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Abstract

Gamma-ray binaries or gamma-ray-loud binaries (GRLBs) are binary systems that
are composed of a massive star and a compact object and whose energy spectrum
peaks beyond 1MeV. The two gamma-ray sources HESS J1832-093 and 4FGL
J1405.1-6119 have recently been identified as members of this class, following the
identification of orbital periods derived from multi-wavelength studies. The aim
of this work is to analyze TeV data of both sources, in order to search for signs
of orbital variability through the search for light curve periodicity. In addition, a
dedicated method that we call "phase map subtraction" is developed, for eliminating
contamination in the 4FGL J1405.1-6119 TeV signal whose origin is unrelated to the
source, with the purpose of estimating a detection significance of the source in the
very high energy (VHE) domain.

Data gathered with the High Energy Stereoscopic System (H.E.S.S.) is analyzed
to obtain orbital light curves based on the identified periods, and variability is
tested with a y?-test against the hypothesis of constant flux. Light curves are also
generated over the whole time period of data taking and tested for variability with
the epoch folding method, as well as a generalized Lomb-Scargle period search. For
the phase map subtraction, two orbital phase ranges of expected high and low TeV
flux, respectively, are defined based on the typical multi-wavelength behavior of
GRLBs. A source signal is extracted from the difference in the recorded signals
between the two defined phase ranges.

For both analyzed sources, no statistically significant signs of orbital variability or
periodicity can be inferred from the currently available data sets. A firm VHE-
detection of 4FGL J1405.1-6119 cannot be claimed with the data at hand, however
the developed phase map subtraction method proves to be a promising approach for
a potential VHE-detection in the future.
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Introduction

The night sky, along with all its riddles and mysteries, has been subject of inter-
est to humankind for a mighty long time. It was over 2000 years ago when the
ancient Greeks started laying the foundation for its scientific investigations as they
are carried out in the modern day. One of the famous astronomers of that epoch,
Hipparchus, created the first catalog of stars as early as ~150 B.C.E. [1].

What he probably did not know at that time, is that many of those stars are ac-
tually not alone - for instance, it is estimated that about one third of all nearby
Sun-like stars are escorted by a companion [2], as part of a so-called stellar binary
system. In general, a binary system is composed of two astronomical bodies, bound
by gravitation and thereby kept in orbit around a common center of mass. Those
bodies might be stars of any type, size and mass, or even stellar remnants like white
dwarfs, neutron stars or black holes.

Thanks to the progress made in the development of modern observation techniques,
which have been applied since the mid-2000s, one particular class of binary systems
has surfaced in recent years, called gamma-ray binaries. Those systems consist of
a compact object, which can be a neutron star or a stellar-mass black hole, that
is accompanied by a massive star. They are characterized by their peculiar energy
spectrum, which peaks beyond 1 MeV. One valuable key feature of binary systems is
that they facilitate the observation of processes happening at variable physical con-
ditions, which change in a periodic manner as the objects travel along their often
highly eccentric orbits. Especially at high energies, those systems can be thought
of as astrophysical laboratories, hosting conditions that are impossible to reproduce
on earth. In consequence, the observation and study of gamma-ray binaries might
offer new insights into particle acceleration physics, magnetized relativistic outflows
or accretion—ejection physics [3]. They also hold out the prospect of a unique way
of investigating pulsar magnetospheres. In order to avoid confusion between the
abbreviations for gamma-ray binaries and gamma-ray bursts (GRB’s), the former
are also referred to as gamma-ray-loud binaries (GRLBs).

Fortunately enough, the tools for astronomical observations have greatly evolved
since the days of Hipparchus, making a wide range of energies nowadays accessi-
ble for inspection. This was not least thanks to the technological developments of
the 20" century, some of which gave birth to the field of very-high energy (VHE)
gamma-ray astronomy [4], and ultimately facilitated the detection and investigation
of GRLBs. Rather than by measuring incoming VHE gamma-rays at first hand, ob-
servations in this regime are made by taking advantage of certain secondary effects.
One way of doing this is by using what is known as imaging atmospheric Cherenkov
telescopes (IACT's).

When a high-energy photon enters the Earth’s atmosphere, its interaction with the
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CHAPTER 1. INTRODUCTION

atmosphere triggers the ignition of electromagnetic showers. Ultra-relativistic par-
ticles generated within these showers exceed the speed of light in air, which in turn
leads to an emission of light known as Cherenkov radiation. This emission, which
can be regarded as an electromagnetic analogy to the supersonic boom caused by
an aircraft exceeding the speed of sound, is then eventually recorded by the IACT’s.
With the subsequent application of sophisticated analysis techniques to those mea-
surements, it is possible to reconstruct the direction and energy of the photon that
initiated the electromagnetic shower in the first place [4].

One of the leading observatories applying this technology is the High Energy Stereo-
scopic System (H.E.S.S.), located in the Khomas Highland in Namibia. This system
comprises five ITACT’s that simultaneously observe gamma-ray sources in a range
from 10s of GeV to 10s of TeV. Its name pays tribute to Victor Hess, who first
discovered the cosmic radiation and was rewarded for his findings with the Nobel
prize in 1963 [5].

The aim of this thesis is to analyze H.E.S.S. observational data of two GRLBEs,
namely HESS J1832-093 and 4FGL J1405.1-6119. Their orbital variability is inves-
tigated, and the observations are put into context with the multi-wavelength picture.
In chapter 2, a review of the current general knowledge of GRLBs is given, followed
by a more detailed discussion of the two studied sources. Afterwards, the physics
and working principles behind H.E.S.S. are set forth. Chapter 3 gives a detailed
description of the applied methods for data analysis. The analysis procedure and
results are offered in chapter 4, the latter are discussed in chapter 5.



Theory

2.1 Gamma-Ray Binaries

Gamma-ray binaries, also referred to as gamma-ray-loud binaries (GRLBs), consti-
tute a subclass of high-mass binary systems which is defined by three criteria. First,
they host a compact object that is often expected, although in most cases not con-
firmed, to be a neutron star (NS), the other alternative being a stellar-mass black
hole. Second, the other member of the binary system is a young, massive star of O
or Be spectral class. Third, their energy spectrum peaks beyond a certain energy
threshold. While the exact value varies slightly across literature, most frequently
the line is drawn at 1 MeV. At the time of writing, there are 10 systems known to
match those properties [6][7]. The presence of a NS is firmly established in three of
those, indications are found in a fourth one. Hence, GRLBs represent a fairly novel
class that is yet to be explored in more detail. A recent population synthesis study
estimates an upper limit of about 230 such systems existing in our galaxy [8|.

The known GRLB systems share a set of typical observational features that are
detected in most cases. They show non-thermal emission in a broad energy range
that spans from radio, over X-rays, to the high energy (HE, = 100 MeV), and even
to the very high energy (VHE, 2 100 GeV) regimes. In fact, most of their radia-
tive output is found in the MeV-TeV range. As a common feature, the emission in
all energy bands is typically modulated with the orbital period [3]. However, the
intensity maxima across different energies do not necessarily happen at the same
orbital phases. A link is only found between X-rays and VHE gamma-rays, where
the orbital light curves (OLC’s) are usually positively correlated.

Some other features, whilst not in all cases, are frequently encountered. Part of the
systems show differences between the HE and the VHE radiation, both in spectral
and timing characteristics. In those cases, the energy spectra of the two domains
cannot be connected by a consistent model, but clearly indicate two separate com-
ponents. Also, the OLC’s in the two regimes often peak at different phases, in one
case they are even anti-correlated. In addition, for several of the known systems,
the unpulsed radio emission is known to be extended [9] [3].

Radio pulsations have been measured from three sources, namely PSR B1259-63,
PSR J2032+4127 and LS +61° 363, thereby confirming that the hosted compact
object is in fact a pulsar. In the case of LS 5039, pulsed X-ray emission has been
detected, which again is considered a hint towards the presence of a NS [10]. For
the rest of the known GRLBs, it remains unconfirmed whether the compact object
is also a pulsar, or rather an accreting NS or a stellar-mass black hole [6].

A summary of the currently known GRLB systems, together with some of their

6



CHAPTER 2. THEORY

Source Detections ~ Orb.  Relation Relation
Mod. X-rays & VHE HE & VHE
PSR B1259-63 Radio Vv Similar Lightcurves behaving
Optical Vv double-peak differently.
X-rays v lightcurves.
GeV VvV
TeV v
LST +61° 303 Radio Vv Correlation No correlation, spectral
Optical/IR v indicated. cut-off at GeV energies.
X-rays v
GeV Vv
TeV v
LS 5039 Radio Vv Peak at same Anti-correlated light
X-rays v orbital phase. curves.
GeV VvV
TeV Vv
1FGL J108.6-5856 Radio Vv Peak at same Peak at same orbital
Optical Vv orbital phase. phase, spectral cut-off at
X-rays v GeV energies.
GeV VvV
TeV Vv
HESS J0632+057 Radio Vv Similar Spectral cut-off at GeV
X-rays v structure. energies.
GeV* ¥
TeV
*indicated
HESS J1832-093 IR X - Different spectral
X-rays v components.
GeV VvV
TeV -
LMC P3 Radio Vv - Peak at different orbital
Optical Vv phases.
X-rays v
GeV VvV
TeV v
4FGL J1405.1-6119 Radio Vv - -
X-rays v
GeV VvV
PSR J2032+4127 Radio v/[11] Both variable No variability in HE
Optical v/[12] around around periastron*.
X-rays v periastron*.
GeV X
TeV
*POrb ~45a
HESS J1828-099 [7] Radio - - Different spectral
X-rays - components.
TeV -

Table 2.1: Summary of some basic observational features of the currently known GRLBs. All wave
lengths in which the respective source is detected are listed under "Detections", whereas
"Orb. Mod." indicates whether orbital modulation is seen (v) or not (X). Entries with
a hyphen indicate that there is no available light curve data in at least one of the
respective energy bands. The sources written in bold letters are the objects studied in
this thesis. Unless indicated otherwise, the content of this table is based on [6].
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observational features, is found in tab. 2.1. The astrophysical processes that lead
to the observed emission from those systems, with its characteristics in time and
energy, are understood only to a certain extent. In fact, there is no applicable stan-
dard model that can explain all the features observed from the different systems
[3]. There are however some basic notions able to represent a foundation for further
explanatory approaches. With the purpose of conceptualizing the physics behind
GRLBs, two different main ideas have been proposed.

In the late 1990s, X-ray binaries had been recognized as sources of non-thermal radio
emission and relativistic jets [3]. This led to the interpretation of elongated radio
emission from GRLBs as the latter. In this scenario, the emission is powered by the
accretion of matter onto the compact object, which in that case would be a stellar-
mass black hole. Considering the analogy between such systems and active galactic
nuclei (AGNs), this type of system was named "microquasars" [13]. Two examples
of some well-studied microquasars are Cyg X-1 and Cyg X-3 [6]. It was speculated
that particles accelerated in the jet could be the source of non-thermal gamma-ray
emission, as it is observed from AGNs [3]. This could explain the emission observed
from GRLBs.

However, this scenario cannot hold for the systems in which a radio pulsar has been
detected. This is because radio pulsars generally do not accrete, since the pressure
of the pulsar wind is strong enough to hold off in-falling matter [3]. Instead, the
gamma radiation of those systems is understood to originate from interactions be-
tween the pulsar wind and the stellar wind of the massive companion. A fraction
of the energy released through the spindown of rotation-powered pulsars drives a
highly relativistic wind of e* pairs. Those particles initially co-rotate with the pul-
sar, tied to its magnetic field lines. However, this is only possible until the distance
from the pulsar exceeds the light cylinder radius Ry, defined by

Ry = & o (2.1)
2

where ¢ is the speed of light and P is the rotational period of the pulsar. Beyond
this point, further co-rotation would require superluminal speed, hence magnetic
field lines and the tied particles decouple from the rotational motion and form the
mentioned relativistic pulsar wind. This wind then propagates freely, until it collides
with the radiatively driven wind from the massive companion star [14|. Particles
accelerated at the resulting shock front are believed to be the emitters of the mea-
sured gamma radiation.
In the case of PSR B1259-63, this interpretation has been proposed on numerous
occasions (see [6] and references therein) and is widely accepted. For systems where
neither the presence of a black hole, nor the detection of radio pulsations can be
firmly established, the reasoning becomes less straightforward. Nevertheless, there
is a notable amount of indirect evidence that points towards this "pulsar scenario"
as the favorable explanation.
For instance, the obvious similarities in spectral and timing characteristics, as ex-
plained above, do not only motivate to categorize those systems into the same,
distinguished class - they also invite to think that those similar features are caused
by the same type of mechanism. Further, the changing morphology of the radio
emission resolved for some systems is more compatible with a comet-tail like be-
havior exhibited through the interaction between pulsar and stellar winds, rather
than with a relativistic jet. The latter explanation would require jet precession on
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orbital time scales, which is unprecedented [3]|. In addition, constraints on the mass
of the compact object obtained from radial velocity measurements, which have been
carried out for some of the systems, allow for the presence of a stellar-mass black
hole only at very high inclinations [6].

Those and other additional arguments (see [3| for more examples) suggest that the
pulsar scenario is better suited to model GRLB systems. In comparison with PSR
B1259-63 and PSR J2032+44127, where radio pulsations have been detected, the
orbital periods of the other known GRLBs are much shorter [9][15]|[16]. Following
Kepler’s third law, the orbital separations are therefore much smaller in those other
systems. This means that the tentative pulsar is embedded in denser regions of the
stellar wind, where the optical depth with respect to free-free absorption is large
enough to inhibit the propagation of any pulsed radio emission from the NS [17],
which in consequence becomes impossible to detect. This picture, also referred to
as the "hidden" pulsar scenario, is supported by the fact that for PSR B1259-63,
the radio pulsations disappear around the periastron passage of the pulsar [3].

The specific details of the particle acceleration processes that happen at the shock
front between the colliding winds, and of how the radiation in the different energy
bands is generated, are not fully understood, and the modeling is a current topic
of research. It is usually assumed that the X-ray signal is produced by synchrotron
emission, while the gamma rays are generated through inverse Compton (IC) scat-
tering of the particles of the relativistic pulsar wind, with the stellar radiation field
acting as the source of seed photons [3]. Also, the often observed distinct spectral
components in the HE and VHE domains are seen as evidence for two different
particle populations, each emitting in one of the two different regimes [3|. Like-
wise, the typical correlation between the OLC’s in X-rays and VHE gamma-rays
can be interpreted as an origin from the same population of particles. Non-pulsed
radio emission has been related to synchrotron emission for several of the systems
3I[18][19][20].

Moreover, it is of interest to understand not only the origin of the radiation, but also
the effects that lead to the orbital modulation that is typically observed in all energy
bands. This has been related to two fundamental parameters that change during
the orbital motion of the binary system. On one hand, the orbits can be highly
eccentric, and the consequent change in distance between the two objects causes
variations in the basic physical conditions at the surroundings of the pulsar. Once
again, PSR B1259-63 provides a good example for this point, since the variability of
the X-ray light curve, as well as the above mentioned disappearing of radio pulsa-
tions around periastron passage, are associated with the pulsar penetrating through
the circumstellar disc of the massive companion [3]. On the other hand, the relative
orientation of both objects with respect to the line of sight also differs along the or-
bit. This is relevant for emission, but also absorption mechanisms. For instance, the
Compton cross-section depends on the angle between incoming and outgoing pho-
tons, so the anisotropic distribution of seed photons leads to an anisotropic emission
of gamma-rays [3], which causes the observed flux to vary between different orien-
tations with respect to the observer. It is a similar situation with the absorption
of VHE gamma photons through pair production by interaction with the stellar
UV photons, where the threshold energy for producing an e* pair depends again
on the incident angle between the photons. Consequently, the absorption efficiency
becomes phase-dependent as well. On top of that, other processes like relativistic
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Doppler boosting or cascade emission might also play a role in shaping the orbital
light curves [3].

Developing a model that accurately represents all details of the different systems
is challenging, since at this point in time, it requires a trade-off between over-
simplification of the emission region and assumptions based on estimates of limited
accuracy [3]. Despite the difficulties, GRLBs bear the potential for new insights in
different fields of astro- and particle physics. As reflected in the periodically chang-
ing behavior across various wavelengths, they offer multiple perspectives - literally
- for the investigation of physical processes that take place under different physi-
cal conditions, changing in a recurrent way. This makes them unique astrophysical
laboratories to study the physics of particle acceleration processes and magnetized
relativistic outflows [3]. Moreover, they provide a special way of probing pulsar
winds, whose constituents take part in interactions that happen much closer to the
pulsar as compared to other related systems, like pulsar wind nebulae [3], making
GRLBs adequate candidates to improve the current knowledge on pulsar physics.
As a resource for detailed investigation, multiwavelength analysis has been funda-
mental for exploring all known GRLBs. In this work, we aim to extend the upper
edge of the analyzed energy ranges for two of the known GRLB sources, 4FGL
J1405.1-6119 and HESS J1832-093, which have both only recently been identified as
such. As can be seen from the entries indicated with bold letters in tab. 2.1, one of
them has not yet been detected in TeV, while the other one has, yet does not feature
any TeV light curve data either. However, before we proceed into the realms of the
unexplored, it is first necessary to obtain an overview of the available data on those
sources in other wavelengths, along with the resulting conclusions.

2.1.1 4FGL J1405.1-6119

Identified as a GRLB in 2019 [16], 4FGL J1405.1-6119 is one of the most recent
members of this class of binary systems. It is listed in the fourth catalog of the
Fermi Large Area Telescope (LAT) at a position of

RA = 14%05™11.6°,

2.2
and DEC = —61°19'56" (.J2000) [21]. 22)

In a previous analysis, the counterpart from the third LAT catalog 3FGL J1405.1-
6118 had been ranked as a probable pulsar candidate, and possible X-ray counter-
parts had been found in data from both the Swift X-ray Telescope (XRT), as well
as the Chandra X-ray Observatory (CXO) [22|. Further, observations with IBIS on
the International Gamma-Ray Astrophysics Laboratory (INTEGRAL) showed an-
other X-ray signal associated with 3FGL J1405.1-6118, and spatial coincidence with
the near-infrared (near-IR) source 2MASS J14051441-6118282/allWISE J140514.40-
611827.7 was noticed [23].

The detailed analysis and subsequent classification as a GRLB of 4FGL J1405.1-6119
by [16] was fruit of a systematic search for signs of periodicity in LAT light curves,
where the data for 3FGL J1405.1-6118 yielded a positive result. Thereupon, in a
more thorough approach, GeV light curves of 4FGL J1405.1-6119 were generated by
two slightly different methods, using probability-weighted, as well as conventional
aperture photometry. While the former method improves the signal-to-noise ratio
of the light curves, it can result in a distortion of photometric properties of the
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source through different effects, which is why the latter method was applied as well.
Afterwards, the power spectra of both light curves were analyzed.

For the probability-weighted light curve, the resulting power spectrum shown in
fig. 2.1 (bottom panel) shows two significant peaks, at 6.8586 + 0.0013 days and
13.7235 £ 0.0046 days. While the first one of the two is also featured in the power

AOFT T T T T T T
b 105
25 =
99.999% 1.00
z 201 99.9% N
n‘?‘ = 0 1 2
2 1I5F .
£
=4

Relative Power

107! 10° 10! 102 10°3

Period (days)

Figure 2.1: Power spectra of the LAT light curves of 4FGL J1405.1-6119. Top: Spec-
trum of the light curve obtained through conventional aperture photom-
etry. Bottom: Spectrum of the light curve obtained through probability-
weighted aperture photometry. The horizontal dashed-dotted lines in-
dicate the False Alarm Probability levels, as introduced in [24], un-
der the assumption of white noise. The vertical dashed lines indicate
the positions of the two peaks at 6.856 75 £ 0.00096 days (blue) and
13.71354+0.0019 days (red). The insets show the respective light curves
folded with a period of 13.7135 days, plotted over two periods for visu-
alization purposes and normalized to 1. Adopted from [16].

spectrum of the light curve obtained by conventional aperture photometry (fig. 2.1,
bottom panel), at a slightly different period of 6.856 75+0.000 96 days, only a small-
sized peak is observed close to 13.7 days. Nonetheless, since signals at multiples of
the intrinsic modulation period of a light curve are not expected from Fourier-based
analysis techniques, the longer of the two periods was interpreted as the modula-
tion period, and the shorter period as its first harmonic. Therefore, derived from
the single peak in the power spectrum of the un-weighted light curve, a value of
13.7135+£0.0019 days was adopted as the intrinsic modulation period of the system.
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The finding was solidified by slicing the light curve into three equal-length sections,
as the power spectra of individual parts showed consistent results. The differences
between the power spectra obtained through the two different photometry methods
were attributed to biases in the probability weighting, an effect resulting from the
energy dependence of the instrument’s point-spread function.

The insets in both panels of fig. 2.1 show the respective light curves folded on the
adopted modulation period. A clear orbital variability can be observed in both cases,
as the light curves exhibit a double-peak structure with maxima around phases 0.5
and 1.

The identified period of 13.7 days was then used to also create orbital light curves
in X-rays. For this, both archival data, as well as data from dedicated observations
with the XRT was employed. The result is shown in fig. 2.2. While a clear orbital
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Figure 2.2: X-ray light curve of the counterpart of 4FGL J1405.1-6119 with data
from the Swift-XRT, folded with a period of 13.7135days. Data from
dedicated observations is shown in red, archival data is shown in black.
The green arrows indicate upper limits of 30 confidence level, obtained
from the archival data. Plotted over two periods for visualization pur-
poses. Adopted from [16].

variability with approximately sinusoidal shape is manifested, the X-ray minimum
occurs at orbital phases close to the primary GeV maximum seen in the LAT light
curves. A cross-correlation analysis between the X-ray light curve and the non-
weighted LAT light curve yielded a phase-shift of 0.568, which was also confirmed
through consistent results from a sine-wave fit on the X-ray light curve. However,
the certainty of this result is limited by the short coverage and large error bars of
the X-ray observations.

Further, with the Australia Telescope Compact Array (ATCA), a radio point source
was detected within the LAT error region, coincident with the positions of both the
X-ray and near-IR counterparts. Again, the radio flux densities were folded on the
13.7 day period, the result of which is shown in fig. 2.3. As in the other, previously
analyzed wave lengths, orbital variability is also observable in radio. While the
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Figure 2.3: Radio light curve of the counterpart of 4FGL J1405.1-6119 with data
from the ATCA, folded with a period of 13.7135 days. Plotted over two
periods for visualization purposes. Adopted from [16].

phase coverage is not sufficient to precisely determine the radio flux maximum, the
minimum seems to coincide with the primary GeV maximum, once again indicating
an offset between the two orbital light curves.

Finally, data from FLAMINGOS-2 was used to obtain a near-IR spectrum. From
this analysis, the counterpart was classified as an 06.5 III star, however emphasiz-
ing that the result should be re-evaluated in the future with a spectrum of higher
signal-to-noise ratio.

The identification of the periodic modulation of 13.7 days, found in the LAT light
curves and confirmed by the orbital variability seen in X-rays and Radio, together
with the identification of the O-type stellar counterpart, ultimately lead to the clas-
sification of 4FGL J1405.1-6119 as a GRLB. The orbital light curves in X-rays and
GeV peak at different orbital phases, as it is frequently observed in those systems.
Due to various potential artifacts in the LAT light curves and/or power spectra, it
would be beneficial to confirm the modulation period through independent analysis
at other wave lengths [16]. Moreover, it is generally desirable to further investigate
the behaviour of the system in other energy domains, especially towards the up-
per end where GRLBs exhibit most of their radiative output, in order to add more
knowledge to a class that counts few members and is not completely understood at
this point in time. This constitutes enough of an incentive to observe the source
in VHE, with the aim of claiming a detection with H.E.S.S. which at the time of
writing this thesis is pending, and analyzing the behavior of the orbital light curve.
The process required for detection is not straightforward. Sky maps of the region
in TeV, which result from a preliminary analysis of H.E.S.S. data, show the pres-
ence of a second TeV source close to 4FGL J1405.1-6119 in the field of view, as
is shown in 2.4. Also, a diffuse LAT source is located nearby, partly overlapping
with the 4FGL J1405.1-6119 position. Consequently, any signal measured from the
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source position is exposed to contamination through gamma-rays from the adjacent
sources. Through a dedicated approach, which is also pursued in this work, this
constant component can be removed from the signal by taking advantage of the
expected source variability.
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Figure 2.4: Significance map of the region around 4FGL J1405.1-6119 obtained from
a preliminary H.E.S.S. analysis. The significance is a statistical measure
for the probability of the presence of a TeV signal, see sec. 3.2.5. Crosses
mark the source positions, dashed lines indicate the source extensions.
4FGL J1405.1-6119 is shown in green, the nearby TeV source [25] in
white, the nearby LAT source [26] in light blue.

2.1.2 HESS J1832-093

Even more recently, in 2020, it was HESS J1832-093 that was granted membership in
the club of GRLBs. The object had been detected five years earlier by the H.E.S.S.
Collaboration [27]| as a TeV point source, with a post-trial detection significance of
5.60, where a best-fitting position of

RA = 18"32™50° + 35, + 23, 23
and DEC = —9°22/36" + 327, + 207, (.J2000) '

syst

was found. A subsequent search for counterparts in different wave lengths was per-
formed in the same work. As shown in the H.E.S.S. excess map in fig. 2.5, the source
lies close to the radio rim of the supernova remnant (SNR) G22.7-0.2, however no
evident increase in radio flux was found around the source position. Likewise, a
search for a GeV counterpart with LAT data did not yield any significant result. A
search in X-rays however turned out more rewarding, as dedicated observations of
the region with the XMM-Newton satellite revealed the new source XMMU J183245-
0921539 as a potential counterpart to the TeV source. In addition, the infrared (IR)
source MASS J18324516-0921545 was found to be spatially coincident with the X-
ray source.

Several scenarios were proposed to explain the origin of the detected TeV signal.
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Figure 2.5: Excess map of the region around HESS J1832-093 obtained with
H.E.S.S., smoothed with a 2D-Gaussian of 0.081° width. The black
cross indicates the best-fitting position of the source with statistical er-
rors, the white contours represent observations of the SNR G22.7-0.2 at
1.4 GHz [28]. Reproduced from [27].

For instance, it was suggested that protons might interact in dense molecular clouds
(MC’s) that had been detected nearby in the field of view (FoV), producing neutral
pions that would then decay and emit gamma rays. Another scenario was that of
a pulsar wind nebula (PWN), radiating through IC emission powered by an unde-
tected pulsar. Finally, in view of the spatial coincidence with the IR source, the
possibility of a binary system was also considered.
It was not until 2020 that the latter of the three scenarios was eventually confirmed in
[15]. This time, the search for a GeV signal was successful, as the LAT source 4FGL
J1832.9-0913 was found to be a potential HE-counterpart. Periodicity searches were
then carried out both in X-rays and in GeV.
X-ray data obtained from archival observations with the Swift-XRT was analysed
for that purpose. Together with additional X-ray data from the Nuclear Spectro-
scopic Telescope Array (NuSTAR) and from the CXO reported in [29], a light curve
was obtained, from which a Lomb-Scargle [30]24] periodogram was subsequently
generated. As can be seen in fig. 2.6, a significant peak is found at 86.28 + 3.77
days. A compatible result was obtained by applying the epoch folding method pro-
posed by Leahy [32], however providing no improvement with respect to the first
result. The orbital light curve phase-folded with the 86 day period, which is shown
in fig. 2.7, clearly indicates orbital variability, hence the finding was interpreted as
the modulation period of the system. The two other non-negligible peaks at ~99
days and at ~65 days were explained as an artifact of the window function, and as
a result of the deviation from a sinusoidal shape of the light curve, respectively.

As for the LAT data, searches for periodicity based on Fourier series showed no
sign of orbital modulation. Nonetheless, a result was obtained with the epoch fold-
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Figure 2.6: Lomb-Scargle periodogram obtained from the unbinned X-ray light
curve of multiple data sets. The dotted, dashed and solid red lines
represent False Alarm Probability levels of 30, 40 and 50, respectively,
calculated using the analytical approximation introduced in [31]. Re-
produced from [15].

ing method. As shown in fig. 2.8, a signal is found at a period of 87.106 days.
However, the S statistic [32] that assesses the statistical significance of the peak
did not converge. Also, the result was not robust against variations in the number
of phase bins, whereby neighboring peaks happened to reach levels similar to the
primary one. Therefore, this result was interpreted as an indication of variability,
rather than a confirmation of the true period.

Still, it allowed to compare between the orbital light curves in X-rays and GeV,
folded on the 87.106 day period, which are shown in fig. 2.9. Once again, the max-
ima in those two different energy bands do not occur at the same orbital phase, a
recurrent characteristic of GRLB systems. In addition, spectral analysis of the LAT
data showed that the spectral energy distribution (SED) between GeV and TeV can-
not be described by a single power law, but rather shows two separate components.
Those findings did not only strengthen the association between the sources at dif-
ferent wave lengths, but also led to the classification of HESS J1832-093 as a new
GRLB. Extrapolating the habitual behavior of other members of this category, we
expect the orbital light curve in TeV to be correlated to the one in X-rays. In order to
investigate this relation, once again with the purpose of refining the comprehension
of GRLBs in general and of this source in particular, this work aims at generating
an orbital light curve of HESS J1832-093 in TeV and analyzing its behavior, using
H.E.S.S. observational data.
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Figure 2.7: Phase folded X-ray light curve including data from multiple observa-
tions of XMMU J183245-0921539, folded with a period of 86.28 days as
found in the Lomb-Scargle periodogram. Plotted over two periods for
visualization purposes. Reproduced from [15].

0.020

0.015

o
=)
it
S)

Normalized x?

0.005

e

82 84 86 88 90
Period (days)

0.000

Figure 2.8: x2-values of the different periods tested with the epoch folding method
for the LAT data of 4FGL J1832.9-0913, using ten phase bins. A larger
value of y? indicates a larger variability of the orbital light curve folded
with the respective period. Reproduced from [15].
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Figure 2.9: Orbital light curves of the counterparts of HESS J1832-093 folded with

18

the period of 87.106 days obtained from the epoch folding method on the
LAT data. Plotted over two periods for visualization purposes. Top: X-
ray data from the XRT observations of XMMU J183245-0921539. Bot-
tom: GeV-Data from LAt observations of 4FGL J1832.9-0913. Repro-
duced from [15].
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2.2 The High Energy Stereoscopic System

Figure 2.10: Image of the H.E.S.S. array in Namibia. Picture by Christian Fohr,
MPIK |[33].

The High Energy Stereoscopic System (H.E.S.S.) is an array of five imaging atmo-
spheric Cherenkov telescopes (IACTS), located in the Khomas highland in Namibia.
Its name pays tribute to Victor Hess, who first detected cosmic radiation in 1912
[34]. It was inaugurated in September 2004, with four telescopes operating during
H.E.S.S. I, the first phase of the project. A fifth, much larger telescope was added
later and went operational in July 2012, initiating the H.E.S.S. II era.

IACTs detect gamma-rays by means of an indirect measurement. Rather than in-
teracting with the incident gamma photons at first hand, the detectors pick up on
secondary effects caused by interactions of the VHE radiation with the atmosphere.
To facilitate proper comprehension of the workings of our measurement device, the
development and basic principles of this observation technique are explained, fol-
lowed by a more detailed description of the H.E.S.S. telescopes.

2.2.1 Cherenkov Astronomy with Imaging Atmospheric
Cherenkov Telescopes

The phenomenon of Cherenkov radiation was first observed by its namesake P.A.
Cherenkov in 1934 [35|, who detected light emission from beta particles propagating
through water. The theoretical explanation for this effect was delivered three years
later by I. Frank and I. Tamm [36]. The association with cosmic rays came in 1947,
when P.M.S. Blackett [37] proposed that, since the same effect should also occur
in gases, Cherenkov radiation might be emitted by cosmic ray particles traveling
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through the atmosphere. This was first measured in 1952 and linked to cosmic ray
air showers. For this, W. Galbraith and J.V. Jelley [38| used a simple setup, consist-
ing of a search-light mirror and a photomultipliter tube (PMT) placed in a garbage
can to shield the detector from stray light signals. Ever since then, both detection
and analysis methods have continuously been developed, even though the technique
faced major challenges in its early beginnings. From the first measurement of at-
mospheric Cherenkov light, it took 37 years until both aspects of the technology
were advanced enough to facilitate the first firm detection of gamma-ray emission:
In 1989, the Whipple collaboration eventually succeeded to measure a signal above
0.7 TeV from the Crab nebula [39], which turned out to be the strongest steady-state
gamma-ray emitter in the sky.

In general, gamma-ray astronomy faces two essential challenges in comparison to
observations at lower energies. First, there is no known way to focus gamma-rays
above a limit on the order of MeV. Because of their ways of interacting with matter,
powered by the high amount of energy they carry, gamma-rays become increasingly
difficult to reflect or redirect from their path. Second, fluxes rapidly decrease towards
higher energies. This fact is illustrated in fig. 2.11, showing an energy spectrum
of the cosmic ray flux over a wide energy range, which serves as a proxy for the
typically observed galactic source emission. In order to be able to still detect signals

- 10*
Ig\ EAAAAA
& . af Fluxes of Cosmic Rays
O 402 ",
- [ A
[%] C %
S aF X ) ,
< 10 b a < (1 particle per m*~second)
3 0 l\
[ - 0
_4_
10 | ¢
L o
_7_ N
10 | o
— Y
O
1oF 0
y R
10 9,

BEY Knee
= ,5% (1 particle per m*~year)

16 X‘%& e
Sk

. N

—16[ N
10k X
—19f
10
—22f
10
i Ankle
105 R (1 particle per km*~year) ¥
—28[ *

10

107 10" 10"" 10" 10" 10™ 10" 10" 10" 10™ 10" 10%° 10?

Energy (eV)

Figure 2.11: Spectrum of cosmic ray flux spanning multiple energy bands. Intensi-
ties decrease steeply towards high energies. Taken from [40].
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at such low intensities, a high effective area of the instrument is required, defined
as the product of geometrical area and detector efficiency. The two challenging fac-
tors provide an upper energetic boundary to the capability of space-based detectors:
Through the impossibility of focusing, the geometrical area is essentially restricted
to the detector area, which in turn is limited to ~ 1 m? by the high costs of space
technology. Luckily, as we will see, Cherenkov astronomy provides a solution to
both of these issues. It does so by making use of two fundamental effects, which
make gamma-rays observable when they propagate through Earth’s atmosphere.
The first one is the development of electromagnetic showers. When a high energy
photon enters the atmosphere, by interacting with the Coulomb field of atmospheric
nuclei it can create an e* pair. The energy threshold for pair production is twice
the electron mass 2m,, which corresponds to a photon energy of £, = 1.022 MeV
and is therefore easily surpassed by gamma-rays in the HE and VHE ranges. Again
in the Coulomb field of atmospheric nuclei, those particles are then deviated from
their trajectory and consequently emit Bremsstrahlung, which leads to the creation
of more gamma photons, which again produce e* pairs, and so on. The process is
illustrated on the left hand side in fig. 2.12. In this avalanche-like effect, more and
more particles are created, amongst which the energy of the initial gamma photon
is redistributed. The number of particles initially grows exponentially, reaching its
maximum when the charged particles in the shower fall below the critical energy
Fc, which in air has a value of 83 MeV. At this threshold, losses of e* through
ionization and atomic extinction become dominant, leading to a rapid termination
of the shower [4].

The second important effect is the aforementioned Cherenkov radiation. In a medium
with refractive index n > 1, light travels at a velocity vpy, given by vp, = ¢/n, where
c is the speed of light in vacuum, i.e. light is slowed down in the medium. Thereby,
it becomes possible for ultra-relativistic particles to actually propagate through a
medium faster than light. As illustrated in fig. 2.13, a charged particle generally has
a polarizing effect on its encompassing medium. The medium’s subsequent relax-
ation creates electromagnetic waves, which propagate through the medium at vpy,.
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Figure 2.12: Schematic illustration of the development of atmospheric air showers.
Left: Development of an electromagnetic air shower, caused by a pri-
mary gamma photon. Right: Development of a hadronic shower and
its sub-components, caused by a primary nucleus. Taken from [41].
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If the particle responsible for the initial polarization travels slower than vpy,, accord-
ing to Huygen’s principle the waves interfere destructively and hence no radiation is
emitted. However, if the particle travels through the medium at superluminal speed,
those wave fronts add up coherently in one specific direction. As is schematically
illustrated in fig. 2.14, the angle 6 between the direction of motion of the particle
and the wave vector k of the resulting emission is given by

cos O = ¢ : (2.4)
n-vp

where vp is the velocity of the particle. This leads to a cone-shaped electromagnetic
"shockwave" with opening angle - that is generated behind it. The effect can be
thought of as an electromagnetic analogy to the sonic boom of an aircraft moving
at supersonic speed. A detailed theoretical description is given in [42].

The e* pairs generated in the electromagnetic showers carry enough energy to emit
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Figure 2.13: Tllustration of the polarizing effect of a charged particle on its en-
compassing medium. Left: A particle moving at sub-luminal speed

(v < vpn). Right: A particle moving at super-luminal speed (v > vpy).
Adapted from [4].

Figure 2.14: Illustration of the propagation of wave fronts emitted by a charged
particle. Left: A particle moving at sub-luminal speed (v < wvpy).
Right: A particle moving at super-luminal speed (v > vpy). k is the
wave vector of the resulting Cherenkov radiation, ©¢ is the opening
angle of the Cherenkov light cone. Adapted from [4].
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radiation through this process, and the emitted Cherenkov light is what TACTs even-
tually measure. Those light flashes are of the duration of a few nanoseconds!, and
their spectra, influenced by the emission profile and atmospheric absorption, peak in
UV and extend into the optical range. As is shown in [4], despite the inhomogenities
of the atmosphere, the amount of Cherenkov light emitted from the shower is about
proportional to the energy of the primary gamma photon that ignited the shower in
the first place. Fig. 2.15 offers an illustration of the whole process on a macroscopic
scale. The maximum shower development happens at an altitude of ~ 10 km, with
an opening angle of the Cherenkov light cone ¢ ~ 1°, which leads to Cherenkov
light pool of ~ 120 m radius illuminating the ground [4]. The technique provides
a relatively large effective area, which corresponds to the size of the light pool and
is on the order of 10°m? [4]. From the measured Cherenkov light, it is possible to
reconstruct the direction and energy of the incoming primary gamma particle. The
currently used generation of IACTs makes use of stereoscopic measurements, simul-
taneously recording events with multiple telescopes. This facilitates an improved
background rejection, as well as higher angular and energy resolution compared to
single telescope measurements. However, IACTs offer only a small FoV of a few
degrees, and the duty cycle is limited to ~ 10% [4], since the observations are re-
stricted to clear and moonless nights. The main experimental challenges derive from
the Cherenkov light flashes being short in duration (~ ns), as well as low in intensity,
hence detectors need to be both fast and sensitive.

Other challenges that manifest at the level of data analysis are the accurate treat-
ment of variations in atmospheric conditions and the rejection of background sig-

Figure 2.15: Macroscopic representation of an electromagnetic air shower emitting
Cherenkov radiation, which is picked up by an IACT on the ground.
Taken from [4].

!The short duration of the Cherenkov flashes of a few ns is the reason why they are not picked
up by the human eye, which has a time resolution on the order of ~ 100 ms as derived from the
usual maximum of 60 fps used for videos.
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nals. The former aspect is important for the correct energy reconstruction of gamma
events, and therefore particularly affects spectral analysis. Clouds and aerosols act
as absorbers for atmospheric light, weakening the Cherenkov radiation by reducing
the number of photons that reach the detector. As a consequence, a reduced atmo-
spheric transparency leads to an underestimation of gamma photon energies. The
quality criteria applied for data selection have to account for short-term variations,
like local clouds passing through the FoV during measurement, as well as long-term
variations, like seasonal changes in aerosol concentrations. The applied methods are
described in section 3.1.

Cherenkov astronomy is characterized by a strong background component. Besides
gamma-photons, atmospheric showers are also triggered by cosmic electrons and
positrons, as well as hadrons like protons or heavier nuclei. This leads to a distinc-
tion between electromagnetic and hadronic showers, which additionally comprise
processes of the strong and weak interactions throughout their development. At the
beginning of a hadronic shower, the primary cosmic ray particle decays mainly into
pions and kaons. The neutral pions quickly decay into two gamma photons, gen-
erating an electromagnetic sub-shower. The charged pions and kaons however can
interact with other atmospheric nuclei to further develop the hadronic component
of the shower. However, another possibility is for them to decay into muons and
anti-neutrinos, which constitute the third, muonic component of a hadronic shower.
The process is illustrated on the right hand side of fig. 2.12. Due to the different
interactions and components, the two types of atmospheric showers differ in their
developmental properties. Hadronic showers are ignited at lower heights in the at-
mosphere, exhibit a stronger lateral broadening throughout their development, and
die out more slowly. This is exemplarily depicted in 2.16. Those differences trans-
late into distinguishable characteristics of the Cherenkov radiation that reaches the
ground and is recorded with IACTs. Fig. 2.16 displays the results of simulations of
different air showers, which show the trajectories of emitting particles during shower
development, as well as the Cherenkov light that arrives on the ground. Through
parametrization of the recorded shower images, metrics can be introduced for sta-
tistical discrimination between electromagnetic and hadronic showers, based on the
individual image parameter values. A more detailed description of these methods is
given in sec. 3.2.

The rejection of background signals happens at two different stages. First, as just
described, various parameters of the single events recorded with the cameras are
used to distinguish between gamma-like events, which are likely to originate from
a gamma-ray, and background-like events, which have a higher probability of stem-
ming from a charged cosmic ray. The latter are excluded from further analysis.
Later in the analysis, the amount of remaining background signal at a position of
interest can be estimated in different ways, and is then subtracted from the recorded
signal. The details of these methods are discussed in 3.2.5.

Regarding the locations of IACT observatories, two aspects need to be considered.
Detecting the Cherenkov light requires a site with little light pollution, since the
Cherenkov flashes and consequently the detector sensitivity extend far into the op-
tical spectrum. Also, the optimal altitude constitutes a trade-off between high
transparency of the atmosphere to the Cherenkov light, which is achieved at higher
altitudes, and a proper, ideally complete development of the electromagnetic show-
ers, which requires lower altitudes. The sweet-spot is usually reached at ~ 1500 m
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[4]. One location suitable for IACT observations is found in the southwest of Africa.

2.2.2 The H.E.S.S. Telescopes

H.E.S.S. is situated in the Khomas highland of Namibia, close to the Gamsberg
mountain, at 23°16'18” South, 16°30’0” East, and at an altitude of 1800 m above
sea level. The country has an especially low population density, which keeps light
pollution at reduced levels. The location in the southern hemisphere provides good
visibility of the galactic plane. The four smaller telescopes CT1-4 are arranged
in a square with a side length of 120m, which is optimized for sensitivity at an
energy threshold of 100 GeV [44]. The fifth, larger telescope CT5 is located in
the center of the square. It provides an improved, i.e. lowered energy threshold
and allows for observations with less dead-time thanks to faster readout electronics
[45]. However, since only data recorded with CT1-4 was analyzed for this work, the
following descriptions are focused on the smaller telescopes.

The telescopes are constructed of steel and installed with an altitude/azimuth

mounting. The dishes are arranged in Davies-Cotton style [46], with the outer
borders forming a hexagon of 13m separation between parallel sides, and with a
spherical profile. They are equipped with 382 individual, round mirror facets of
spherical profile with a 60cm diameter each, resulting in a total effective mirror
surface area of 107m?. The camera in the focal plane has a distance of 15m to the
dish. Each one of the mirrors has been remotely adjusted by electrical support units
for perfect alignment onto the focal plane of the camera. The azimuth and elevation
angle of the telescopes are controlled by friction drives, which provide slew rates up
to 100°/min in both axes. The physical pointing position is monitored by two shaft
encoders, one at the central bearing for azimuth, and one at the end of the elevation
axis for elevation angle. The digital precision is of 10” [47].
Each camera consists of 960 photo-multiplier tubes (PMTs), corresponding to one
pixel each, arranged in a hexagonal array. The PMTs are assembled into 60 drawers,
each containing 16 PMTs, along with their respective electronics and high voltage
(HV) supplies. Each tube is provided with a Winston cone to bundle up the light that
would otherwise fall between the PMTs, and also to shield the detectors from stray
light signals. The FoV of a single pixel is of 0.16° diameter, while the FoV of the total
detector extends to a diameter of 5°. The width of the on-axis optical point-spread
function (PSF), given as the rms width of the projected 1-dimensional intensity
distributions o0, has a value of 0.23mrad [48]. The width varies across the field
of view, and with different elevation angles, as is shown in fig. 2.18. However, this
value stays well below the single pixel FoV radius of ~ 1.4mrad. Fig. 2.19 shows
different views of the camera and its components.

The storage of observational data is managed through a three-level trigger system
[49]. The first, single-pixel level is reached when at least one pixel reaches a threshold
of four photo-electrons (p.e.) within a time frame of 1.5ns. The second level, which
addresses the whole camera of one telescope, requires a coincidence of at least three
triggered pixels within one sector, defined as overlapping square-shaped groups of
64 pixels. The third level to finally prompt data storage is reached when at least two
telescopes trigger within an interval of 80ns. If all three trigger level requirements
are satisfied, the images of cameras that triggered individually on the second level are
read out and stored for later data processing - which leads us to the next chapter.
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(a) Development of gamma-induced (b) Development of Proton-induced
shower. shower.

(c) Cherenkov light of gamma- (d) Cherenkov light of Proton-
induced shower. induced shower.

Figure 2.16: Simulations of an electromagnetic shower induced by a 300 GeV
gamma-photon and a hadronic shower induced by a 1TeV proton. A
longitudinal view of the trajectories of emitting particles during shower
development is shown in 2.16a and 2.16b, showing heights up to 27 km
and with an image width of 600 m. A lateral view of the same showers
is shown in 2.16¢ and 2.16d, where the images correspond to a square

of 400m side length. Taken from [43].
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(a) PSF across the FoV at a fixed elevation (b)) PSF at different elevation angles.
of ~ 65°.

Figure 2.18: Width of the PSF of the cameras of CT2 and CT3 at different angular
distances 6 to the optical axis, expressed as the rms width of the pro-
jected distributions in both radial (squares) and tangential (triangles)
directions, as well as the radius rgyy encompassing 80% of the light.
(squares). Taken from [16].
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(a) Camera mounted in one of the tele- (b) Front view of the camera array in fi-
scopes, with an open lid. nal stages of development. The up-
per half of the array is equipped with
Winston cones in front of the PMTs.
The lower half shows the sub-division

into drawers of 16 PMTs each.

Figure 2.19: Different views on the camera of the smaller telescopes CT1-4. Taken
from [33].
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Methods

The procedure of data analysis employed for this thesis is essentially divided into
five steps:

1. Data selection: Potentially useful sets of observational data, referred to
as runs, are identified and included in the analysis based on specific quality
criteria.

2. Event Reconstruction and Background Rejection: Recorded camera
images are used to reconstruct the energy and direction of the incident gamma
photon. Background events are rejected through various methods.

3. Binning and Phase Folding: Reconstructed gamma counts are assigned
to their corresponding orbital phase based on timing information. Runs are
merged into combined data sets, statistics are calculated for individual phase
bins.

4. Flux calculation: The source spectrum is determined through a power-law
fit to the measured energy spectrum. Flux values are calculated for each phase
bin, as well as for each night of observation, based on the source spectrum,
recorded counts and exposure in the specific bin or night.

5. Variability search: The calculated light curves are tested for variability
and /or periodicity through various different methods.

In addition, for the case of 4FGL J1405.1-6119 we apply a dedicated method referred
to as Phase Map Subtraction, where we use the expected correlation between the
X-ray and TeV light curves to define "bright" and "dark" phases, and subsequently
subtract the dark phase counts from the bright phase counts, in order to eliminate
the signal contamination from neighboring sources.

At the time of writing, analysis methods that are able to produce a combined result
which incorporates data from CT1-4 and data from CT5 recorded with the latest
camera system are still under development. Therefore, this work contemplates only
data from CT1-4, and the following descriptions apply to the corresponding analysis
procedure. The processes of gamma-hadron separation and event reconstruction, as
well as the process of spectrum determination, are applied by using the Heidelberg
HESS Analysis Program (HAP-Hd), a software package for H.E.S.S. data analysis.
The respective procedures are described according to the implementation within the
software.
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3.1 Data Acquisition and Selection

For H.E.S.S. observations, data is generally recorded and stored in units of 28 min
duration, referred to as runs. The duration is chosen as a trade-off between enough
time for sufficient statistics on one hand, and a duration short enough to avoid strong
variations in observational conditions on the other. Nonetheless, the duration of sin-
gle runs might also be shorter due to different limitations during observations, like
poor observation conditions or hardware malfunctions. The total run duration in-
cludes times at which the telescopes are busy tracking the source position, therefore
not taking any data. The time spent on actual data taking is referred to as live
time.
The first step of data selection consists of searching the H.E.S.S. data base for
suitable runs. For this, all runs are chosen for which the pointing position of the
telescopes was within 2° separation to the position of the source of interest (SOI).
Hence, both dedicated observations of the SOI as well as observations of nearby
sources are included into this pre-selection. Observations with H.E.S.S. are usually
taken in Wobble pointing mode, where the telescope pointing position is slightly
shifted with respect to the position of the SOI, with alternating directions of the
shift between different runs, see fig. 3.1. This is necessary for proper background
subtraction methods described in sec. 3.2.5.

As the observations were made over a long period of time, the state of the in-
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Figure 3.1: Ilustration of the Wobble observation mode. The blue circular area
represents the SOI region, black markers indicate the telescope pointing

position for different runs, and blue circles the corresponding telescope
FoV. Taken from [50].

strument can vary between runs in different aspects of hardware conditions. Also,
as described in sec. 2.2.1, unfavourable atmospheric conditions during observations
might impair the quality of the data, leading to wrong results of reconstructed
gamma energies and the loss of faint events. Therefore, it is necessary to evaluate
the quality of all available data, in order to assess which of the runs are to be in-
cluded in the analysis. For this purpose, two standard sets of quality criteria are
examined for each individual run. Those sets have been established as a measure for
run quality in H.E.S.S. analysis. Failed criteria might lead to the exclusion of single
telescopes from the run, or to the exclusion of the entire run from the analysis. The
following descriptions are based on [51].

The detection criteria are usually applied for the purpose of detecting sources, which
requires information on measured counts. For this, it is desired to include runs that
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improve the signal-to-noise ratio, which can be reduced through noise induced by
hardware malfunctions. A correct flux reconstruction, which has an important de-
pendence on the atmospheric conditions, is less relevant for this step. Therefore,
with the exception of run duration, only instrumental aspects are considered. A
minimum run duration of 10 min is required to guarantee significant count statis-
tics. Afterwards, it is ensured that each telescope is participating in a minimum part
of the events registered at the third level of triggering (see sec. 2.2.2). If one of the
telescopes registers much less events as compared to the others, it is an indication of
problems with the camera, and therefore that single telescope is excluded from the
run. The threshold for participation fraction, that is the relative participation of
single telescopes in central trigger events, is set to 0.4 for runs without CT5. Since
the energy threshold is lower and the readout electronics are faster for CTH, the
threshold is reduced to 0.04 if CT5 was participating in the observation.

Similarly, a certain amount of PMTs in single cameras might not be participating
for different reasons. One possible reason is any kind of physical damage that causes
the high voltage of the PMT to be missing. Those pixels are usually excluded for the
entire, or even several entire observation periods, as the associated problems usually
require a hardware expert on-site to be solved. Other reasons are temporary deacti-
vation of single PMTs caused by over-current protection, which can be triggered by
bright events like meteorites, airplanes, etc. If too many pixels are not participating
in the measurement, a correct reconstruction of gamma photons becomes difficult.
Hence, a limit is imposed on the number of missing pixels. The number of long-term,
"HV-oftf" missing pixels is required to be smaller than 50, whereas the number of
short-term "hardware" missing pixels must be smaller than 120.

Another criterion considered is the accuracy of telescope tracking, i.e. how precisely
the telescopes were pointing at the desired position during the run. Faulty tracking
might lead to an incorrect reconstruction of the source position, or to events not
being associated with their actual position of physical origin. To avoid this, two dif-
ferent criteria are implemented. The actual position of the telescopes measured by
the shaft encoders (see sec. 2.2.2) is compared to the intended nominal pointing po-
sition stored in the data base. To assure pointing accuracy, if the deviation between
the two surpasses a mean value of 1’ averaged over the whole run, the telescope is
excluded. In addition, to also ensure smooth tracking during the run, the r.m.s. of
the deviation must be below 10”.

On top of those hardware cuts, additional aspects of atmospheric conditions are
considered. The combination of hardware cuts and atmospheric cuts, referred to as
spectral criteria, results in a more restrictive run selection at consistently compa-
rable trigger thresholds that assures an accurate reconstruction of gamma energies
and effective areas, which are both employed to ultimately determine energy fluxes.
Two additional conditions are therefor included.

The first assessment is derived from the telescope trigger behaviour. Too strong
variations in the trigger rates on time scales of run duration, or even shorter, are
an indicator of significant changes in observational conditions, like clouds passing
through or increasingly covering the FoV. Those effects are quantified by two pa-
rameters.

First, a straight line L(¢) is fitted to the trigger rate values as a function of time
R(t) during the run. The first quantity d; is defined as

51 = |L(tmaX>/<R>|7 (31)
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where .« is the last-filled time bin value and (R) is the mean system trigger rate.
Therefore, §; represents the absolute ratio between the mean trigger rate and the
last value of the fitted trigger rate, providing a measure for the uniform change of
the trigger rate throughout the run. A graphic illustration is offered in fig. 3.2. The

Rate [Hz]
o
o

g
o
N

[+
o

60

40

20

P IR I IR IR AN I R R
200 400 600 800 1000 1200 1400 1600 1800
Time [s]

QO

Figure 3.2: Representation of the two parameters §; and dy used for quantifying
the trigger rate stability. The plot shows the recorded trigger rates
throughout one run as black data points. The blue line represents the
mean trigger rate (R), the red line represents the linear function L(t)
fitted to the data. Taken from [51].

maximum allowed value is set to d; = 30%.
The second quantity d, is the r.m.s. percentage value of the trigger rate values with
respect to the linear fit, defined as

100 |8 (R(#) — L(#:))?
52:®. ;( ()N())7 (3.2)

where N is the total number of time bins. Hence, d5 gives a measure for fluctuations
of the trigger rate on time scales shorter than the run duration. Again, fig. 3.2 gives
a graphic illustration. The cut value is set to d, = 10%.

With §; and 5 covering the changes on time scales of run duration and shorter,
what is left to monitor are the long-term variations of observational conditions.
Besides natural seasonal changes, a big contribution to this is made by agricultural
biomass burning, typically carried out in the region during early summer months.
Those increase the concentration of aerosols in the atmosphere, again decreasing the
transmissivity for Cherenkov light. To take those long-term changes into account,
a quantity called transparency coefficient 7' is defined. It is the average value!
of four telescope-specific parameters t;, which are proportional to the atmospheric
transparency. The parameter is designed to be as independent as possible from
any hardware effects. Since a properly conducted detailed elaboration would extend
beyond the scope of this chapter, we refer to [52] for an exact definition of the
transparency coefficient, with explanations of the quantities used therein. For a run
to be included in the analysis, the value of T has to be between 0.8 and 1.2.

LA correction factor is applied to account for telescope multiplicity.
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All the explained criteria are listed in 3.1, together with their respective cut values.
Since the used reconstruction methods described in the next section are designed

Criterion Requirement

Run duration >10min

Trigger partici- >0.4 w.o. CT5,
pation fraction >0.04 w. CTH

Telescope Mean dev. <1/,

Tracking dev. r.m.s. <10”

Broken Pixels "Hardware" < 120,
"HV Off" < 50

Trigger rate 01 < 30%,
stability do < 10%

Transparency T € [0.8,1.2]
coefficient

Table 3.1: Summary of quality criteria applied for run selection. The upper block
of the table constitutes the detection criteria, both blocks together form
the spectral criteria.

for stereoscopic observations, only runs for which at least two telescopes pass the
criteria are finally included in the selection.

Another possible reason for the exclusion of runs is the absence of data summary
tables (DSTs) in the data base. DSTs are files containing intermediate results of
some initial analysis steps. Those steps comprise the processing of raw pixel data,
for which aspects of instrument calibration have to be considered. This part of
the analysis is sophisticated and computing expensive, however independent of the
individual analysis purpose. Therefore, it is more feasible to be executed once in
a centralized fashion. The resulting DSTs are stored in the data base, where they
can be accessed for further processing of observational data. In some cases however,
due to any kind of technical malfunctions, data transfer errors etc., those files might
not be available for single runs, which constitutes the last of the possible exclusion
criteria. All data sets that pass the quality cuts are included in the run list, which
is then ready to be analyzed.

3.2 Event Reconstruction and Background Rejec-
tion

The first essential step of the HAP analysis is the separation between gamma-like
events induced by gamma-rays (and electrons, formally), and background-like events
induced by hadronic cosmic rays. Afterwards, the camera images of the selected
events are analyzed to reconstruct the energy and direction of the incoming gamma
photon.

Throughout the history of Cherenkov astronomy with IACTs, those methods have
continuously been developed, refined, renewed and replaced. Since newer meth-
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ods such as the ones used in this work usually build on their predecessors, a brief
description of the antecedent analysis procedures is given.

3.2.1 Hillas Parameters and (3D) Model Analysis

In 1985, A.M. Hillas [53| first proposed a method to separate between gamma-like
and background-like events. The approach made use of the fact that the camera
images of gamma-ray induced showers are in good approximation of elliptical shape,
while images of hadronic showers are more spread and uneven. Hillas introduced a
set of parameters based on the first and second moments of the image to describe
its shape. Those correspond to the length and width of the ellipse, the total image
amplitude, the distance of the image center of gravity (COG) from the optical axis,
the orientation and the azimuthal? location of the ellipse. Fig. 3.3 shows a geometric
representation of the Hillas parameters. By defining discrimination thresholds for
the values of those parameters, which contain a great part of the image informa-
tion, events can be separated into gamma-like and hadron-like. Also, by combining
multiple images acquired through stereoscopic observations, the gamma-ray energy,
arrival direction and impact distance, which is the distance between the telescope
and the intersecting point of the primary particle track extended to the ground, can
be reconstructed. The procedure is illustrated in 3.4.

Another reconstruction method of improved performance called model analysis is
based on an image template fitting procedure. A semi-analytical model that de-
scribes the electromagnetic air shower development and the IACT response is used
to generate expected shower images for given values of gamma energy, direction
and impact distance. The recorded shower image is then compared to this library
of templates, in order to determine the best-fitting shower parameters through a
multi-dimensional fitting procedure. The model analysis was further developed for
H.E.S.S. data by using a simpler analytical 3-dimensional Gaussian air shower model,
and therefore re-named 3D model analysis.

As is described in the next sections, the method for gamma-hadron separation im-

Figure 3.3: Geometric representation of the Hillas parameters: Length L and width
W, distance d, orientation angle o and azimuthal angle ¢. Taken from
[54].

2 Azimuthal with respect to an arbitrary axis inside the image plane.
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Figure 3.4: Illustration of the stereoscopic Hillas reconstruction. The plots on the
left and center show the recorded camera images, where the color in-
dicates the pixel amplitude. From a single telescope image, a plane
containing the shower track and the telescope is reconstructed (left).
Intersecting the planes for different telescopes (center and right) yields
the shower direction and impact distance. Taken from [54].

plemented in the HAP-Hd software makes use of some of the Hillas parameters.
Also, similar to the (3D) model analysis, the used gamma reconstruction method is
based on multi-dimensional fitting of the camera images to a previously generated
template library.

3.2.2 Gamma-Hadron Separation

Before the recorded camera images are classified as gamma-like or background-like, a
simple image cleaning procedure is applied to eliminate night sky background (NSB)
signals from the data. For this, two threshold values are defined. Pixels are required
to have an intensity of 5 photo-electrons (p.e.) and a neighboring pixel with at least
10 p.e., or vice versa. All pixels that do not satisfy this condition are eliminated
from the image. Fig. 3.5 shows a camera image before and after cleaning.

The identification of background-like events is done by use of a boosted decision
tree (BDT) based method. The selection algorithm behind a BDT can be described
by a two-dimensional structure like the one displayed in fig. 3.6. Each node rep-
resents a binary split decision based on one of the characterizing input parameters
derived from the image (like some of the Hillas parameters), where a criterion is

CT1 Intensity Run 20549 CT1 Cleaned Intensity
25

(Mon Apr 26 00:25:35 2004 871356us) Event 14698 (Mon Apr 26 00:25:35 2004 871356us) Event 14698

Figure 3.5: Recorded camera image before (left) and after (right) cleaning. Taken
from [55].
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Figure 3.6: Graphical representation of a boosted decision tree. Taken from [56].

either met or not. By concatenating such decisions, at the end of the BDT an event
is classified as either gamma- or background-like. The determination of the specific
decision criteria is done by machine learning techniques, where the BDT is trained
on a set of events of known type. This training set is composed of Monte Carlo (MC)
simulations for gamma-like events, and recorded off-source signals as background-
like events. To reduce the instability against statistical fluctuations of the training
set, a BDT is extended to a forest of BDTs with varying split criteria. The output
( is then determined as a weighted mean vote of the classification of all single trees,
and describes the probability of an event being gamma- or background-like.

For every recorded image, the parameters evaluated by the BDTs are obtained by
a preceding Hillas event reconstruction. They include the image width, length and
total amplitude as part of the Hillas parameters, which are averaged over all partic-
ipating telescopes. Further, a parameter called mean reduced scale width (M RSW)
is considered. For an image with defined size and reconstructed impact distance,
the measured width W; is compared against the mean expected width (I¥;) obtained
from gamma-ray simulations. On the level of a single telescope i, the scaled width

SCW, is defined as
Wi — (W,
SCW; = (—<>), (3.3)
Oi
where o; is the spread of the expected width distribution. Then, the included pa-
rameter M RSW is defined as the weighted average over all participating telescopes

1 Nrel.
where the weighting factors w; :== (W;)2/0? account for the accuracy of gamma-ray
simulations and Nt is the total number of telescopes participating in the event.
In addition, the depth of the shower maximum Xy, is also reconstructed from the
images and considered in the BDT, again as a weighted average over all telescope
images. Finally, the average spread of reconstructed energies between the single
telescopes AE/E is included. All those parameters participate in the BDT decision
process, leading to the mentioned output parameter (, interpreted as the "gamma-
likeliness" of the event.

MRSW =

3.2.3 Cut Configurations

Finally, based on the retrieved parameter values, each event is classified as either
gamma- or background-like. The discriminating threshold parameter values are dic-
tated by the used cut configuration.
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Figure 3.7: Relation between purity and efficiency for different cut configurations.
Taken from [50].

Generally, the event classification is always imperfect, since the distributions of pa-
rameter values, such as the Hillas parameters, overlap for both event classes. There-
fore, a number of background events is likely to pass the event selection, just as some
gamma events might be rejected. It is however possible to set parameter thresholds
in a way that minimizes one of the two effects at the cost of increasing the other,
thereby facilitating a trade-off between efficiency and purity. Efficiency indicates the
fraction of gamma events that pass the selection cuts, while purity is the relative
fraction of actual gamma events included in the selection. A cut configuration that
increases purity is referred to as "hard", whereas cuts that increase efficiency are
called "loose". The principle is illustrated in fig. 3.7. Since low-energy showers
exhibit larger statistical fluctuations, they are more likely to be rejected in hard
selections. Consequently, a hard configuration leads to a higher energy threshold.
While the choice of cut configuration is non-trivial and depends on the individual
case, there is a point along the curve shown in fig. 3.7 that statistically optimizes
the selection. This optimum however depends on the source intensity and spectral
shape.

The HAP-Hd software offers three different cut configurations, named loose, stan-
dard and hard. The use of loose cuts is suitable for sources with steep spectra
where the statistics benefit from higher counts through a lowered energy threshold,
at the cost of increased systematics. The hard cut configuration is appropriate for
sources with soft spectra (optimized for spectra oc E~2), where sufficient statistics
are available to focus on higher energy ranges. Neither of the two cases apply here,
hence the cut configuration used in this work is the standard cuts configuration,
which together with the reconstruction method described in the following section is
optimized for sources of 10% flux of the Crab nebula, with a spectrum oc £=26. The
rejection threshold for ( is set to 0.84, and in addition a minimum image amplitude
of 60 p.e. is required for gamma-like events. Also, all events for which the image
COG is separated by more than 2° from the source position are rejected.
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3.2.4 Gamma Photon Reconstruction

After sorting out all events classified as background-like during the gamma-hadron
separation procedure, the remaining gamma-like events are processed to reconstruct
the properties of the incoming gamma photon. The method used in this work is
called ImPACT [57] reconstruction. In the following, its working principles are de-
scribed as they have been implemented in the HAP-Hd software. Like in the (3D)
model analysis, the approach is based on fitting the shower image to a library of
pre-generated templates. For the InPACT reconstruction, the templates are pro-
duced using Monte Carlo (MC) air shower simulations, followed by ray-tracing of
the telescope optics and subsequent simulation of the electronics to generate the
images. This allows to consider fluctuations within showers at large energies above
10 TeV, since no analytical approximations are required. In addition, optical and
electronic aspects are accurately taken into account.

Showers are simulated at different points of a four-dimensional parameter space,
spanned by zenith and azimuth angle, energy and impact distance of the gamma
photon. For each of those points, a number of simulations between 600 and 300,000,
depending on the gamma energy, is carried out. In addition, each of the events
is simulated for different values of Xy« spread around the expected value for the
respective gamma energy. Finally, a multi-dimensional linear interpolation algo-
rithm is used to fill the gaps between the sampled points in the multi-dimensional
parameter space. Thereby, an image template is available for any set of parameters
within the ranges chosen for the simulations. During the reconstruction procedure,
the parameters which best correspond to the recorded image are found by likelihood
fitting of the cleaned image pixel values to the template library. Fig. 3.8 shows some
exemplary image template histograms of pixel amplitudes for simulated showers at
different impact distances.

The performance of the InPACT reconstruction is evaluated in [57], again by use of
Monte Carlo simulations for the four smaller H.E.S.S. telescopes. Here, the angular
resolution is defined as the radius containing 68% of the reconstructed positions for
a given point source. The method provides an angular resolution between ~ 0.1° in
the GeV range, and down to ~ 0.03° in the TeV range, as is shown in fig. 3.9, which
also displays the dependence of angular resolution on the zenith angle.

The accuracy of energy reconstruction is expressed as the fractional deviation of
reconstructed energy from the value used in the simulation. The mean value and
r.m.s. of the resulting distribution are then referred to as the energy bias and reso-
lution, respectively. The values are shown fig. 3.10. Above ~ 500 GeV, the analysis
shows a "safe energy" range suited for spectral reconstruction, with biases smaller
than 10%. A large bias is seen at low energies, where only extreme events with large
upwards fluctuations in the number of Cherenkov photons pass the selection cuts,
leading to an over-estimation of gamma energies. The energy resolution lies between
~ 0.19 at lower energies, and up to ~ 0.07 at higher energies, as shown in 3.10.

Finally, the effective area for the H.E.S.S. telescopes is defined as the probability
for both triggering and subsequent event-selection of a gamma photon, multiplied
by the collection area. The latter, as described in sec. 2.2.1, corresponds to the size
of the light pool illuminated by the Cherenkov flash, which is only slowly changing
with the gamma photon energy. The triggering and selection probabilities however
change significantly at different energies, as the weaker Cherenkov radiation from
low-energy gamma photons is less likely to trigger the telescopes, whereas events in
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the upper energy range are disfavoured in the selection cuts. The latter is due to the
fact that higher energy showers produce broader images, which are to some degree
rejected since images near the camera edges cannot be reconstructed well. Fig. 3.11
shows the effective area as a function of energy.

All the plots mentioned in this section additionally show the corresponding perfor-
mance of the Hillas reconstruction method with two different cut configurations,
standard and hard, optimized for different types of sources.
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Figure 3.8: Pixel amplitude histograms for exemplary image template models used
in the ImPACT reconstruction. All images result from MC simulations
of a 1TeV gamma photon, at different impact distances of 20m (top
left), 100m (top right) and 200m (bottom left), using the expected
shower maximum of 200 g/cm?. The bottom right histogram shows the
template for an impact distance of 100 m and a shower maximum depth
of 400 g/cm?. Pixel amplitudes are given in p.e. per square degree.
Taken from [57].
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Figure 3.9: Angular resolution of the different reconstruction methods, defined as
the 68% containment radius. The dependence on gamma-ray energy
(left, fixed zenith angle of 20°), and on zenith angle (right, averaged
over spectrum oc £~2) is plotted. Taken from [57].
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Figure 3.10: Energy bias (left) and resolution (right) of the different reconstruction
methods, depending on the gamma-ray energy. Taken from [57].
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Figure 3.11: Effective area of the different reconstruction methods, depending on
the gamma-ray energy. Taken from [57].

41



CHAPTER 3. METHODS

3.2.5 Background Subtraction

As a result of the reconstruction procedure, a list of gamma-like events is obtained,
each containing all the reconstructed parameter values. In order to determine the
possible presence of a gamma-ray source at the region of interest (ROI) in a sky
map, it is necessary to estimate the expected number of background gamma-like
events in the ROI tht are unrelated to the putative source. Those can be induced
by hadronic events that passed the selection cuts, by electrons, or by actual gamma
events unrelated to the source. The estimation is done by two similar, but different
techniques, each of which is well suited for a specific purpose. Both of them are
based on counting the number of gamma-like events at nearby sky regions that
do not contain a known gamma-ray source, called off-regions. This provides an
estimate of the number of background counts contained in the signal measured from
the ROI, obtained from a defined on-region. The estimated number of background
counts is then subtracted from the total number of on-counts. The remaining excess
counts are evaluated by statistical methods to obtain a detection significance, which
is interpreted as the probability of a gamma-ray source being present in the ROI.
The underlying assumption in both methods is an isotropic background, and the
differences lie in the ways of defining the off-regions. The applied statistical methods
are the same in both cases.

Statistics of Background Subtraction

Observations of a particular ROI yield a number of on-counts No,, from a predefined
on-region, as well as a number of off-counts Nog from nearby regions which do not
contain any known gamma-ray sources, hence the off-counts are assumed to be pure
background events. Under the assumption of an isotropic background, the excess
counts Ngy. from the ROI are then calculated as

NExc:NOn_a'NOﬁv (35)

where « is a normalization factor accounting for the different sizes between the on-
and off-regions, and also for instrumental acceptance-related differences discussed
in the next paragraph. In a simplistic approach, the excess could be interpreted as
the number of counts that originate from a source in the ROI. However, since an
excess can always be induced by statistical fluctuations of the background signal, this
could lead to the false detection of a non-existent source. Hence, a method is required
which assesses the statistical significance of the measured excess, giving a probability
that a source is actually present in the ROI. For that purpose, the measured on-
and off-counts are evaluated by means of the likelihood ratio method proposed by
Li and Ma [58]. This yields maximum likelihood estimates for the expected number
of source counts (Ns) and background counts (Ng) measured within the ROI, as
well as a significance S, which describes how strongly the measured counts indicate
the presence of a source in the ROI.

The likelihood ratio method is a test to assess the probability of a hypothesis,
referred to as the null hypothesis Hy, which assumes that the signal Ng, consists
of pure background events, hence (Ng)o = 0 and (Np)o = No,. Following Poisson
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statistics, the likelihood Py for measuring No,, Nog under the null hypothesis is

Po( Nou, Nog | (Ns)o, <NB>0)

- Pl 300 =) (o = 0i) 3
B (Np)None=(NB)  ((Np) /a)Note=(N)/a
- Now! . Nog! '

Otherwise, under the alternative hypothesis H where no assumption is made, (Ng) =
Non — aNog and (Ng) = aNog, and the likelihood P for measuring No,, Nog is
given by

P(Now, Nog | (Ns), {Ns))

— P(Now | (Now) = (Ns) + a(N) ) - P(Nor | (Nor) = (Nw)/a) (3.7
B (Ng) + a(NB>Nolx€*((NS>+a<NB)) ((NB>/OZ)NOH€*<NB>/01
- Now! ' Nog! '

The best likelihood estimates (]/\\TB)O for Hy, as well as <]\AfB>, (]/\7]3) for H, are found
by maximizing the likelihood functions Py and P with respect to the individual
parameters, which yields

«

(Ng)o = 1 a(NOn + Nog), (3.8)
(Ng) = aNog, (3.9)
(Ns) = Non — aNog. (3.10)

With this, the likelihood ratio A is defined as

_ Py (Now No | {Na))
P (Now, Nos | (Ns), (Ng)) (3.11)

_[ o) <NOH+NOH>:|NOH.[ 1 (NOH+NOH>:|NOH
1+« Non 1+« Nog .

Applying Wilks’ theorem [59], under assumption of the null hypothesis and in the
limit of large counts, the profile likelihood —21In A follows a Y2-distribution of one
degree of freedom, hence the quantity

S =+v—2In\, (3.12)

follows a standard normal distribution of zero mean and unit variance. S is referred
to as the significance, and it gives a measure for the probability of recording the
obtained excess signal by chance if no source is present, where a higher significance
indicates a lower chance probability. In gamma-ray astronomy, the detection thresh-
old is conventionally set to S = 50. Using the right reparametrization, it can be
shown that S is proportional to the square root of the total number of background
counts expected in the on-region [60]. For a constant background, the number of
counts grows linearly with exposure. Hence, the significance of a source signal is
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expected to scale with the square root of the total exposure of the observations,
which implies a scaling with the square root of the observation time.

The likelihood ratio method is also used to calculate confidence intervals for the
obtained maximum likelihood value of the source counts (Ng). For this, the profile
likelihood —21In A is evaluated as a function of (Ng), where a minimum is located
precisely at the obtained value (]VS> Parameter limits of confidence 1 — ¢ are
then found at points along both directions of the (Ng)-axis for which the value of
—2In A has increased with respect to the minimum value by the ¢ percentile of a
x2-distribution of one degree of freedom. This way, 1o confidence limits are calcu-
lated for the determined excess rate. The procedure is illustrated in fig. 3.12, a
more detailed description of the confidence limit calculation is given in [61]. The
above calculations are again implemented in the HAP-Hd software, which yields the
respective count numbers and significance values as part of the analysis results.

Acceptance

The acceptance model refers to the expected distribution of background events across
the FoV in the absence of any gamma-ray sources. It can be determined through MC
simulations for gamma-ray events, and is determined through background measure-
ments for hadronic events, excluding regions with known gamma-ray sources. The
simplest approach is the radial acceptance model, where the instrument response is
assumed to be azimuthally symmetric around the pointing position of the telescope.
In this description, the acceptance therefore depends only on radial distance from the
pointing position, particle energy, zenith angle, and the applied cut configurazion.
Fig 3.13 shows the radial acceptance for different zenith angle bands, as well as for
different energy bands. Values obtained from MC simulations and measurements
are stored within lookup tables available in the data base, providing the possibility
to use the radial acceptance model for parts of the background subtraction that
require its application.

1

Profile Likelihood

10
1

T T T T T T T
0 2 4 6 8 10 12 14

Signal Rate

Figure 3.12: Graphical illustration of how confidence limits are obtained with the
likelihood ratio method. Taken from [61].
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Figure 3.13: Radial acceptance of the H.E.S.S. I array of four telescopes, for different
zenith angle bands (left) and different energy bands (right). The curves
correspond to a version of the model reconstruction method, however
for the InPACT reconstruction they show a similar trend. Taken from
[50].

Reflected Background Method

The reflected background is the first of two methods for background estimation
used in this thesis, both of which are implemented in the HAP-Hd software. Here,
the background is determined on a run-by-run basis. The off-regions are chosen
at the same angular distance from the pointing position as the on-region, as is
illustrated in fig. 3.14. They are spaced evenly across the field of view, however off-
regions that intersect with predefined exclusion regions containing known gamma-
ray sources are not considered. This method is only applicable if the separation
between ROI and pointing position is large enough, which is the motivation for
using the wobble observation mode described in sec. 3.1. The main advantage of the
reflected background method is that the radial dependence of the acceptance does
not need to be considered, since all regions are set at the same radial distance from

OFF Regions
(1% pointing)

Excluded Regions

Figure 3.14: Illustration of the reflected background method for two runs with dif-
ferent pointing positions, indicated by the black stars. Excluded off-
regions are shown as dashed circles. Taken from [50].

45



CHAPTER 3. METHODS

the pointing position. Under the assumption of a rotationally symmetric acceptance
around the pointing positions, « is therefore calculated as the size ratio between the
on-region and the off-regions. In particular, the assumption implies that the energy
dependence of the acceptance is the same in the on- and in all off-regions, which
makes this method well suited for spectral analysis of a source. On the other hand,
the background regions differ for every pointing position of the telescope, which of
course in general changes from run to run. Also, the method is not applicable for
every region in the FOV. Hence, for the purpose of generating sky maps, a different
approach is more advantageous.

Ring Background Method

The ring background method defines the off-region as an annulus around the ROI, as
is illustrated in 3.15. Again, parts of the ring that overlap with exclusion regions are
removed from the calculation. The choice of the annulus radius and area constitutes
a trade-off between two effects: It should be large compared to the size of the ROI
to reduce the effect of statistical fluctuations, however not too large as compared
to the FoV to avoid the inclusion of additional systematics. In this method, the
off-regions correspond to the same sky regions for every run. Therefore, rather than
doing the calculation for every single run, the data of all runs can be merged (see
sec. 3.3) so that background, excess, etc. are determined on the stacked data set
to produce sky maps. In turn, since the off-regions of different runs are located
at different distances from the pointing position, the radial acceptance model is
used to include an additional weight factor in the calculation of «, for which values
are retrieved from lookup tables. Since the energy dependence of the acceptance
is not equal across the off region, spectral analysis would require a more complex
acceptance determination with this method, which is why the previously described
reflected background method is usually employed to derive energy spectra.

Figure 3.15: Illustration of the ring background method for a single run. The ROI
is indicated as a red circle, the off-region as a blue or green annulus.
Exclusion regions are shown as grey patches. Left: Normal ring back-
ground. Right: Adaptive ring background: The normal annulus (blue)
has a large overlap with exclusion regions, hence the radius is expanded
(green) for sufficient acceptance. Taken from [50].
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A slight variation of the procedure is the adaptive ring method, which is useful
in crowded regions like the galactic plane, where large parts of the ring would be
excluded due to the large amount of neighboring sources. To avoid this, the radius
of the annulus is adapted to the data set. More precisely, the radius is expanded
until the area of the annuls, with exclusion regions removed, contains at least four
times the acceptance of the on-region.

3.3 Phase Folding and Binning

Once the number of measured excess counts is determined, the next step is to derive
light curves. The generation of orbital light curves requires a transformation of data
points, which in general can be runs, events, flux values etc., from the time domain
into the phase domain, established by the orbital modulation of the GRLB system.
This requires the knowledge of the orbital period P and the definition of a zero-
phase time value Ty, which in principle can be chosen arbitrarily. Then, each data
point corresponding to a time ¢ is assigned to a phase ¢ € [0, 1), which is used to
parameterize the orbital motion of the system. This process is called phase-folding,
and the relation between ¢ and ¢ is given by

t—T,
0= % mod 1. (3.13)

Since counts are generally limited in TeV observations, runs that fall into similar
ranges of orbital phase are stacked together in a process referred to as merging,
where time resolution is reduced for the benefit of higher statistics. For this, the
numbers for on- and off-counts, as well as exposure time, are summed over all runs
to obtain a merged data set. The merged normalization ratio ary is calculated as

Zr arNOff,r

ST (3.14)

QTot =

where r indicates that the respective quantity corresponds to a single run. For the
procedure of phase folding, the whole phase range [0,1) is divided into a number
of equal-sized intervals, called phase bins. All runs whose phase, given by equation
(3.13), lies within the same phase bin are then merged into one data set, and the
flux is calculated for each phase bin from the merged data, according to the proce-
dure explained in the next section. It is in principle possible that over the 28 min
duration, a run is included in two different phase bins, a case which requires special
treatment. However, this special case does not occur for the data analyzed in this
work. In a similar fashion, for the generation of night-wise light curves, all runs that
were conducted during the same night are merged, and subsequently flux values are
calculated for the respective merged data sets. Time stamps for each night are cal-
culated as the weighted average of mid-run times of the corresponding runs, using
the run durations as weights.

For this work, the calculation of phase values and time stamps, as well as the sub-
sequent grouping of different runs, is implemented in a custom Python code. The
subsequent procedure of merging the resulting groups of runs is again carried out
by application of the HAP-Hd software.
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3.4 Flux Calculation

In general, the differential flux % = % is defined as the number of measured
particles per energy, time and surface area. Integrating over any energy range then
yields the flux & = % over that range. In a simple approach, the flux can be
calculated as the number of measured counts within the specified range, divided by
the exposure £ = Agg - At, where At is the observation time. However, as previously
discussed, the effective area is itself dependent on energy, i.e. {(E) = Agg(E) - At,
assuming that Agg(FE) remains constant in time, which is justified for a short enough
At. Also, count statistics are generally limited due to low fluxes. Consequently, a
more sophisticated method is required to obtain flux values with reasonably small er-
rors. The flux calculation procedure used in this work follows an approach based on

aperture photometry, with the underlying assumption of a constant source spectrum.

3.4.1 Spectrum Determination

The spectrum is derived from a fit to the whole data set, for which all analyzed runs
are merged. The model used to describe the spectral shape d®/dFE of a source is a

power law defined as

do

g (£) 519

where ®((FEp) is the differential flux normalization at the normalization energy FEy,
and I' is the spectral index.

The method applied to determine the spectral parameters is called forward-folding.
It is an approach that considers the variation of acceptance, energy resolution and
effective area with different zenith angles 0 and angular distances 1 of the source
from the pointing position. Also, changes in optical efficiency € due to the wear of
the instruments are taken into account. For different bands in (4, v, €), the expected
gamma-ray count rate n, in a reconstructed energy bin [Ej, Es] is given by

do

Eo 0o
Ty, (6.b.6) = / dER / dEr R0 (Er, Er) '«4<5,¢,e>(ET)wE(Eo,F); (3.16)
FE1 0 T

where Er, Fr indicate the true and reconstructed energies, R is the resolution func-
tion and A is the acceptance. The resolution function is defined as the probability
density for obtaining a reconstructed Er from a given Erp. All values for R and
A are retrieved from lookup tables available in the data bank, which contain the
results of MC simulations performed with different combinations of values for the
relevant parameters. Energy bins are defined by a maximum splitting of the used
energy range such that within each bin, a minimum significance of 20 is guaranteed.
The used energy range is adapted to the ranges in which events were registered,
however constrained in a way that a reasonably small energy binning is still possi-
ble. For each energy bin, the resulting value of n, is then compared to the measured
count rate, and the overall best-fitting spectral parameters ®,, I" are found via log-
likelihood maximization, where the flux normalization is calculated at a value of Fj
that minimizes the correlation between the fit parameters. The error values for each
fit parameter are given as the square root of the corresponding diagonal element
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of the covariance matrix, corresponding to 1o confidence intervals. The method
implicitly assumes a constant source flux. While this is a viable assumption for a
first approach, it needs to be kept in mind that in the case of strong source vari-
ability the approximation loses its validity. For a more detailed description of the
spectrum reconstruction, see [54] and references therein. The procedure of spectrum
determination is carried out using the HAP-Hd software.

3.4.2 Aperture Photometry

Once the spectral parameters are determined, the flux can be calculated. As we
will see in a moment, the only actually relevant spectral parameter is the index T'.
The flux value is calculated from three quantities. First, the actual excess counts
NExe, which are obtained from the analysis. Second, considering the exposure £ of
the observations, the number of expected counts Ngy, from the source under the
assumption of a constant emission spectrum d®/dE is given by

do
Newy = [ S5 €(E) 4E, (317)
where the effective area induces an energy dependence of the exposure, which is
assumed to be constant in time for the given integration. The range of integration
can in theory be infinite, since the integrand is naturally enveloped by the effective
area that only spans a finite range of energies. In practice however, the expected
counts are calculated as a sum over fine-sized energy bins, which lie within the
energy range AFE of all recorded events, according to

Again, the values for the effective area in each of the energy bins are retrieved from
lookup tables, which were produced through MC simulations. The calculation of
expected counts is carried out using the HAP-Hd software. The expected counts are
calculated for each run, and the results are summed in order to obtain a number of
expected counts for a merged data set.

Finally, the third quantity is a reference flux ®ger, which is simply the assumed
source spectrum integrated over a specific energy range [Efin, Fiax):

Enax d@
(I)Ref - / E dE (319)

Entin
The flux ® is then ultimately calculated as the ratio between measured and expected
counts, multiplied by the reference flux:

- Dpet. (3.20)

The caclulation of equations (3.19) and (3.20) is performed with a custom C++ code
that supplements the existing HAP-Hd software. Equation (3.19) is calculated by
evaluating the analytical expression of the integrated power-law spectrum defined
in equation (3.15):

Pret = 7 [Phtax — B ] - (3.21)
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As can be shown when inserting equations (3.18) and (3.19) in equation (3.20), by
definition of the assumed power-law spectral shape, the differential flux normaliza-
tion can be taken out of the integral as it is independent from energy, and therefore
effectively cancels out between ®rer and Ngy, without influencing the value of ®. In
principle, the energy ranges Fnpn, Faax for the reference flux could again be chosen
arbitrarily. However, bearing the physical meaning in mind, they should not strongly
deviate from the energy range in which the data was taken, which dictates the range
in which the power law spectrum was fitted and therefore the spectral assumption
is justified. Nonetheless, since this work is focused on relative flux changes, the
choice of reference flux can in this case be regarded as a formality, given that it only
influences the absolute flux levels.

3.5 Variability Search

Once the orbital and night-wise light curves are generated, the final step of the
analysis is to look for signs of orbital variability and periodicity. This requires
methods that can estimate the probability that the recorded signal was obtained
from a source whose signal is - or is not - intrinsically modulated, ideally also
yielding the value of the modulation period if required. In this work, we apply
a simple y2-test to investigate the phase-folded orbital light curves for variability.
On the nightwise light curves, the epoch-folding method proposed by Leahy [32] and
a generalized Lomb-Scargle [30][24] period search are applied.

3.5.1 \*-Test

The y2-Test is a procedure commonly used for analyzing statistical data sets. In
general, the purpose of the method is to test how well a data set, in our case the
orbital light curve, is represented by a given model referred to as the null hypothesis
Hy, which in our case is the assumption of a non-variable, constant source. The y2-
Test estimates the probability of obtaining the data at hand under the assumption
that Hy is true. Hence, the method can be thought of as a goodness-of-fit statistics,
describing how well the orbital light curve is fitted by a constant flux. The test

statistic x? is defined as
np

V2= Z; (F;—g»z (3.22)

where ng is the number of phase bins with corresponding flux data points, F} and
AF; are the flux values and half-widths of the corresponding 1o confidence interval
for the respective phase bin, and (F') is the weighted average flux over all phase
bins, using the 1o errors as weights. The calculation of x? is implemented into a
dedicated Python script. For large enough counts, the probability distribution of x?
is well approximated by a chi-square distribution x?, where the number of degrees
of freedom v is given by v = ng — 1. The goodness of fit can then be expressed
as the reduced chi-square -, where a fit is better the closer this number is to one.
Alternatively, the p-value can be calculated as

p= [ @ (3.23)
X
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indicating the probability of measuring values that deviate at least as much as the
data set from the null hypothesis Hy, or in our specific case, the probability of mea-
suring an orbital light curve at least as variable as the one analyzed, assuming that
the source is constant. The calculation of x? is manually implemented as a Python
code, whereas the p-value is obtained by using the chi2 sub-module of the scipy
Python-package [62].

For our purposes, a reduced chi-square close to one and equivalently a high p-value
denote good agreement between the data and a constant flux, therefore indicating
that any orbital variability is either absent or not detectable within the error limits
of the data set. Accordingly, a large reduced chi-square and low p-value can be
interpreted as an indication of variability in the orbital light curve.

3.5.2 Light Curve Periodicity

Two different methods are applied on the night-wise light curves to test them for
periodicity.

The Epoch-Folding Method

The epoch-folding method proposed by Leahy [32] builds on the previously described
x2-test. The concept is to fold the light curve on a set of np different orbital periods
P = (Py,..., P,.) and subsequently evaluating the x*-test statistic on each of the
resulting orbital light curves. If the source has an intrinsic modulation period, the
orbital light curve should show strong deviations from a constant flux when folded
on periods close to the correct value, white noise is expected otherwise. A plot of
the obtained y?-values against the respective periods can then be interpreted as
a periodogram, yielding high values for periods close to the intrinsic modulation
period. The orbital light curves and y2-values for the different orbital periods are
calculated with the previously described procedures. In order to identify a positive

result, a detection threshold T, for a confidence level ¢ is defined as

l—c= np/ Xoy_1(2) dz, (3.24)
T

where ng is again the number of phase bins used. Hence, for a chosen probability
level ¢, a threshold 7, is defined such that if for any period the resulting y? surpasses
T,, there is a probability of ¢ that it did not happen by chance. To approximate T,
for different levels of ¢, both sides of the equation are plotted into the same graph. A
solution of equation (3.24) is then estimated graphically at the intersection between
the two curves.

The Generalized Lomb-Scargle Periodogram

Additionally, we apply the generalized Lomb-Scargle [30]|24] period search to the
night-wise light curves. The method is equivalent to fitting a model function y(¢; f;)
for different candidate frequencies f; to the light curve. The fit model is given by

y(t; fi) = yoi + Aisin 27 fi(t — ¢y)), (3.25)
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where yo;, Ai and ¢; are free parameters. For each fit result, the x* goodness-of-fit

is evaluated as
nt

¢-5 s

j=1

where n; is the number of data points of the light curve, and F' and AF' are the flux
values and corresponding lo-errors. The periodogram is then calculated as

P(f) = 5Ix*(Ho) ~ x0), (3.27)

where x?(Hp) is again the test statistic for a constant flux model, calculated analo-
gously to the definition in equation (3.22), but applied to the night-wise light curve
data. Therefore, for a set of candidate frequencies f;, the periodogram indicates
how much better the data is fit by a sine function of the respective frequency as
compared to a constant flux.

False alarm probability (FAP) levels, indicating the probability that a peak of a
given magnitude is generated from noise, are calculated according to the bootstrap
method. For this, the periodogram is calculated for many random resamplings of
the data, where time values are kept but flux values are permuted randomly. Each
resampling gives a maximum power of the periodogram, and for a large enough
number of resamplings, the distribution of maxima approximates the distribution
for the case of no signal periodicity. FAP levels are then derived from this resulting
distribution. For a detailed review of the Lomb-Scargle period search and its differ-
ent variations, see [63].

The generalized Lomb-Scargle search is performed by using the implementation in
the astropy|64] Python-package. Since the method should not depend on any pre-
vious assumption of periodicity, it is applied on the night-wise light curves.

3.6 Phase Map Subtraction for 4FGL J1405.1-6119

For the case of 4FGL J1405.1-6119, the aim is not only to investigate the presence of
orbital modulation, but also to develop a method that allows to separate the signals
received from the GRLB and adjacent sources, as explained in sec. 2.1.1. For this,
we make use of the expected correlation between the TeV and X-Ray light curves.
Based on the data from [16], the orbital phase is divided into two blocks:

e A "bright" phase ¢p of increased X-ray flux,
e A "dark" phase ¢p of reduced X-Ray flux.

All runs that pass the detection criteria are merged into two data sets, corresponding
to the two phase blocks. The approach for signal separation consists in generating
two TeV sky maps with the H.E.S.S. data, one for each of the phase blocks, re-
spectively. Afterwards, the "dark" map is subtracted from the "bright" map. The
non-varying signal of adjacent sources should thereby cancel out, while the expected
augment of the 4FGL J1405.1-6119 signal during the bright phase should lead to a
residual excess registered at the source position.

On-count sky maps are generated by evaluating the merged data sets at different
test positions in the FoV, corresponding to the different pixels of the map. The
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resulting maps are correlated with a top-hat filter corresponding to the on-region
size, in order to account for the fact that counts are determined for regions of finite
extension, hence neighboring pixel values are not statistically independent. In a
similar fashion, exposure maps are generated in units of expected on-counts for an
assumed flat background of gamma-like events in the absence of sources, calculated
pixel-wise and also correlated.

The subtracted counts map ANg, is calculated pixel-wise as

ANow = Now () — %  Non(ép), (3.28)

where £ denotes the respective numbers of expected on-counts, representative of the
different exposures. The approach constitutes an analogy to the background sub-
traction explained in sec. 3.2.5, replacing on- and off-counts in equation (3.5) with
bright- and dark-phase counts, and a with the ratio o, of on-exposures. Analo-
gously, a subtracted significance map Sa is calculated pixel-wise according to equa-
tion (3.12), applying the same substitutions. The sign of ANg, is applied to Sa,
allowing negative significance values in the case of a negative subtracted count value.
The method implicitly assumes equal rates of background counts measured for both
phase blocks. On first order, this can be verified at the positions of other, non-
variable sources in the FOV, where no remaining signal should appear. To further
assert the legitimacy of this assumption, the distribution of Sn at non-exclusion
regions, meaning regions of the FoV with no present TeV source, denoted Na g, is
plotted as a histogram. Following the statistical properties of the significance S as
defined in eq. (3.12), if the assumption is correct, the values should follow a stan-
dard normal distribution of zero mean and unit variance. If however systematics are
induced by different background levels between the dark and bright phase, the re-
sulting distribution would deviate from the expected shape. Therefore, the possible
presence of systematics is investigated by fitting a Gaussian distribution N¢g to the
histogram, defined as

Ny
V2rog

where the amplitude Ny, center ug and sigma o are free fitting parameters. Further,
in order to quantify the symmetry of N(Sa ), the skewness is calculated as

fis(Nag) = <<SAB_—<SAB>>3> , (3.30)

Na(S) = cexp(—(S — pua)?/20%,), (3.29)

0<NA,B)

where angular brackets indicate the average value and o is the standard deviation.
The skewness is a measure for asymmetry of a probability distribution. A positive
or negative value indicates the presence of systematics with the inclination to over-
or underestimate, respectively, the source signal. In addition to the Gaussian fit,
by which a possible shift or broadening of the distribution can be derived from the
best-fitting parameters, a non-zero skewness indicates an asymmetrical deformation
of the distribution from a Gaussian shape.

The sky maps are obtained by using the HAP-Hd software. All subsequent steps of
the calculation are executed with a custom python code.
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Analysis Procedure and Results

4.1 HESS J1832-093

4.1.1 Data Selection

The data base is searched for H.E.S.S. observational runs with a pointing offset of
no more than 2° from the source position, yielding a pre-selection of 233 runs cor-
responding to 98.1 h observation time. After applying the spectral criteria selection
and eliminating runs with less than one telescope or missing DSTs, a run list of 203
runs is obtained, corresponding to 92.2 h of observation time, acquired between May
2004 and June 2020. The histogram in fig. 4.1 shows the distribution of runs over
the whole period of data taking. Also, fig. 4.2 shows the distribution of runs across
the orbital phase, where runs are phase-folded and binned by their start time, using
the 87.106 d period reported in [15], with Ty = 54524.9979255 (MJD?'). For a data
set spanning 16 years, a variation of the period by £0.005d leads to a maximum
phase shift of the data points of A¢ ~ +0.004, which is significantly smaller than
the phase bin size of 0.1, indicating that the accuracy of the period is sufficient for
the time span of the H.E.S.S. data set. The plot shows that phase bin 0.0-0.1 is not
covered by the current set of observations.

4.1.2 Analysis Procedure

The steps of gamma reconstruction, background rejection /subtraction and spectrum
fitting are performed by use of the HAP-Hd software version 18.11. An on-region
radius of 0.1° is used, which is a standard value that optimizes the signal-to-noise
ratio for typical galactic point sources. This The results of this analysis are obtained
with the reflected background method. Standard HAP exclusion regions are used,
where the exclusion region of the source itself is corrected to match the identified po-
sition given in eq. (2.3) and to have a radius of 0.24°. This eliminates some residual
signal from regions of assumed pure background, which could otherwise result in an
erroneous reconstruction of the source signal. A list of the relevant used exclusion
regions is given in tab. 4.1. The reconstruction and background steps are performed
for each run individually, and run-wise results are then further merged according to
the respective purposes. The combined data set of all merged spectral runs yields a
total excess of 476.2 counts with a detection significance of 9.7¢.

A spectrum fit is performed between 0.2 and 10 TeV, the resulting best-fit parame-
ters are given in tab. 4.2. Fig. 4.3 shows the measured spectrum, together with the

!Short for modified julian date.
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runs and the total observation time.

95



CHAPTER 4. ANALYSIS PROCEDURE AND RESULTS

best-fit power law spectrum and the corresponding error margins.

Runs are assigned into ten different phase bins by folding the run start time on
the 87.106 d period, and subsequently merged into one data set per phase bin. The
obtained spectral index of 3.1 is then used to calculate the flux on each phase bin
individually by means of the aperture photometry method described in sec. 3.4.2,
where the reference flux is calculated with an integration range between 0.21 and
30TeV. The flux calculations result in the orbital light curve shown in fig. 4.4. In
a similar way, runs are merged night-wise, and the respective flux values are calcu-
lated to generate nightly-binned data points. For visualization purposes, the result
is phase-folded on the 87.106 d period, which is shown in fig. 4.5.

4.1.3 Orbital Variability and Periodicity

A x2-test is performed on the obtained orbital light curve, resulting in a reduced
chi-square of 1.17, which is equivalent to p = 0.31. The result is not indicative of
any orbital modulation.

To search for periodicity in the night-wise light curve on a broad range, a Lomb-
Scargle period search is performed for periods between 25 and 1000 d. The resulting
periodogram is shown in fig. 4.6. No significant peaks that indicate a periodicity of
the signal at a confidence level above 1o are found.

In addition, motivated by a similar approach used in [15], a close range around the
identified period is investigated with the epoch-folding method. A binning of ng = 8
is chosen to evaluate np = 1000 periods between 86 and 88 d. Since the method for
calculating FAP levels defined in eq. (3.24) depends on ng, a total of 330 periods
for which the binning results in uneven coverage of less than 8 bins are removed,
leaving 670 data points for the power spectrum, which is shown in fig. 4.7. To obtain
threshold values for different confidence levels, a solution of eq. (3.24) is estimated
graphically from the plot shown in fig. 4.8, giving T5, ~ 14 and T3, ~ 21.5. No
significant levels of periodicity are retrieved at a confidence level above 20 within
the searched range.

A more detailed discussion of the results is given in sec. 5.1.
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[[]  b[] radius [
20.31 0.19 0.2

21.51 0.37 0.3

21.51 -0.87 0.3
21.93 -0.11 0.3
2247 -0.17 0.24
23.24 -0.32 0.63
23.27 0.3 0.2
25.14 -0.1  0.79
25.17 -0.11 0.79

Table 4.1: Standard HAP exclusion regions used for the HESS J1832-093 analysis.
Positions are given in galactic coordinates, following the HAP convention
within exclusion region files.

Parameter  Best-Fit Value

r 31402
Ey 0.4024 TeV
Do (Ep) 3.7404-1072TeV 'cm

®(>1TeV) 9.8+3.0-10"“cm

72871

Table 4.2: Best-fit values of the power law parameters from eq. (3.15) as derived
from the spectrum fit, including the integrated flux above 1 TeV resulting

from the best-fit model. Errors correspond to 1o confidence intervals.
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Figure 4.3: Spectrum obtained from the data (black) and best-fit power law model
(red), also showing the fit residuals on the bottom.
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Figure 4.4: Phase-binned orbital light curve obtained from the HESS J1832-093
observations, folded on the 87.106d period with Ty, = 54524.9979255
(MJD). The average flux level is indicated with dashed lines. In 4.4a,
the numbers above and below the data points indicate the observation
live time and detection significance for each bin, respectively. In 4.4b,
the same data is plotted over two periods for visualization purposes.
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Figure 4.5: Nightly-binned orbital light curve obtained from the HESS J1832-093
observations, folded on the 87.106d period with Ty = 54524.9979255
(MJD).
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4.2 4FGL J1405.1-6119

4.2.1 Data Selection

A pre-selection of runs within 2° of the source position includes 256 runs, corre-
sponding to 99.0h of observation time. For the analysis of 4FGL J1405.1-6119,
both spectra and sky maps are retrieved. Therefore, two different data sets are
extracted from the pre-selection by applying the detection criteria and the spectral
criteria, respectively. This results in a detection run list, and a more restrictive
spectral run list.

After selecting for detection criteria, number of telescopes and DSTs, a detection
run list of 152 runs is obtained, corresponding to 70.4 h of observation time, acquired
between April 2005 and June 2021. For the analogous procedure with spectral cri-
teria, a spectral run list of 138 runs with a total of 64.1h of observation time is
obtained, spanning the same time range.

Fig. 4.9 shows the distribution of runs over time, fig. 4.10 shows the distribu-
tion of runs across the orbital phase, folded on the period reported in [16] of
13.7135 + 0.0019d, at Ty = 56498.7 (MJD). Varying the period within the given
error margin for a data set spanning 16 years leads to a maximum phase shift of
A¢ =~ 0.06, which is within one phase bin of size 0.1. An exceedingly large number
of runs from 2015 and 2016 is excluded during the selection procedures. At that
time, the camera of CT1 was in an experimental status, therefore the telescope is
generally excluded from runs that were performed during that period. This leads to
an increased number of runs being excluded with less than two participating tele-
scopes. In addition, telescopes are excluded from runs from that time predominantly
due to "hardware" missing pixels.

4.2.2 Analysis Procedure

The analysis is performed the same way as for HESS J1832-093, first using the
spectral run list. Standard HAP exclusion regions are used, where two custom
regions are added to improve the covering of signals originating from the source
and its immediate surroundings. Details of the relevant exclusion regions are given
in tab. 4.3, where the two first rows indicate the customized exclusion regions. A
total excess of 198.9 with a significance of 7.7¢ is found. However, due to the signal
contamination from adjacent sources in the FOV, this cannot be interpreted as a
detection significance for 4FGL J1405.1-6119.

The spectrum fit is performed between 0.237 and 10 TeV, best-fit values are shown
in tab. 4.4 and the result of the fit is shown in fig. 4.11.

Runs are merged into ten different phase bins, the obtained spectral index of 3.3 is
used for flux calculation. The reference flux is calculated between 0.1 and 100 TeV.
The resulting orbital light curve is shown in 4.12. The phase-folded light curve with
night-wise binning is shown in fig. 4.13.

Since the signal is contaminated by neighboring sources, the retrieved spectral index
is not representative of the source emission spectrum. To assess the potential effect
of the spectral index on the result, the orbital light curve is additionally calculated
using an index of 2.5, which is a typical value for galactic point sources. While the
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Figure 4.9: Distribution of runs over the period of data taking, showing the pre-
selection found with the source position (grey) and both the detection
(green) and spectral (purple) runlist, obtained after the respective se-
lection procedures. Numbers in the legend indicate the total number of
runs.
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Figure 4.10: Distribution of runs over the orbital phase, folded with the 17.7135d
period. The histogram shows the pre-selection found with the source
position (grey) and the spectral runlist obtained after selection proce-
dure (purple). Numbers above the bars show the observation time of
the respective bin. Numbers in the legend indicate the total number of
runs and the total observation time.
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absolute flux values are reduced, the use of a lower spectral index has no significant
effect on the relative flux changes between the different phase bins.

4.2.3 Orbital Variability and Periodicity

A x%-test on the orbital light curve yields a reduced chi-square of 1.33, corresponding
to p = 0.22. The result is not indicative of any orbital modulation.

A Lomb-Scargle period search is performed on the night-wise light curve for periods
between 5 and 1000 d, the resulting periodogram is shown in fig. 4.14. No signal of
periodicity surpassing a 20 confidence level is found.

4.2.4 Phase Map Subtraction

The orbit of 4FGL J1405.1-6119 is divided into two blocks, corresponding to bright
and dark phases, respectively. Based on the X-ray light curve from [16], the division
is defined as

e Bright phase: ¢ € [0.3,0.8),
e Dark phase: ¢ € [0,0.3) U [0.8,1.0).

The division is illustrated in fig. 4.15. Flux values are calculated for the two phase
blocks. Fig. 4.16 shows the resulting orbital light curve with a binning of two,
overlaid with the orbital light curve previously obtained with a binning of 10.
Maps are generated for both bright and dark phases, and the phase map sub-
traction procedure is performed. Fig. 4.18 shows the generated maps, intermediate
results and the final subtracted significance map. A value of S = 2.41¢ is found
at the source position.
As previously explained, the method implicitly assumes that the background counts
scale linearly with the background acceptance. In order to investigate the possi-
ble presence of systematic effects induced by a difference in the background signal
between the two phases, the distribution of Sa at non-exclusion regions Na g is
fitted with a Gaussian distribution. The result is shown in fig. 4.17. The best-fit
Gaussian has a center of ug = 0.032 £ 0.002 and a sigma of o = 1.031 + 0.002.
The skewness of the distribution is fi3(Nap) = —0.09. While the fit parameters are
in strong accordance with a Gaussian shape, the distribution is evidently skewed
towards negative values. This indicates the possible presence of a systematic effect
that shifts the resulting subtracted significance towards lower values.
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Table 4.3:

Table 4.4:

10

ot

dN/dE TeVicm2 st

10712

10

1074

107"

107

Residud (o)
o

-1
-2

L[] b[’] radius [’
311.74 0.23  0.37
312.39 -0.27 0.1
311.77 1.25 0.2
311.7  0.11 0.25
312.16 -0.12 0.25
31249 -0.57 0.25
313.24 0.15 04
3134 0.2 0.55

Exclusion regions used for the 4FGL J1405.1-6119 analysis. Positions
are given in galactic coordinates, following the HAP convention within
exclusion region files. The first two entries correspond to regions that
were added manually, while the others are part of the standard HAP
exclusion regions.

Parameter  Best-Fit Value

r 3.3+0.3
Ey 0.5907 TeV
do(Ep) 1.540.2-10712TeV 'em 257!

®(>1TeV) 1.1+0.4-10"8cm 25!

Best-fit values of the power law parameters from eq. (3.15) as derived
from the spectrum fit, including the integrated flux above 1 TeV resulting
from the best-fit model. Errors correspond to 1o confidence intervals.
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Figure 4.11: Spectrum obtained from the data (black) and best-fit power law model
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65



CHAPTER 4. ANALYSIS PROCEDURE AND RESULTS

le—-10
+

3_
a0
I
(2]
T2
€
L
>
A
= + T
5 11 1 +
— +
o
< |
>
w

0.0 0.2 0.4 0.6 0.8 1.0
Phase

Figure 4.13: Nightly-binned orbital light curve obtained from the 4FGL J1405.1-
6119 observations, folded on the 13.7135d period at T, = 56498.7
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J1405.1-6119 data. Grey dashed lines indicate the different FAP levels.
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Figure 4.15: Tllustration of the division of the orbital light curve into phases of in-
creased ("bright") and reduced ("dark") X-ray flux. Adapted from [16].
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light curve with a binning of 10, as shown in fig. 4.12, is also plotted
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5.1 HESS J1832-093

With the currently available set of H.E.S.S. observations, the generated orbital light
curve displayed in fig. 4.4 does not show any evident sign of variability. Most data
points are, within 1o error margins, relatively close or compatible with a constant
flux. A deviation from the general trend is only seen in phase bin 0.7-0.8, where
the flux level is elevated. This phase bin comprises the least observation time, and
consequently the corresponding data point has the largest error margin, yet the
flux increase is still present within those boundaries. It is coincident with elevated
flux levels of the X-ray light curve identified in [15], shown in fig. 2.9, which peaks
at phase 0.6-0.7. However, considering the general trend of the TeV light curve,
in particular of neighboring data points with more extensive statistics, the elevated
flux seems likely to be a product of statistical fluctuations encountered in the limited
data of the phase bin. Further, phase bin 0.0-0.1 is not covered by the observations,
hence the flux level remains unknown. The compatibility with a constant flux is
confirmed by the result of the y*-test with p = 0.31, far from the level at which the
null hypothesis of a constant flux can be discarded.

Similarly, the phase-folded night-wise light curve shown in fig. 4.5 shows no clear
trend on the 87.106 d period. Both the Lomb-Scargle period search and the epoch
folding method yield no signal power at any significant level within the investigated
period ranges.

In conclusion, no sign of orbital variability is found in the data.

5.2 4FGL J1405.1-6119

The orbital light curve obtained from the analyzed data is widely accordant with a
constant flux. Between phases 0.0 and 0.7, all data points are close to, or compatible
within 1o levels with the average flux value. A shift to a higher flux is seen in phase
bin 0.7-0.8. Afterwards, the flux strongly drops in phases 0.8-1.0, where both data
points show similarly reduced levels. This is complemented by the flux level in phase
bin 0.0-0.1 which, although compatible within 1o with the average level, is clearly
shifted towards the lower end. The current data does not indicate the presence of
orbital variability, as the y-test results in p = 0.22. Similarly, the phase-folded
night-wise light curve exhibits no clear trend, and no significant periodicity is found
with the Lomb-Scargle period search.

The spectral index used for the calculation of flux values is derived from counts that
are contaminated by the signal of adjacent sources, hence it cannot be taken as rep-
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resentative of the actual source emission spectrum. This however has no significant
effect on the relative flux changes within the orbital light curve, which is verified by
performing the calculation with an index of 2.5, a value that is typically observed
in galactic point sources.

The methods applied for testing orbital variability and periodicity are insensitive
to any prior knowledge of a potential variability pattern. Motivated by the typi-
cal behavior of other GRLB systems, it is reasonable to test patterns of variability
according to the behavior observed in X-rays. In fact, phases of reduced TeV flux
overlap with phases of reduced X-ray flux, as the orbital light curve generated in
[16] shown in fig. 2.2 has minimum levels around phases from 0.9-0.0 and 0.0-0.3.
While this might be a hint towards an orbital variability in TeV that is potentially
detectable, it is desirable to test the relation in a quantitative way. This gives rise
to the development and application of the phase map subtraction method.

The latter results in an excess at the source position with a significance of 2.41c.
Although this is below the conventional 50 detection threshold used for H.E.S.S.
analysis, the technique is the most robust and sensitive approach at hand for using
the putative correlation of orbital variability between X-ray and TeV to eliminate
contamination from the signal and provide a clean detection. Considering that the
detection significance scales with the square root of observation time, a 5o detection
would require roughly four times the observation time of the current data set, which
comprises ~ 70 h. Hence, as an estimate, around ~ 210 h of observations would have
to be added to the data for a 50 detection. This number however does not account
for acceptance-corrections regarding the offsets between the pointing position and
source position in the current data set, which would reduce the estimated amount
of required hours.

The analysis of the resulting significance distribution at background regions shows
that the assumption of equal background levels in both phase blocks is appropri-
ate, since the distribution shown in fig. 4.17 is highly compatible with a standard
normal distribution, with fit values deviating only on second decimal places. How-
ever, a more nuanced consideration reveals the presence of small systematic effects.
For instance, it is evident that the overall distribution of SA at background re-
gions extends further into the negative range than into the positive. Moreover, the
deviations of the distribution from the Gaussian fit indicate a pattern that is anti-
symmetric around 0, as can be seen from both the fit and its residuals in fig. 4.17.
In the positive range, the data is slightly above the fit at significances close to 0,
and slightly below at higher significances. In the negative range, it is the opposite
way. This observation is again confirmed by the negative skewness of the distribu-
tion. Overall, the trend indicates a minor systematic error, where the dark-phase
signal is relatively overestimated, resulting in an under-estimation of the detection
significance. While the effect on the result is probably minuscule, given the high
consistency with the Gaussian fit, it reveals a margin for refinement of the method
when used for future analysis of this or other sources with known variability that
suffer from signal contamination, where the approach can generally be of potential
use.

The usefulness of the method could be verified through simulations, or by applying
it to other sources of known periodicity. A suitable candidate would be LS 5039,
a GRLB for which the periodicity is known and a substantial amount of H.E.S.S.
observational data is available. While this task is beyond the scope of this work, it
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constitutes an approach for possible future work.
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