions occurred. This timing is important when comparing optical
behaviour to emission at other wavelengths, especially at high energies where detections
may be limited in time or sensitivity.

1.2.3 High-energy emission from novae

The detection of GeV gamma-ray emission from novae demonstrates that nova eruptions
can produce strong shocks and accelerate particles to relativistic energies (Abdo et al.,
2010; Fermi-LAT Collaboration, 2014). These shocks may form within the ejecta
(for example, if a faster out ow catches up with a slower earlier out ow) or through
interaction between the ejecta and surrounding material. In either case, the shock
converts kinetic energy into heat and into non-thermal particle populations.

Gamma-ray production can proceed through di erent channels. In leptonic scenarios,
accelerated electrons produce gamma rays through processes such as inverse Compton
scattering or bremsstrahlung. In hadronic scenarios, accelerated protons interact with
ambient material and produce neutral pions; the subsequent decay (! ) generates
gamma rays. Distinguishing between these possibilities requires multi-wavelength
information and, in particular, constraints on how the high-energy emission evolves
relative to the optical light curve (Metzger et al., 2015).

These considerations motivate the observational approaches discussed in the next
section: evaluating the detectability of novae and nova-like high-energy emission with
SWGO, and assessing the feasibility of reconstructing optical light curves from archival
H.E.S.S. observations.



1.3 Ground-based gamma-ray instruments in time-domain
astronomy

Ground-based gamma-ray instruments detect very-high-energy photons indirectly, by
measuring the secondary particles and Cherenkov light produced when a gamma ray
initiates an extensive air shower in the atmosphere. Two major instrument classes are
relevant for this thesis: Imaging Atmospheric Cherenkov Telescopes (IACTSs), such
as H.E.S.S., and wide- eld Water Cherenkov Detector (WCD) arrays, such as the
proposed SWGO. Their complementary strengths are particularly important in the
context of time-domain astronomy, where sky coverage, duty cycle, and observation
strategy strongly a ect what can be measured.

1.3.1 Imaging atmospheric Cherenkov telescopes

IACT arrays detect nanosecond-scale Cherenkov ashes from air showers using fast
optical telescopes and pixelised cameras. This technique provides strong background
rejection and good angular resolution, and is most sensitive at energies typically above
a few tens of GeV up to multi-TeV energies (instrument-dependent). However, IACT
observations are pointed and are limited to clear, dark conditions, which reduces the
duty cycle compared to wide- eld instruments.

Despite these constraints, IACT archives are valuable for transient studies for two
reasons. First, a pointed observation can provide high sensitivity over a short time
interval, enabling detailed follow-up once a transient is observed. Second, IACT cameras
continuously record rates related to the night-sky background while tracking a eld.
These rate measurements are primarily used for instrument monitoring and data quality
checks, but they are also sensitive to changes in the optical sky brightness within the
eld of view. This creates the possibility of extracting optical variability information
for su ciently bright transients that occur during gamma-ray observations, provided
that instrumental and atmospheric systematics can be controlled.

In this thesis, we explore this idea using archival H.E.S.S. data: we assess whether
night-sky-background-related rate measurements can be calibrated to reconstruct usable
optical light curves, and discuss the potential implications of such a capability for
extending the scienti ¢ output of IACT archives.

1.3.2 Wide- eld air-shower arrays

Wide- eld air-shower arrays or Water Cherenkov Detector (WCD) arrays operate by
sampling the secondary particles from extensive air showers at ground level. In contrast
to IACTs, they typically observe a large fraction of the overhead sky continuously, leading
to a high duty cycle and making them well suited for monitoring unpredictable transients.
The trade-o is generally a higher energy threshold and/or lower instantaneous sensitivity
compared to pointed IACT observations, depending on energy and source spectrum.

For nova-like emission scenarios that evolve on timescales of days to weeks, continuous
monitoring is especially valuable because it reduces reliance on external triggers and
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minimises gaps in coverage. The proposed SWGO, as a next-generation wide- eld
gamma-ray observatory in the Southern hemisphere, is therefore a promising instrument
for time domain studies of Galactic transients. In this thesis, we investigate under
which conditions SWGO could detect high energy emission from novae and nova-like
transients, and how detectability depends on assumptions about the emission timescale
and spectrum.

1.4 Thesis outline

Chapter 2 introduces the relevant physical background on novae, optical light curves,
and high-energy emission mechanisms. Chapter 3 summarises the instrument concepts
and detection physics relevant to this work, with emphasis on the di erences between
IACTs and WCDs. Chapter 4 presents the SWGO detectability study and discusses the
dependence on emission assumptions and timescales. Chapter 5 describes the method
to extract optical light curves from archival H.E.S.S. data using NSB related camera
rate information, and evaluates its performance on selected cases. Chapter 6 discusses
implications, limitations, and prospects for future work, and summarises the main
results and conclusions.



Chapter 2

Shocks and Particle Acceleration
In Novae

2.1 Classical novae

Classical novae are non-terminal thermonuclear eruptions occurring on the surface of an
accreting white dwarf in a compact interacting binary system! (Bode and Alan Evans,
2008). Mass transfer from the companion star supplies a hydrogen-rich envelope on
the white dwarf. As accretion proceeds, the base of the envelope is compressed and
heated under partially degenerate conditions until a thermonuclear runaway ignites.
The rapid energy release drives a dramatic increase in luminosity and launches an
out ow, while the binary system itself survives the event (Laura Chomiuk et al., 2021).
Figure 2.1 summarizes the basic geometry of the interacting binary and the main
mass- ow channels (accretion via Roche-lobe over ow and ejection during the eruption)
that underpin the discussion in this chapter.

The mass-transfer geometry depends on the binary con guration. In many systems,
Roche-lobe over ow forms an accretion disk around the white dwarf, whereas magnetic
white dwarfs can channel accretion along eld lines. Regardless of the detailed accretion
ow, the nova eruption is characterized by (i) a sharp rise to optical maximum, (ii)
subsequent decline on timescales of days to months, and (iii) substantial mass loss into
the circumbinary environment (Laura Chomiuk et al., 2021). Typical ejecta velocities
are of order 16 kms! to 10°kms? , and inferred ejecta masses span several orders of
magnitude, depending on the system parameters and the eruption class (Laura Chomiuk
et al., 2021). These scales are directly relevant for shock formation and radiative
e ciency, which control the emergence of non-thermal emission.

Historically, the optical luminosity of novae was often interpreted primarily in terms
of continued nuclear burning and reprocessing in an expanding photosphere. However,
the discovery of GeV -ray emission from classical novae with Fermi-LAT demonstrates
that energetic shocks and e cient particle acceleration occur during the outburst (Fermi-
LAT Collaboration, 2014). In some events, coordinated multiwavelength observations
provide direct evidence that shocks can contribute substantially to the optical luminosity
around maximum light (Aydi et al., 2020). This motivates treating the nova eruption
as a time-dependent interaction between multiple out ow components rather than a
single homologously expanding shell.

LIn this thesis, \classical nova" generally refers to thermonuclear runaways on accreting white dwarfs
and excludes accretion-driven dwarf-nova outbursts in cataclysmic variables.



Figure 2.1: A schematic representation of a classical nova system that shows how material is
expelled during the nova outburst, how an accretion stream or disk forms around
the white dwarf, and how mass is transferred from the companion star through
Roche-lobe over ow. The illustration is not to scale and highlights the key aspects
relevant to the discussion on nova out ows and shocks in this chapter.

In the following, we focus on the out ow structure expected during nova eruptions
and on the formation of internal shocks, which provide the physical basis for particle
acceleration and for the multiwavelength signatures exploited later in this thesis.

2.2 Optical emission characteristics and light-curve be-
haviour

Optical observations provide the most complete temporal coverage for nova eruptions
and are therefore a natural reference for de ning outburst phases (Laura Chomiuk et al.,

2021). In the classical picture, the early optical peak is associated with an optically
thick expanding pseudo-photosphere and with reprocessing of higher-energy radiation
in the ejecta. As the ejecta expand and thin out, the emergent spectrum and luminosity

evolve accordingly. However, multiwavelength campaigns have shown that internal

shocks can contribute substantially to the radiated power in some novae, including in

the optical band around maximum light (Aydi et al., 2020).

Throughout this thesis, we use standard photometric terminology. Apparent magni-
tudes are a logarithmic measure of ux. For two measurements with uxesF; and F»,
the magnitude di erence is

F
m; m 2= 2:5log 19 F—; ; (2.1)

such that a decline by m =2 or 3 corresponds to a ux decrease by factors of 1%8
and 102, respectively. This logarithmic scaling is useful when comparing light-curve
shapes across a wide dynamic range, while later analysis steps in this work primarily
rely on relative brightness variations rather than absolute photometric calibration.

A widely used parameterization of the optical decline is given by the timest, and
t3, de ned as the elapsed time after optical maximum for the nova to fade by 2 or 3

7



Figure 2.2: Schematic optical light curve of a nova illustrating the de nition of the decline
times t, and t3, measured from maximum light as the time required for the source
to fade by 2 and 3 magnitudes, respectively. The curve also indicates a few other
example light-curve features often observed in some novae. This gure is intended
for de nition and orientation only; it does not represent a speci c event.

magnitudes in a given band (Kato and Hachisu, 2023; Payne-Gaposchkin, 1957). The
de nition of t, and tz is illustrated schematically in gure 2.2. These timescales serve as

simple proxies for the \speed class" of a nova and are commonly used when comparing
nova populations and their ejecta properties (e.g. Tappert et al., 2020). Whilet, and

t3 compress complex behaviour into a single number, they provide a reproducible and

instrument-independent way to align di erent events in time.

Beyond a smooth rise and decline, many novae exhibit additional structure such
as plateaus, secondary maxima, or dust-formation dips, re ecting changes in opacity,
geometry, and energy deposition in the out ow (Laura Chomiuk et al., 2021). Such
features are particularly relevant because they can coincide with phases of enhanced
shock interaction and thus potentially correlate with high-energy activity (Aydi et al.,
2020). These points lead us to describe the eruption as arising from the interaction of
several distinct out ow components, which we will see in the next section.

2.3 Nova out ows and shock formation

The GeV -ray detections of classical hovae imply that strong shocks capable of accel-
erating particles to relativistic energies develop during the eruption (Laura Chomiuk

et al., 2021; Metzger et al., 2015). For most classical novae, interaction with a dense
pre-existing circumstellar medium is not expected to dominate the early-time dynamics,
motivating scenarios in which the shocks arise predominantly from collisions between
distinct components of the nova out ow (Martin et al., 2018). In this picture, the
eruption is not adequately described by a single homologously expanding shell; instead,
mass loss proceeds in multiple phases whose relative velocities and densities naturally

8



lead to internal shocks.

2.3.1 Multiple out ow components

Observations across the electromagnetic spectrum support the presence of structured
and time-dependent mass ejection in novae, including evidence for an early, relatively
slow, and dense out ow followed by a faster wind launched at later times (Laura
Chomiuk et al., 2021). When a fast component with velocity vs catches up to slower
material moving at vs, a two-shock structure develops: a forward shock propagating
into the slow out ow and a reverse shock propagating back into the fast wind (Martin
et al., 2018). The shock interaction region can compress into a thin cooling layer at
high densities, which is also the site where non-thermal particles can interact e ciently
with the surrounding gas and radiation elds.

2.3.2 Radiative shocks and energy dissipation

A key distinction is whether the shocks are radiative. At the high post-shock densities
expected in nova ejecta, the thermal plasma behind the shock can cool rapidly compared
to the expansion timescale, causing the shocked gas to collapse into a dense shell and
strongly suppressing the emergent soft X-ray emission due to absorption and reprocessing
(Laura Chomiuk et al., 2021; Vurm and Metzger, 2018). In the radiative regime, a large
fraction of the shock power can ultimately emerge at lower photon energies, including
optical and infrared, providing a physical mechanism for correlations between optical
variability and high-energy emission (Aydi et al., 2020).

The instantaneous kinetic power dissipated at a shock can be written schematically

as 1
Lsh é M.v r2e|; (2-2)
where M. characterizes the mass ux through the shock andvie 'jv 1 Vv 4 is the relative
velocity between colliding out ow components (Metzger et al., 2015). This scaling
emphasizes that both the mass-loss history and the velocity strati cation of the ejecta
control the available shock power and, consequently, the luminosity available for thermal

and non-thermal emission.

2.3.3 Internal shocks as sites of particle acceleration

Particle acceleration at nova shocks is commonly described in the framework of di usive
shock acceleration, in which a fraction of particles repeatedly scatter across the shock
and gain energy. Internal-shock models have been developed to explain the observed
GeV light curves and spectra, with hadronic interactions in the dense cooling layer
providing an e cient channel for -ray production in many classical novae (Metzger
et al., 2015; Matrtin et al., 2018). Radiative shock models further predict accompanying
hard X-ray emission from the same non-thermal particle populations, with the ratio of
hard X-ray to -ray luminosity providing a diagnostic of the dominant emission channel
and microphysical processes at the shock (Vurm and Metzger, 2018).
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In the remainder of this chapter, we use this multi-component out ow and internal-
shock framework as the physical basis for interpreting optical variability and for moti-
vating time-domain searches for nova-like transients at high energies.

2.4 Particle acceleration at nova shocks

The detection of GeV rays from novae implies that a non-thermal particle population
is produced e ciently during the outburst (Metzger et al., 2015). A standard framework
to describe such non-thermal populations in collisionless astrophysical shocks is Di usive
Shock Acceleration (DSA), in which particles gain energy through repeated shock cross-
ings mediated by scattering o magnetic turbulence (Blandford and Eichler, 1987). In
the test-particle limit for strong, non-relativistic shocks, DSA predicts an approximately
power-law momentum distribution, f(p) /p “ , corresponding to a di erential energy
spectrum close todN=dE / E 2 for relativistic particles (Blandford and Eichler, 1987).
While the detailed spectral shape depends on shock obliquity, turbulence properties,
and non-linear feedback, this scaling provides a useful baseline for interpreting nova
-ray spectra and for motivating hadronic and leptonic emission scenarios in section 2.5.

2.4.1 Acceleration timescale and maximum energy

A practical way to assess whether nova shocks can accelerate particles to GeV-TeV
energies is to compare the acceleration time to the relevant loss and dynamical timescales.
In DSA, the characteristic acceleration time to energy E can be written schematically

as
(E)

tacc(E) V2h
s

; (2.3)

where vg, is the shock velocity and (E) is the spatial di usion coe cient, set by
the level of magnetic turbulence near the shock (Blandford and Eichler, 1987). The
maximum energy Emax is then determined by the condition

tacc(Emax) - Min(t gyn; tioss); (2.4)

wheretgy, is the characteristic expansion time of the interaction region andt|ss includes
radiative and collisional losses appropriate to the particle species. In dense nova ejecta,
hadrons can lose energy through inelastic proton-proton collisions on a timescale that can
be comparable to the expansion time during the early outburst, which simultaneously
enhances -ray production e ciency and can limit the highest attainable energies
(Metzger et al., 2015; Vurm and Metzger, 2018).

2.4.2 Acceleration e ciency and magnetic- eld ampli cation

The luminosity in non-thermal particles is commonly parameterized by an acceleration
e ciency ., de ned as the fraction of the shock power converted into non-thermal
particle energy. In nova-shock modelling, ; enters directly in the conversion from shock
power (cf. equation (2.2)) to the expected -ray luminosity (Metzger et al., 2015). Kinetic
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simulations of non-relativistic shocks show that e cient ion acceleration can occur,
particularly for quasi-parallel magnetic- eld geometries, and that accelerated particles
can drive substantial magnetic- eld ampli cation via streaming instabilities, reducing

(E) and thereby accelerating particles more rapidly (Caprioli and Spitkovsky, 2014).
Although the microphysics in nova ejecta is not identical to the interstellar medium,
these results provide physical motivation for adopting »; values at the percent level and
for allowing magnetic turbulence levels above the background eld in phenomenological
nova-shock models (Metzger et al., 2015).

An important complication speci ¢ to novae is that the shocks are often radiative at
early times (Metzger et al., 2015; Vurm and Metzger, 2018). Rapid post-shock cooling
can compress the shocked region into a dense shell, modifying the structure of the
shock and potentially a ecting particle escape and the relative importance of hadronic
versus leptonic emission. In the next section, we therefore treat the -ray production
mechanisms as model alternatives constrained by the observed spectra and temporal
evolution, rather than assuming a single universal acceleration outcome.

2.5 High-energy emission mechanisms in novae

The discovery of transient GeV -ray emission from novae with Fermi-LAT established
these systems as particle accelerators on timescales of wegkBermi-LAT Collaboration,
2014). In the internal-shock framework discussed above, the rays are produced by
relativistic particles accelerated at the shocks and interacting with the dense out ow
and the intense radiation eld. Two broad classes of emission models are commonly
considered: hadronic scenarios, in which accelerated ions dominate theray production,
and leptonic scenarios, in which accelerated electrons dominate (Metzger et al., 2015;
Martin et al., 2018; Vurm and Metzger, 2018).

2.5.1 Hadronic emission: inelastic pp collisions and 0 decay

In hadronic models, accelerated protons (and heavier ions) interact inelastically with
the ambient gas in the shocked, dense ejecta. Theg® collisions produce neutral pions,

0 which decay promptly into two  rays. The e ciency of this channel depends
primarily on the target density and the residence time of relativistic hadrons in the
interaction region. In the early phases of a nova eruption, the high densities implied by
radiative shocks make hadronic interactions e cient and naturally yield GeV emission
with durations comparable to the time over which dense shocked material persists
(Metzger et al., 2015; Martin et al., 2018). Time-dependent internal-shock calculations
further show that hadronic emission can reproduce the main features of observed Fermi-
LAT light curves in several novae when interactions occur in the dense cooling layer
downstream of the shock (Martin et al., 2018).

°The duration of detectable GeV emission varies between events and analysis choices; see section 2.6.
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2.5.2 Leptonic emission: inverse Compton and bremsstrahlung

In leptonic models, accelerated electrons produce rays through inverse Compton
(IC) scattering of optical/infrared photons and/or through non-thermal bremsstrahlung
on ambient ions. The IC channel is sensitive to the photon energy density and to
electron losses (including Coulomb losses in dense plasma), while bremsstrahlung
scales with target density in a manner analogous to hadronic interactions. Detailed
radiative-shock models demonstrate that strong Coulomb cooling of mildly relativistic
electrons can suppress the hard X-ray and -ray yield expected from purely leptonic
scenarios, making combined X-ray and GeV constraints particularly informative (Vurm
and Metzger, 2018). More generally, comparisons between-ray luminosities and shock
power provide constraints on the required electron acceleration e ciency in leptonic
interpretations (Metzger et al., 2015).

2.5.3 Transparency and multiwavelength diagnostics

An important requirement for both model classes is that the system is su ciently
transparent for GeV photons to escape. Internal-shock models typically assume that the
Fermi-LAT band probes emission produced in regions where the dominant attenuation
processes do not fully absorb the GeV photons over the observed timescales (Metzger
et al., 2015; Martin et al., 2018). Because the same shock-accelerated particle population
generically produces emission extending down to the hard X-ray band, the ratio of
hard X-ray to -ray luminosity has been proposed as a discriminator between leptonic
and hadronic scenarios in radiative shocks (Vurm and Metzger, 2018). In addition,
correlations between optical variability and -ray activity can arise naturally if a
signi cant fraction of the shock power is reprocessed to optical wavelengths while
non-thermal particles produce the GeV component (Metzger et al., 2015).

In the following section, we summarize the key observational phenomenology of
GeV-detected novae and the timescales over which the multiwavelength emission is
typically observed, providing context for the time-domain analyses pursued later in this
thesis.

2.6 Observed multiwavelength phenomenology of -ray
novae

The rst detection of GeV  -ray emission from a nova was obtained for the symbiotic
system V407 Cyg in 2010, where the interaction between the nova ejecta and the
dense wind of the red-giant companion provided an early physical interpretation in
terms of shocks (Abdo et al., 2010). Subsequent Fermi-LAT observations established
classical novae as a distinct class of transient GeV sources, demonstrating that shock-
powered particle acceleration is not restricted to symbiotic environments (Fermi-LAT
Collaboration, 2014). Systematic searches over the rst years of the mission further
showed that -ray detections are strongly distance-limited and that only a subset of
optically discovered Galactic novae are detectable with Fermi-LAT, given typical ux
levels and durations (Franckowiak et al., 2018).
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The approximate phase ordering of the multiwavelength emission discussed below
is summarized schematically in gure 2.3. Interestingly, in gure 2.3, we observe that
there is a question mark after the term \TNR ash". This is because, at the time of
publication of the article from which the gure was adapted, it wasn't con rmed yet.
But, a more recent publication from Kenig et al. (2022) con rms the detection of an
extremely bright and very soft X-ray ash of the classical Galactic hova YZ Reticuli
(MGAB-V207) (cf. gure C.1), and this is particularly relevant because this is the same
nova about which we will talk more about in chapter 5.

As of late 2025, GeV emission has been reported from more than 20 Galactic novae,
spanning classical and recurrent/symbiotic systems, with a wide range of peak uxes
and temporal morphologies (Aydi et al., 2025; Mukai, 2025). The characteristic duration
of detectable GeV emission is typically of order days to weeks, with reported extremes
ranging from 1-2 days to several tens of days, depending on the event and analysis
time binning (Mukai, 2025; Fermi Science Support Center, 2024). In many cases the
GeV activity occurs within a few days of optical maximum and overlaps the early
decline, consistent with shock formation during the dense-ejecta phase (Fermi-LAT
Collaboration, 2014; Franckowiak et al., 2018).

Multiwavelength follow-up indicates that the shock-powered picture is also re ected
outside the GeV band. Hard X-ray emission is frequently weak or absent during the
earliest phases, which can be understood as a consequence of absorption and reprocessing
in dense ejecta when shocks are radiative (Vurm and Metzger, 2018; Wang et al., 2024).
At later times, when the column density drops, thermal and supersoft X-ray emission
can become visible, providing complementary diagnostics of the post-outburst evolution
(Page et al., 2020). Together, these empirical trends motivate treating the optical and
GeV light curves as time-domain tracers of the same underlying shock evolution, while
recognizing that detectability depends on distance, cadence, and wavelength-dependent

opacity.

The physical concepts discussed in this chapter motivates two complementary di-
rections pursued in the remainder of this thesis. First, the multi-component out ow
scenario and the resulting internal shocks provide a framework in which optical variabil-
ity and GeV -ray activity can trace the same underlying shock evolution (sections 2.3
and 2.6). This motivates constructing dense optical time series with well-de ned sys-
tematics control, as optical data provide the most complete temporal coverage for many
eruptions. In particular, even when absolute photometric calibration is not available,
relative brightness variations can be used to identify outburst phases and to search for
temporal correlations with high-energy activity.

Second, the observational context summarized in section 2.6 shows that novae
constitute transient particle accelerators on timescales of days to weeks, with event-to-
event diversity in peak ux and duration. This motivates assessing the detectability of
nova-like transients with current and future ground-based -ray instruments, especially
in regimes where dense time-domain coverage is achievable and where complementary
optical information can constrain the emission phase.

Accordingly, in the next chapters we develop and validate a method to extract
optical light curves from H.E.S.S. camera NSB data, including a dedicated treatment
of instrumental and atmospheric systematics, and evaluate the prospects for detecting
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Figure 2.3: Schematic timeline of a nova eruption illustrating the approximate phase ordering
of key multiwavelength tracers relative to the out ow evolution (slow and fast
components and their shock interaction). Curves indicate qualitative detectability
rather than absolute ux, and the timing and duration of each phase vary between
events. The schematic is intended as a qualitative guide to the phase ordering
discussed in section 2.6. Adapted from Laura Chomiuk et al. (2021).

novae and nova-like optical transients at very high energies with SWGO, using the
physical and observational timescales established here as guiding inputs, as discussed
earlier in section 1.1.
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Chapter 3

Air-shower detection physics: IACTs
and WCDs

Chapter 2 motivated novae as time dependent particle accelerators, in which shocks
can channel kinetic power into non-thermal particle populations and high energy
photons. From the ground, however, VHE rays are not observed directly. Instead,
the atmosphere converts the primary particle (incoming Cosmic ray or ray) into an
Extensive Air Shower (EAS), and ground-based instruments infer the primary ray
properties from the secondary cascade and its associated radiation elds.

This chapter summarizes the detector technologies used for air-shower detection and
the physical principles that connect air showers to measurable signals. As discussed
above, we focus on two complementary approaches: imaging the Cherenkov light
emitted by shower particles in air using High Energy Stereoscopic System (H.E.S.S.) as
a representative IACT system, and measuring the shower particle footprint at ground
using WCD units as planned by the Southern Wide- eld Gamma-ray Observatory
(SWGO) collaboration. The goal is to establish the measurement chain, starting with
shower development, light production, sensor response, and reconstruction observables
needed for the analysis methods introduced in the following chapters.

3.1 From primary rays to extensive air showers

Ground-based instruments infer the properties of primary VHE rays through the EAS
they initiate in the atmosphere. In the energy range relevant for modern ground-based
observatories, the shower development is governed by well-understood electromagnetic
interactions, while the dominant backgrounds are hadron induced showers with additional
hadronic and muonic components. In this section, we summarize the key features of
EAS development that determine the production and space-time structure of Cherenkov
light. (Particle Data Group, 2025; Particle Data Group, 2024)

3.1.1 Electromagnetic cascades in the atmosphere

A primary  ray entering the atmosphere typically converts via pair production in

the Coulomb eld of a nucleus, producing ane* e pair. The electrons and positrons
radiate bremsstrahlung photons, which can again convert by pair production, leading
to a multiplicative electromagnetic cascade. The longitudinal development is often
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Figure 3.1: Left: Heitler-model schematic of an electromagnetic cascade initiated by a ray
in the atmosphere. The primary photon converts in the Coulomb eld of an
atomic nucleus, producing ane" e pair; subsequent bremsstrahlung emission and
repeated pair production generate a multiplicative shower. The cascade is shown in
discrete steps of one radiation lengthX o, illustrating the rapid growth of particle
multiplicity in the early shower development. Right: Monte Carlo visualization of
a 100GeV photon-induced air shower as a function of altitude, for a xed altitude
of the rst interaction. The simulated track density highlights the concentration
of secondary charged particles along the shower axis and the longitudinal spread
of the cascade through the atmosphere. lllustration taken from Steppa (2022).

characterized in terms of the slant depth X (in gcm? ) and the depth of shower
maximum, X max, at which the number of charged particles reaches its peak. (Particle
Data Group, 2024)

A useful conceptual description is provided by the Heitler model (cf. gure 3.1), in
which the cascade develops through successive particle splittings with approximately
equal energy sharing. In this picture, the number of particles grows a?N 2!, wheret
is the depth expressed in units of radiation lengths, until the typical particle energy
falls to the critical energy E. where ionization losses become comparable to radiative
losses. The shower maximum then occurs after approximately

IN(E =E¢)
In2

tmax (3.1)

and the maximum number of charged particles scales aBlmax E =E;. While
guantitative predictions require Monte Carlo simulations, these scalings capture the
essential dependence on primary energy that drives instrument design: higher energy
primaries generate larger cascades that develop deeper and produce more Cherenkov
emitting charged particles. (Matthews, 2005)

Hadron-induced showers di er qualitatively because hadronic interactions produce
secondary mesons and a substantial muonic component. The resulting shower images and
ground footprints exhibit larger event-to-event uctuations and additional substructure
relative to purely electromagnetic cascades. Modern analyses exploit these morphological
di erences statistically for /hadron separation, using either image-based observables
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Figure 3.2: Schematic comparison of the longitudinal development of a -ray induced electro-
magnetic shower (left) and a hadron induced shower (right) as a function of slant
depth X . The shower maximum X ,ox marks the depth where the charged-particle
content peaks. Hadron-induced showers exhibit a substantial muonic component
and larger uctuations, motivating /hadron discrimination in ground-based air-
shower experiments. Adapted from Pierre Auger Collaboration (2023).

in IACTs or footprint-based observables in ground arrays. (Particle Data Group, 2025)

A schematic comparison of electromagnetic and hadron-induced shower development
is shown in gure 3.2. Figure 3.3 summarizes the measurement chain from a primary
ray to the observables recorded by IACTs and WCDs.

3.1.2 Cherenkov radiation in air

Charged shower particles emit Cherenkov radiation when their speed exceeds the phase
velocity of light in the medium,

n()>1; (3.2)

where = v=cand n( ) is the wavelength-dependent refractive index of air. The
radiation is concentrated on a cone with opening angle ¢ given by

- 1 .
COS ¢ = 0 (3.3)

The Cherenkov emission geometry is illustrated in gure 3.4. The diagram also
indicates the wavefront opening angle !; in dispersive media, . + 6 90 because
phase and group velocities di er (Particle Data Group, 2024).

INot to be confused with refractive index n.
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Figure 3.3:

Schematic of ground-based ray detection with extensive air showers. A primary

ray initiates an air shower in the atmosphere; IACTs (left) record the brief
Cherenkov light ash produced in air, while WCDs arrays (center/right) sample
the secondary particles at ground. The inset illustrates the water-Cherenkov
technique, where charged shower particles generate Cherenkov light in a water
tank that is measured by PMTs. Taken from SWGO Collaboration (2019)

(@) Wavefront geometry in a medium of refractive (b) lllustration of coherent emission and the re-
index n (Cherenkov angle ). sulting Cherenkov cone for v > c=n.

Figure 3.4:

Cherenkov emission in a dielectric medium. (a) A charged particle in the medium
emits coherent radiation when n > 1, producing emission at the Cherenkov angle
¢ with cos ¢ =( n)?! ; the wavefront opening angle is indicated. (b) Schematic
view of the coherent wavefront build-up and the corresponding Cherenkov cone.

lllustration from Vikas Joshi (2019)
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In air, this geometry leads to a short (nanosecond-scale) ash at ground distributed
over a characteristic \light pool" with a lateral extent of order ~ 10° m. (Particle Data
Group, 2024)

The emitted photon vyield is strongly weighted toward short wavelengths. In the
Frank-Tamm description, the spectral yield per path length scales approximately as

2N, 2 1
a7 L g (3.4)

where is the ne-structure constant. In practice, the detectable spectrum is shaped
by atmospheric transmissiorf, mirror re ectivity, light concentrators, and the sensor
quantum e ciency, so that IACTs are typically most sensitive in the near-UV/blue
optical band. (Particle Data Group, 2024; Bernkhr et al., 2003)

These features motivate the two complementary detector concepts discussed in the
remainder of this chapter. IACTs form an image of the Cherenkov light emitted in air,
enabling stereoscopic reconstruction of shower geometry and image based background
rejection. Ground arrays based on WCDs, in contrast, sample the shower particle
footprint at ground, using Cherenkov emission in water to reconstruct the shower-front
timing and lateral signal distribution with high duty cycle and wide eld of view.

3.2 Imaging atmospheric Cherenkov telescopes: detection
physics and the H.E.S.S. implementation

3.2.1 Detection principle and reconstruction observables in IACTs

In the IACT technique, the VHE primary is derived indirectly from the Cherenkov light
emitted by relativistic charged particles in the electromagnetic cascade (cf. section 3.1.2).
The Cherenkov ash lasts only a few nanoseconds at ground and is spatially con ned
to a light pool with a lateral scale of order 10? m, so the measurement is intrinsically
photon-starved and requires fast optics and fast readout (Hinton and Hofmann, 2009).
A tessellated mirror collects the Cherenkov photons and images the angular light
distribution onto a pixelated focal-plane camera. Each triggered telescope thus records
a two-dimensional intensity pattern that encodes the shower geometry projected onto
the camera plane.

After calibration and image cleaning, the cleaned image is commonly summarized
by a small set of shape and orientation parameters (e.g. Hillas-type moments), which
provide estimators for the shower axis direction and the impact parameter with respect
to the telescope (Hillas, 1985). Stereoscopic observations with multiple telescopes
viewing the same cascade from di erent positions enable a geometric reconstruction of
the shower axis in three dimensions and reduce degeneracies present in single-telescope
images (Hinton and Hofmann, 2009). Event classi cation exploits that ray induced
electromagnetic showers produce comparatively compact and regular images, while

2Such as Rayleigh and aerosol scattering, ozone absorption.
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