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Abstract

Active Galactic Nuclei (AGNs) are among the most extreme astrophysical objects in the
universe and known to emit gamma rays over several orders of magnitude in energy.
Representatives of this group are the blazars Markarian 421 and Markarian 501, two of
the most prominent sources of very high energetic gamma rays. They have extremely
variable gamma-ray fluxes which could be caused e.g. by erratic accretion flow instabil-
ities, but also by processes leading to quasi periodic oscillations (QPO). Recently, hints
of such a QPO of Mrk 501 with a period of about 322 days have been observed with
Fermi/LAT at GeV energies. While multi-wavelength studies have proven correlations
between the gamma-ray emission of blazars in different energy regimes, QPOs at TeV
energies have not yet been discovered.

The First G-APD Cherenkov Telescope (FACT) has monitored a small sample of known
TeV gamma-ray sources including Mrk 421 and Mrk 501 since fall 2011. As periodic-
ity analyses require unbiased and continuous long-term observations, the FACT mea-
surements are ideally suited for this type of studies. For a holistic understanding of
Cherenkov telescopes it is important to include the atmosphere as a crucial part of the
detector. As the system is undergoing a variety of changes over time, efficiency correc-
tions are necessary.

Within this work a new method is presented to correct FACT lightcurves for the influ-
ence of changing overall detector performance. For this, a reference scale based on the
measured trigger rates is used. These are dominated by the constant cosmic-ray back-
ground. With the aid of additional investigations of the well-studied VHE-emission of
the Crab nebula further corrections are applied to account for different threshold set-
tings, zenith distances and the effect of Calima. New lightcurves of the Crab nebula,
Mrk 421 and Mrk 501 are presented and confirm the validity of the corrections.

These new blazar lightcurves are analyzed for QPOs using the well-established Lomb-
Scargle algorithm. Signal significances within that framework are estimated with the
help of Monte Carlo studies based on the lightcurve simulation algorithm by Timmer
and König. The resulting periodogram of Mrk 501 shows in contrast to Mrk 421 hints
for a QPO with a period close to the one observed in Fermi/LAT data.
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1
Introduction

1.1 Motivation and Objectives

The determination and interpretation of periodic behavior has always been an impor-
tant part of astronomical and astrophysical research. The recognition of periodic pat-
terns has often been the basis for important discoveries that shaped the modern world
view of mankind, such as the heliocentric model of the solar system. Time series analy-
ses of this kind go back to early astronomical observations of celestial body movements
with the naked eye. Today, modern astronomical instruments observe flux variabilities
of all kinds to study a variety of phenomena such as stellar pulsations, explosions, tran-
sits, microlensing, and many others.

In the field of Astroparticle physics, the application of periodicity analyses has enormous
potential for gaining a deeper understanding of the sources from which the observed
elementary particles are emitted. The class of Active Galactic Nuclei (AGNs) is of spe-
cial interest in this context, as modelling the variations of their high energetic gamma-
ray emissions on different timescales is one of the main challenges of high-energy Astro-
physics. To allow for these analyses, an unbiased long term monitoring of those sources
is required.1 To fulfill this task in the very high energy (VHE) regime, the FACT project
was initiated.

The First G-APD Cherenkov Telescope (FACT) is an imaging air Cherenkov telescope (IACT)
that has monitored a small sample of known TeV gamma-ray sources since fall 2011
using silicon photomultipliers (SiPMs) as photosensors. The telescope is located on La
Palma on the Canary Islands, Spain. Its robust setup provides lightcurves that are well
suited for the application of periodicity analyses. For the blazars Mrk 401 and Mrk 501
more than 3000 hours of physics data have been collected so far. For the latter, hints for
a quasi periodic oscillation (QPO) with a period of about 322 days have been found at GeV
energies in Fermi/LAT data (Bhatta 2018).

The IACT technology uses the atmosphere as a detector volume which is a highly dy-
namic system undergoing a variety of changes over time. In addition, the telescope’s

1In this context, unbiased means that the source must be observed independently of its current flux
state. Observing the AGNs only if the sources show interesting activities biases the analyses.
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performance itself depends on external conditions. Therefore, efficiency corrections
have to be applied to the lightcurves eventually. Within this work, data-driven cor-
rections will be derived to account not only for the overall detector performance, but
also for varying observational conditions. It will be discussed how these corrections
can be applied and how the data quality can further be improved by identifying and
rejecting measurements taken under bad observational conditions.

The corrected lightcurves of Mrk 421 and Mrk 501 will then be analyzed using the well-
established Lomb-Scargle algorithm. With the help of simulated lightcurves following
the approach of Timmer and Koenig (1995), frequency dependent significance estima-
tions will be deduced. Additionally, possible approaches for further research will be
outlined.

1.2 Reproducibility

A central requirement of this work is that all results of the analysis are completely re-
producible and that every single step of the data treatment, from the raw data to the
final representations, is transparent. In addition to the actual thesis, the entire code for
data analysis and for the recreation of all figures presented in the work2 is available to
the reader in the following public repository:

https://git.rwth-aachen.de/tbretz/fact/tree/master/theissen2020.

This allows the reader to quickly recreate the results or continue working at any point
of interest, although, as the analysis is partially based on non public data, access to
this data has to be granted first. Further documentation can be found in the individual
scripts. The folder structure is based on the thesis itself. Instead of optimizing the code
on performance and elegance by embedding the different parts of the analysis into one
framework, the individual scripts are separated on purpose and optimized to be as ver-
bose as possible. This should shorten the familiarization with the implementation.

All numbers presented in this thesis are rounded following the Guide to the Expression
of Uncertainty in Measurement (ISO/IEC 1995) also known as GUM 1995. Following this
standard, uncertainties are treated in the following way:

To ensure that measurement uncertainties are not underestimated, they should always be
rounded up. The uncertainty of any measurement is rounded to the first digit z different
from 0 if z is between 3 and 9 and to two valid digits if z has the value 1 or 2.

Following this principle the value of the measurement itself is then rounded to the digit
that is affected by the uncertainty.

2The analysis is predominantly implemented in python 3 utilizing the packages pandas, numpy and mat-
plotlib for plotting.

https://git.rwth-aachen.de/tbretz/fact/tree/master/theissen2020
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2
Basic Concepts

2.1 Cosmic Rays

2.1.1 Discovery

When in 1912 Victor F. Hess published his observations about ’a radiation of very high
penetrating power’ which ’enters our atmosphere from above’ (Hess 1912), he laid the foun-
dations for a new field of physics that studies elementary particles of extraterrestrial
origin and their relation to astrophysics and cosmology: astroparticle physics.1

Within the framework of this work, that deals with current questions in this very field
more than 100 years later, it is not possible to cover the interesting historical develop-
ment of astroparticle physics. Therefore, only some key concepts are explained from
today’s perspective. Beyond that, the reader is referred to the corresponding literature.2

2.1.2 Spectrum

Today it is known that the ionising radiation that Victor Hess (1912) observed consists
of charged particles (of which 98% are nuclei) that hit the Earth with a remarkably stable
rate (Particle Data Group 2018). Although the name "cosmic rays" (CR) seems confusing
against this background, it has become established over the years.
The spectrum of cosmic rays extends over twelve orders of magnitude in energy and
turns out to be describable with almost featureless power law:

dφ(E)
dE

= − d4N
dE dt dΩ dA

∝ E−2.7 ... −3.3 . (2.1)

The cosmic-ray flux can be given in various forms of which each has its advantages
and disadvantages. Here dφ(E)

/
dE , the flux of particles per units of energy E, time t,

perpendicular area A, and solid angle Ω is chosen. Other common definitions use the

1Although Hess is usually mentioned as the founding father of Astroparticle physics, as he proved the
extraterrestrial origin and won the noble prize in 1936, he was not the first one who measured the
ionising radiation. In fact, e.g. Theodor Wulf (1910) and Domenico Pacini contributed significantly to
the field before. (De Angelis 2011)

2Textbooks that should be mentioned in this context are e.g.
(Spurio 2014), (De Angelis and Pimenta 2015) and (Sigl 2016).
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energy per nucleon En or the rigidity R that is the characteristic quantity to describe the
particles’ movement in magnetic fields. The definition is given by

R =
pc
Ze

, (2.2)

with momentum p, speed of light c, atomic number Z and the elementary charge e. The
different representations of the cosmic ray flux can be easily transferred into each other.
One can for example show that for relativistic particles the rigidity is about two times
the energy per nucleon (R ≈ 2En).3

In fig. 2.1, which combines measurements from different instruments, the power law
nature of the cosmic-ray spectrum is clearly identifiable. While in the sub-TeV regime
rates of one particle per square meter and second allow for space-based measurements
using particle detectors, large ground-based detectors have to be used to measure cos-
mic rays at the highest energies (c.f. section 2.3).

Figure 2.1: All particle cosmic ray differential flux spectrum. Based on the illustration
in (De Angelis and Pimenta 2015).

3eR = pc
Z ≈

E
Z = A

Z
E
A ≈ 2 E

A = 2En
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A very obvious feature of the spectrum is the change of the spectral index at two points
in energy. They are usually referred to as the knee and the ankle. While particles carrying
below-knee energies have their origins predominantly within our galaxy, the part of
the spectrum above the ankle is most likely of purely extragalactic origin (Sigl 2016).
This can be deduced from the fact that the gyroradius4 of particles above these energies
would no longer be in the order of the radius of the Milkyway RMW, given what is
known about galactic magnetic fields (Sobey et al. 2019). This means that these highly
energetic cosmic rays cannot be confined in the galaxy. The importance of this argument
will become clearer later on.

2.1.3 Isotropy by Propagation

The most important characteristic of cosmic rays, which is utilized in this work, is that
the measured angular distribution is remarkably isotropic. The dipole anisotropy

d =
φmax − φmin

φmax + φmin
≈ O

(
10−4 ... 10−2

)
(2.3)

is small over the whole spectrum from a few GeV up to a few EeV as measured by
the AMS Collaboration (2019) and the Pierre Auger Collaboration (2018). Even without
discussing different types of cosmic-ray sources it is obvious that the required acceler-
ation processes can only take place in very particular astrophysical environments. The
observed isotropy is, in this context, initially counter intuitive as the sources are in any
case discrete. In the case of ballistic travelling, a dipole anisotropy of d ≈ O(1) can be
deduced from first electromagnetic principles (Vietri 2008). The solution to this para-
doxical observation lies in the complex propagation process of cosmic rays through the
galaxy.
The acceleration and propagation of cosmic rays in astrophysical environments are a big
part of a whole field of physics, that may be referred to as High Energy Astrophysics. To
draw a complete picture at this point is beyond the scope of this thesis. However, this
chapter aims to make it plausible that the processes mentioned in the following take
place during propagation and that this furthermore inevitably leads to the observed
phenomena. Comparing the composition of cosmic rays at Earth measured by Lund
(1984) to the nuclear abundances in the local galactic environment, a clear difference is
observed (cf. fig. 2.2).
When cosmic rays collide with the interstellar medium (ISM)5, so called spallation pro-
cesses take place that lead to nucleosythesis of secondary nuclei (such as lithium, beryl-
lium and boron) as fragments of the original nuclei (e.g. carbon). This can be formulated
in terms of kinetic energy per nucleus En, the number of secondaries NS and the number
of primaries NP as in eq. (2.4).

4The gyroradius or Lamor-radius rg is the radius of the circlular trajectory of a charged particle in a
homogeneous magnetic field: rg = (m · v⊥)/(|q| · B)

5The distribution of the ISM in the Milkyway was mapped by Nakanishi and Sofue (2015). The average
concentration is in the order of one atom per cm3.
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Figure 2.2: Nuclear abundances in cosmic rays compared to local galactic abundances
(Lund 1984). In particular Li, Be and B and some sub-Fe elements are overabundant.
These species are referred to as secondaries. The primaries show in constant similar
abundances.

d2NS

dEN dt
= − d2NP

dEN dt
(2.4)

The source term for one species j is therefore a loss term to another species k which can
for its part obtain a contribution from spallation of even heavier nuclei. The correspond-
ing cross sections, σj and σk→j, follow from particle physics. In addition to that, nuclear
decays have to be taken into account in a similar manner. Both of these effects (spal-
lation and nuclear decay) can also be classified as catastrophic energy losses.6 During
the propagation also several continuous energy losses add up. These are e.g. caused
by Bremsstrahlung, inverse Compton scattering, synchrotron emission, ionization or
Coulomb interactions. With Ψ(r, p, t) now being the particle spectrum differential in
momentum, all continuous losses (Longair 2011) can be summarized with eq. (2.5), in
which the second term includes adiabatic losses:

∂tΨ = ∂p

(
− ṗ Ψ +

p
3
(∇ ·V)Ψ

)
. (2.5)

Equation (2.6), the so called transport equation (TPE), summarizes all of these effects.
It additionally consists of a term describing spatial diffusion and advection, and a term
describing momentum diffusion.

6In the sense that a particle of the species loses all of its energy as it does not exist anymore afterwards.
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∂tΨj =∇ ·
(
κ∇Ψj −VΨj

)
spatial diffusion and advection

+ ∂p

(
p2 Dpp ∂p

Ψj

p2

)
momentum diffusion

+ ∂p

(
− ṗ Ψj +

p
3
(∇ ·V)Ψj

)
energy losses

−
Ψj

γτj
+ ∑

k>j

Ψk
γτk→j

nuclear decays

−Ψj v nISM σj + ∑
k>j

Ψk v nISM σk→j spallation

+ Sj primary sources

(2.6)

As a result of spatial diffusion, particles perform a random walk through the galaxy. This
is also illustrated by fig. 2.3. While the advection term appears naturally, the spatial dif-
fusion is a result of a process that is known as turbulent pitch angle scattering. It describes
the interaction of a cosmic ray particle with a series of linearly polarized Alfvén waves.7

Its detailed discussion leads to the well known Fokker-Planck-equation (Vietri 2008).

Figure 2.3: Sketch of the random walk path of a particle with charge q that is travel-
ling through the galactic plane under advection characterized by velocity V. Milkyway
artwork by Risinger (2009).

7Alfvén waves are magnetohydrodynamic (MHD) waves that are created as a consequence of effective
tension between magnetic field lines. These waves propagate in the direction of the magnetic field
with an Alfvén speed vA < c.
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The existence of magnetic irregularities in form of waves with finite speed causes the
phenomenon of second order Fermi acceleration and thus eventually momentum diffu-
sion (Sigl 2016).
As boron is a secondary nucleus that is predominantly formed by spallation of car-
bon, nitrogen and oxygen nuclei during propagation, the boron to carbon ratio B/C as
primary to secondary ratio8 yields important information about cosmic ray transport.
Solving a simplified TPE in the leaky box approximation yields a relation between B/C and
the so called escape grammage λesc which is the average quantity of matter traversed by
cosmic rays on their journey. This relation is given by Equation (2.7) with D(En) being
the diffusion coefficient that can be modeled as a power law in En.

B
C

=
σC→B

σB + λ−1
esc

with λesc = cβnISMτesc ∝ 1/D(En) ∝ E−δ
n . (2.7)

The measurement of B/C by AMS-02 (red dots in fig. 2.4) roughly shows this power
law behavior above a few GeVs that allows to estimate λesc and also the average escape
time τesc.9

Figure 2.4: The boron to carbon ratio measured by AMS-02 as a function of kinetic en-
ergy per nucleon EK compared with previous measurements and a model from Cowsik,
Burch, and Madziwa-Nussinov (2014). Figure taken from Formato (2016).

8In principle also the contributions of nitrogen and oxygen to the boron synthesis should be taken into
account.

9To break the degeneracy for a τesc estimation also measurements of stable to unstable nuclei ratios like
9Be/10Be (cosmic clocks) have to be taken into account.
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It turns out that values of λesc = O
(
1g−1cm−2) and τesc = O

(
107yr

)
are obtained (Vietri

2008). For comparison: Crossing the galactic disk once translates into a grammage of
λgal. = O

(
10−4 · g−1cm−2). Although in general a significant part of the grammage

could be collected in near source regions with higher density, the galactic disk has to
be crossed many times by a cosmic ray particle to pass the amount of matter that is
necessary to explain the measured B/C. As a consequence of these scales, the spacial
diffusion ensures full randomization of arriving angles and disguises variabilities in the
produced fluxes of galactic cosmic-ray sources. The observed stability of the cosmic-ray
flux and the isotropy of arriving angles of cosmic rays is therefore plausible and will be
utilized in chapter 4.

2.2 Gamma Rays

The term gamma rays generally describes electromagnetic radiation with photon ener-
gies above 100 keV. This classification does therefore cover a significant part of the
electromagnetic spectrum containing many orders of magnitude in energy (cf. fig. 2.5).
For this reason it is useful to further subdivide the range into the high energy (HE:
100 MeV-100 GeV), the very high energy (VHE: 100 GeV-100 TeV) and the ultra high en-
ergy (UHE: above 100 TeV) regime.10

micro infrared UV X-rays gamma raysradio

Energy

Wavelength

eV keV MeV GeV TeV PeV

mmm µm nm pm

Figure 2.5: The electromagnetic spectrum.

The acceleration of particles to those energies does require special astrophysical envi-
ronments, as already discussed for the case of cosmic rays. However, in contrast to
cosmic rays, photons do not carry charge and do hence not get deflected by magnetic
fields but travel through the universe on straight lines. Gamma rays are therefore ideal
messenger particles as they can be traced back to a source and deliver important in-
formation about the extreme astrophysical objects they originate from. An important
class of gamma-ray sources are blazars. From today’s perspective, blazars are a subclass
of active galactic nuclei (AGN), that are a special type of astrophysical objects, emitting
radiation over more than 20 orders of magnitudes in energy (Padovani 2017).11 In the
following, this picture is introduced including how blazars can be classified in it.

10The border of 100 GeV between HE and VHE can be motivated experimentally as it will be discussed
in the context of gamma-ray detection.

11Over several decades astronomers defined many different types of objects (Blazars, Quasars, Seyfert
galaxies and others) as they seemed to have unique observational features. Today, AGNs are an astro-
physical classification that provides a unified picture of all of these objects and the different types can
be considered subclasses.
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2.2.1 Active Galactic Nuclei and Blazars

A galaxy, in the first instance, consists of a super massive black hole (SMBH)12 that is
surrounded by star systems, dust and dark matter that is all gravitationally bound to
the center. Depending on the morphology of the objects, they are divided into differ-
ent subclasses. The quantity that constitutes an AGN, in contrast to other galaxies like
the Milky Way, is the higher accretion rate of its cental SMBH. The galactic nucleus is
in this sense active, as it is actively accreting more matter leading to several observ-
able features. The most obvious one (especially from the perspective of astronomic
history) is that these objects are comparably bright with bolometric luminosities up to
Lbol ≈ 1048 erg s−1 (Padovani 2017). Looking at the conceptual sketch in fig. 2.6, the
most prominent characteristic of an AGN are the two jets consisting of outflowing rela-
tivistic material. These jets can be resolved by radio observations, where especially the
outermost contact region with the ISM shows strong emission. It is called the radio lobe
and can exceed the dimension of the galaxy itself.

Figure 2.6: Sketch of an active galactic nucleus. The black dot marks the SMBH with an
accretion disk shown in orange. Perpendicular to the galactic disk, the two collimated
jets are depicted. The accretion region is surrounded by a dust torus that is illustrated
in brown. The grey clouds symbolize the fainter narrow line region (NLR) and the darker
broad line region (BLR) that can affect the emission spectra. Zooming out of the active
nucleus, the right side shows typical dimensions of the radio lobes that can exceed the
size of the galaxy itself.

12A black hole is usually called super massive if it has a mass of more than 106 solar masses.
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Detailed analyses of both of these structures can be done with the aid of mm-very-long-
baseline interferometry (mm-VLBI) (Boccardi et al. 2017). From VLBI measurements it is
also known that not all AGNs have two jets, but that only one jet or no jet can also occur
in some cases (Padovani 2017). In any case, the radio signature is reduced to the one of
a point source for observers that are looking directly into one of the jets. At this point,
it becomes clear that, depending on the viewing angle, two AGNs can appear very
differently to an observer on earth and can therefore easily be classified as completely
different types of astronomical objects.
To explain the formation of the jets various types of models can be used. All of them
are either hydromagnetic, magnetospheric or hybrid approaches (R. Blandford, Meier, and
Readhead 2019). The most prominent model in this context is the BZ-mechanism by R. D.
Blandford and Znajek (1977) that is capable to explain the observed electromagnetic ex-
traction of energy and angular momentum from the system. A detailed coverage of
modern AGN models is beyond the scope of this theses, but it is important to note that
at some point in any of those models electron-positron pairs form a relativistic plasma
in the presence of strong magnetic fields (R. Blandford, Meier, and Readhead 2019).
Furthermore, hadronic components can be included (baryonic loading) leading to a vari-
ety of possible hadronic models that are capable of explaining observations. Sticking to
a purely electromagnetic approach, it is assumed that as a consequence of synchrotron
radiation eventually high energetic gamma rays are produced in the electron-positron
plasma of the jets. These photons or photons from external radiation fields can scatter
on the relativistic electrons and, thereby, gain energy. This process is known as inverse
Compton scattering or synchrotron self compton (SSC), if the photons scatter on the same
population of electrons from which they were previously emitted. The presence of those
radiative processes that are illustrated by fig. 2.7 and fig. 2.8 lead to a characteristic dou-
ble hump structure in the spectrum of the gamma rays that, due to relativistic effects, can
only escape along the jet axis.

Figure 2.7: An electron is accelerated
while travelling radially inside a
homogeneous magnetic field. It therefore
emits synchrotron radiation (Elder et al.
1947).

Figure 2.8: The s-channel (left) and
t-channel (right) of the inverse Compton
process named after Arthur H. Compton.
Photons scatter on high energetic electrons
and gain energy.



12 2 Basic Concepts

As a consequence, this radiation can only be measured on Earth if one of the jets of the
AGN points towards it. The subclass of AGNs for which this is the case are the blazars,
that can again be subdivided on the basis of their spectral attributes. In Ghisellini (2016)
the whole ensemble of known blazars (cf. fig. 2.9) is discussed. The subclass of so called
flat spectrum radio quasars (FSRQ) is overabundant in the high luminosity bins. For these
objects, the inverse Compton peak is much more dominant over the synchrotron peak
compared to the BL Lacertaes (BL Lacs) that populate the lower luminosity bins. An inter-
esting approach to explain the observed spectra is the so called plasmoid theory13 and is
discussed in Klinger (2019), where also the different approaches to explain jet formation
and the radiation modelling inside the relativistic plasma are covered in more detail.

Figure 2.9: Gamma-ray observations of blazars binned in their peak luminosity building
up the blazar sequence presented in Ghisellini (2016). The higher the luminosity the more
dominant is the inverse Compton peak over the synchrotron peak.

13Plasmoids are created in magnetic reconnection layers inside the jets, in which small perturbations can
lead to rearrangements of the field lines, building up ellipsoidal structures in which the plasma is
confined. Magnetic tension can then further accelerate these objects.
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One of the most interesting features observed in the gamma-ray signatures of AGNs is
that the integrated fluxes over a given energy range are not constant over time. On the
contrary, strong variations down to minute timescales (so called flares) are observed (cf.
e.g. Sliusar et al. (2019)). Due to causality, the emission regions have to be very limited
in size which is an important argument for the existence of an SMBH within the AGN
picture. On the other hand, sources that are known for strong gamma-ray emissions
can also turn into quiescent states in which the production of high energetic photons can
be significantly reduced and which can last for years. This behavior is of today still
poorly understood. Although modern models like the plasmoid theory could explain
flux variations up to some point, they can not easily be tested experimentally. In contrast
to those very complex approaches, there are also comparably simple explanations for
flares, like e.g. the existence of a binary partner in the system that provides energy
to the gamma-ray emission at certain times. In this and many similar cases a quasi
periodic signal would be expected. Therefore, the search for periodic signals in gamma-
ray emission in different energy ranges is important to gain a better understanding of
AGNs and consequently of special interest within the scope of this thesis.
The term quasi periodic refers to the fact that these deterministic periodic oscillations, if
they exist, are hidden in the underlying stochastic emission of the source. Variations
in the observed fluxes and flux distributions can not directly be assigned to changes of
the emitting astrophysical system. The expected noise that can be associated with these
types of processes follows typically a power law in the frequency regime,

P(ν) = ν−α + c . (2.8)

This has been observed many times before (Press 1978; Wijnands and Klis 1999). For
the case of AGNs typically red noise is expected, denoting α = 2. But also pink noise
α = 1 (also called flicker noise) has been observed.(Uttley and McHardy 2001) For the
case of PKS 2155-304, the H.E.S.S. Collaboration (2016) investigated the power spec-
trum finding that the slope in the power spectrum is larger for flaring states (α ≈ 2)
while it is smaller in quiescent states and can better be described by pink noise. This
indicates that both states are dominated by processes of stochastic nature, but of differ-
ent astrophysical origin. This does of course not exclude the existence of deterministic
periodic processes inside this source and certainly not inside other sources. However,
the specific nature of AGNs’ P(ν), the so called power spectral density (PSD), has to be
considered in the framework of periodicity analyses.

2.2.2 Sources of Special Interest

The Markarians: Mrk 421 and Mrk 501

In 1963 Benjamin E. Markarian started a catalogue containing galaxies of a special type.
The objects of interest showed above average amounts of ultraviolet emission and a con-
tinuous UV spectrum, which Markarian thought of as a result of non-thermal processes
(Markarian 1967). These objects are usually referred to using the abbreviation Mrk and
their catalogue number. Today it is known that a lot of the listed galaxies are AGNs, of
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which some are even Blazars. Two of the Markarian objects, that were later determined
to be bright gamma-ray emitters are the BL Lac objects Mrk 421 (Punch et al. 1992) and
Mrk 501 (Quinn et al. 1996). Both objects are monitored by the First G-APD Cherenkov
Telescope (FACT) and are therefore of special interest within the scope of this thesis. In
the following they will therefore also be referred to as the Markarians.

The Crab Nebula

Another class of astrophysical objects that are known to produce gamma rays are su-
pernova remnants (SNR). A representative of this group is the Crab Nebula, that is the
remnant of a super nova which was observed by the Chinese astrologer Yang Wêlt on
the August 25th 1054 AD (Peng-Yoke, Paar, and P. Parsons 1972). The name Crab Nebula
goes back to a drawing by W. Parsons (1844)14 (cf. fig. 2.10), who recognized a certain
similarity in his drawing to a crab.

Figure 2.10: Drawing of the nebula by
W. Parsons (1844), who gave Crab its
name.

Figure 2.11: Picture of the Crab Nebula
taken by the Hubble Space Telescope in
2016.

The Crab Pulsar that was created during the supernova is located in the center of the
Crab Nebula and is the energy source of the system. It emits a relativistic flow of mag-
netized plasma, inside of which electron positron pairs interact with the remnants of
the progenitor star (Buehler and R. Blandford 2013). At this point, gamma-rays are pro-
duced and accelerated by the same processes that have been mentioned above. Also

14William Parsons was an aristocrat and later bore the title Earl of Rosse. His published observations are
therefore partly to be found under the name Lord Rosse.
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the SNR spectra spread over many orders of magnitude so that the nebula can also be
observed in the optical (cf. fig. 2.11). While the observed flux from the nebula does
strongly vary in the HE regime (e.g. seen by Fermi LAT and reported in Mayer et al.
(2013)) the VHE component is very stable (Buehler and R. Blandford 2013). Therefore
the Crab is often used as a calibration source for instruments operating in this energy
range and measured gamma-ray fluxes are often expressed in multiples of the Crab flux
defining the Crab unit. In this work, the stability of the Crab VHE flux is utilized in sec-
tion 5.2 to apply phenomenological corrections to the gamma-ray fluxes measured with
FACT. To do so, the spectral index of the Crab spectrum, which follows a power law
over FACT’s energy range, has to be taken into account. A joint fit using the information
of different instruments including an unfolded FACT sample yielded γS = 2.51± 0.03
(Nigro et al. 2019). However, the latest evaluation within Beck (2019) lead to a value of
γS = 2.9± 0.2. This will be discussed again below.

2.3 Detection of Astroparticles

More than 100 years after the first measurements of CR with simple ionization cham-
bers (cf. section 2.1), the detection of charged particles and gamma rays has evolved
into a whole field of experimental physics in which a variety of detection methods for
particles of extraterrestrial origin has been developed. Figure 2.12 shows a selection of
the most common of these methods.15 Some of them will be explained in more detail
below with special focus on imaging air cherenkov telescopes (IACTs).

Figure 2.12: Detection of CR and gamma rays with various techniques.

15Detection methods for neutrinos are ignored within this work.
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The most direct way to detect particles of astrophysical origin is to build a particle detec-
tor and launch it into space. The AMS-02 experiment on the international space station
ISS16, which measures CR below the knee, and the Fermi-LAT satellite experiment17,
which measures gamma rays in the HE regime, are two examples for such detectors.
However, beyond certain limits in energy, the fluxes become too low for direct detec-
tion of particles with this approach. This is because space based detectors are limited in
size to the order of 1 m2 effective detection area18 and can therefore measure less then
ten PeV protons per year (cf. section 2.1). For gamma rays the space based observation
limits define the upper end of the HE regime at about 100 GeV. At this point, several
indirect measurement techniques come into play, that use the Earth’s atmosphere as a
calorimetric detector volume. This comes with the disadvantage that the primary par-
ticle itself can no longer be measured directly but its characteristics can only be recon-
structed. In the following it is explained how this is possible and how especially IACTS
can be used to measure gamma rays at the highest energies.

2.3.1 Extensive Air Showers

When highly energetic particles penetrate the increasingly dense atmosphere they even-
tually interact with its molecules and produce showers of secondary particles that are
known as extensive air showers (EAS). This section summarizes the most important con-
cepts of this field in the light of this work following state of the art textbooks like Spurio
(2014) and De Angelis and Pimenta (2015).
In general, extensive air showers can consist of three components. An electromagnetic
component, a hadronic component and a muonic component. The latter is initiated by the
decay of charged mesons like

π+ → µ+ + νµ or π− → µ− + ν̄µ

that produce muons. These muons have a very low interaction probability leading to
a decoupling of this component from the rest of the shower on an early stage of devel-
opment. The hadronic component consists of high energetic hadrons (most importantly
protons, pions and kaons) that interact with atmospheric constituents until they de-
posited all of their energy. During this process also neutral pions are produced that turn
into photon pairs via the reaction:

π0 → γ + γ

As a consequence every hadronic initiated shower also has an electromagnetic compo-
nent that consists of photons and electron-positron pairs and to which energy is repeat-
edly transferred.

16AMS-02 project page: https://ams02.space/
17Fermi-LAT project page: https://glast.sites.stanford.edu/
18Talking about particle detectors the quantity of interest in this context is actually the detector accep-

tance, taking also the solid angle dependencies into account.

https://ams02.space/
https://glast.sites.stanford.edu/
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In contrast, pure electromagnetic cascades are initiated by photons or electrons. These
particles quickly loose energy via mainly two processes. When they pass through the
Coulomb field of an atmospheric nucleus, photons produce electron-positron pairs via
pair production and electrons radiate photons via bremsstrahlung. In general these pro-
cesses are of stochastic nature with different typical interaction lengths and furthermore
energy dependencies. The assumption that the shower energy is equally distributed
into photons and electron-positron pairs and that the interaction lengths of both pro-
cesses are identical leads to the so called Heitler model (Heitler 1954).19 With this model
an analytic approximation of electromagnetic showers is possible, providing a rough
understanding of the evolution of the most characteristic quantities and relations be-
tween them.
In general, the analytic description of EAS is very difficult as the evolution of the cas-
cades is based on a superposition of many stochastic processes and dependent on sev-
eral atmospherical quantities. A common approach to deal with this issue is to perform
Monte Carlo simulations with tools like CORSIKA (Capdevielle et al. 1992; Heck et al.
1998).20 This is very successful as the processes taking place (ionization, bremsstrahlung
and pair production as well as the hadronic interactions) are well understood. An ex-
ample is given in fig. 2.13 (F. Schmidt 2005). To draw conclusions from these simu-
lations, in which every interaction of every single particle in the shower is processed,
they are repeated many times to create an ensemble that represents the given config-
uration of parameters. An important characteristic of proton showers, that can also be
observed in fig. 2.13, is that they have in general a bigger lateral distribution. One expla-
nation for this is that hadronic primaries have a higher interaction probability leading
to the fact that first interactions in electromagnetic showers happen on average at lower
altitudes. Therefore besides other effects the hadronic interactions are more likely to
generate transversal momenta in an early stage that sum up during the further devel-
opment of the shower. This feature is exploited in gamma-hadron separation as it will
be discussed in chapter 3.
A variety of methods to measure these showers is already given in fig. 2.12. They can
be separated into two main categories, the observation of traces in the atmosphere with
telescopes and the direct measurements of the secondary particles that reach the ground.
The latter is achieved by constructing a grid of surface detectors that can cover huge ar-
eas. An example for this is the Pierre Auger Observatory (PAO) in Malargue, Argentina
that extends over an area of more than 3.000 km2. The advantage of this technique is
that it can operate during daylight. However, only showers that reach the ground can
be detected. Therefore the PAO is well suited for the investigation of ultra high energetic
cosmic rays (UHECRs).

19The Heitler model assumes the two processes alternate resulting in a binary tree. Therefore after n
steps, the number of particles in the shower is 2n and the energy per particle E0/2n until a critical
energy EC is reached.

20CORSIKA was originally developed to support the analysis of the KASCADE experiment at the KIT
in Karlsruhe. As the first lines of code have been written in 1989 it is programmed in FORTRAN. At
the moment CORSIKA 8 is developed from scratch in state of the art object oriented C++ to reduce
the complexity of adding more features (Reininghaus and Ulrich 2019). The repository is available at
https://gitlab.ikp.kit.edu/AirShowerPhysics/corsika

https://gitlab.ikp.kit.edu/AirShowerPhysics/corsika
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Figure 2.13: CORSIKA simulations by F. Schmidt (2005) comparing EAS induced py a
primary proton and a primary photon with an energy of 1 TeV.

Besides the surface detectors (SD) the PAO also uses fluorescence telescopes (FD) that
observe the atmosphere in the night (cf. right side of fig. 2.1221). They collect the UV
light that is isotopically emitted during the shower development, if relativistic sec-
ondary particles excite nitrogen atoms. This measurement requires darkness but has
a lower energy threshold as the showers do not need to reach the ground. In combi-
nation with SD data, the FD at the PAO can especially improve the reconstruction of
the depth of the shower maximum Xmax, optimizing particle identification and energy
reconstruction (Abraham et al. 2010).
Another kind of telescopes that can measure EAS are based on Cherenkov radiation that is
emitted by relativistic particles that move faster than the speed of light in the medium.
This effect is often also used inside of ground detectors (water Cherenkov tanks). As it
provides the basis for the IACT-technique it will be explained in the following.

21Note that the picture was taken during sunset and that the telescopes themselves are therefore still
protected from sunlight by the grey shutters.
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2.3.2 Cherenkov Radiation

If a charged particle traverses a medium with a refractive index n at a velocity v that is
higher than the speed of light in this medium cn = c0/n, a radiation is emitted. As it
has first been explained by Cherenkov (1937) it is called Cherenkov radiation.

(a) v < cn (b) v < cn

(c) v > cn

 

γ

θ
C

γ

(d) v > cn

Figure 2.14: Illustration of the Cherenkov effect by Günder (2019). In (a) and (b) the
case v < cn that does not lead to Cherenkov radiation is shown. The charged particle
polarizes the medium. The depolarization leads to the propagation of an electromag-
netic field with the speed of light in the medium. That is faster than the particle itself
and the net polarization is always negligible. In the case of v > cn this is not the case as
(c) illustrates and the particle eventually crosses the wavefront that is builded up by the
elementary depolarization waves that travel slower than the particle itself (cf. (d))
.

To understand the effect that is often referred to as the optical analogue of the sonic boom,
it is helpful to use Huygens’ principle of elementary waves, as it has been done in figure
fig. 2.14. From part (d) of the figure the relation eq. (2.9) follows from trigonometry
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defining the fixed opening angle θC:

cos(θC) =
cn

v
=

c
vn

=
1

βn
. (2.9)

As for the relativistic particles in the shower β is close to one this Cherenkov angle can be
calculated to be about 0.66 ◦ at a height of 10 km and 1.3 ◦ at sea level. The Cherenkov
light is then emitted along a cone with half opening angle θC, which leads for electro-
magnetic showers to typical light pool22 diameters in the order of a few hundred meters.
The emission spectra have been described by Frank and Tamm (1937) and are illustrated
in fig. 2.15 (solid lines). During the traverse of the Cherenkov photons through the at-
mosphere the X-ray component of the spectrum is suppressed by mainly photo-electric
absorption (Day and Taylor 1948). This leads to a peak in the UV range with a tail
towards the optical at lower altitudes (cf. dashed lines in fig. 2.15).

Figure 2.15: Cherenkov emission spectra showing the number of photons per wave-
length for different primary photon energies. The solid lines mark the emitted spectra
that follow the Frank-Tamm-formula. The dashed lines correspond to the measured spec-
tra at an altitude of 2200 m (De Angelis and Pimenta 2015).

22The Cherenkov light that is emitted by a shower is a superposition of the radiation emitted by ev-
ery single particle that the shower consists of. The resulting shape of the footprint (the light pool) is
therefore not a ring, but has a more complex morphology.
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2.3.3 Imaging Air Cherenkov Telescopes

The development of IACTs has been a milestone in the discovery of gamma-ray sources
in the VHE regime. EAS are analysed on the basis of shower images. These are created
with the help of segmented mirrors that focus the Cherenkov photons onto cameras in
their focal plane. These cameras consist of photo multiplier tubes (PMTs) or recently silicon
photo multipliers (SiPMs). This technique is illustrated by fig. 2.16.

max. Cherenkov
intensity emitted at

8km to 10km
altitude

γ induced
shower

FACT
at about 2km 

altitude

shower image 
on the focal plane

(camera)

source
position

Cherenkov light 
~5ns

Figure 2.16: Conceptual sketch of the functionality of IACTS in general and FACT in
particular. The morphology of the shower images and how primary particle informa-
tion can be deduced will be explained later on.

As all photons arrive within a few nanoseconds these sensors need to be very fast. In
contrast, the demands placed on the mirrors are very low, especially in comparison with
optical telescopes.
The shape of the integral signal within the shower images23 is elliptical with the prin-
cipal axis of the ellipse being aligned with the projection of the source position. The
integrated measured signal in the camera is roughly proportional to the energy of the
primary photon. A common approach to improve the reconstruction of the shower di-
rection is to perform hybrid measurements with multiple telescopes and calculate the
intersection of the principal axes. That it is also possible to reconstruct the arrival direc-
tion with only one telescope will be shown in the following chapter for the case of FACT.

23As the sensors are very fast it is also possible to resolve the temporal evolution of a shower, which will
be utilized in later chapters. Therefore the term shower image should actually be read as shower movie.



22 2 Basic Concepts

An important requirement for observations with IACTs is a suitable location. Just like
optical telescopes, IACTs can only operate optimally in dark cloudless nights. Therefore,
ideal locations for these instruments are in areas with low cloud coverage far away
from human civilization and the light pollution associated with it. In addition, higher
altitudes are generally preferable as the Cherenkov signal on sea level is much weaker
because of the atmospheric attenuation (cf. fig. 2.15)24. The limitations to clear and dark
nights lead to comparably small duty cycles of about 15 %. In contrast, detector arrays
like the High-Altitude Water Cherenkov Observatory (HAWC) can reach duty cycles of more
than 90 % and have furthermore a larger field of view. Nevertheless, the IACT technique
allows gamma-ray observations with lower energy thresholds, higher sensitivities and
a ten times smaller point spread function (PSF) (De Angelis and Pimenta 2015).
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Figure 2.17: Sensitivity comparison of the current IACT generation (MAGIC, HESS,
VERTIAS) with the next generation (CTA). Data extracted from Spurio (2014).

The first IACT, the Whipple telescope, was constructed in 1968 with only one pixel. The
detection of the Crab Nebula as first VHE gamma source followed more than twenty
years later with an upgraded camera that consisted of 37 pixels (Weekes et al. 1989).
The current generation of IACTs is represented by the High Energy Stereoscopic System
(HESS), the Very Energetic Radiation Imaging Telescope Array System (VERITAS) and the
Major Atmospheric Gamma-Ray Imaging Cherenkov Telescopes (MAGIC) that are composed
of multiple telescopes each.25.

24The CANGAROO project has been the only IACT which has (despite this issue) been operated at sea
level. It has been located in the Outback of Australia and is no longer active.

25Project pages of the observatories can be accessed via https://www.mpi-hd.mpg.de/hfm/HESS/
(HESS), https://veritas.sao.arizona.edu (VERITAS), https://magic.mpp.mpg.de (MAGIC

https://www.mpi-hd.mpg.de/hfm/HESS/
https://veritas.sao.arizona.edu
https://magic.mpp.mpg.de
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A comparison with the Cherenkov Telescope Array (CTA), a next generation observatory, in
fig. 2.17 shows that the sensitivity will be increased by an order of magnitude. The CTA
will be composed of more than 100 telescopes of different sizes split between two sides
on both hemispheres. One of the large sized telescopes (LSTs) has already been deployed
close to FACT and the MAGIC telescopes at the Roque de los Muchachos Observatory on
the Canary Islands.

Another application of IACTs in the future will be the combination of compact tele-
scopes with ground-based detector arrays, just like the fluorescence technology is com-
bined with surface detectors at the PAO. A pioneer project in this field is the HAWC’s
Eye telescope that is planned to improve future reconstruction capabilities of HAWC in
Mexico (cf. Audehm (2020)). A similar approach is being pursued at the South Pole,
where compact IACTs will support the IceTop array that provides CR veto signals to the
IceCube Detector (Aartsen et al. 2019).
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3
FACT

3.1 The FACT Project

The First G-APD Cherenkov Telescope (FACT)1 - as its name suggests - is the first IACT
whose camera is comprised of solid-state Geiger-mode avalanche photodiodes (G-APDs),
that are also known as silicon photo multipliers (SiPMs), instead of photo multiplier tubes
(PMTs) as photo sensors (Anderhub et al. 2013). Figure 3.1 shows a photograph of the
instrument.

Figure 3.1: Photograph of the First G-APD Cherenkov Telescope (FACT) taken from (An-
derhub et al. 2013). The telescope is installed in a mount of the former HEGRA telescope
CT3. The hexagonal mirror segments focus the Cherenkov light into a camera consisting
of solid-state based photo sensors.

1FACT project page: https://www.fact-project.org/

https://www.fact-project.org/
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FACT serves two main objectives: on the one hand, it is a test bench for the SiPM
technology in gamma-ray astronomy; on the other hand, it continuously monitors the
brightest extra-galactic sources of TeV gamma rays. For the latter, whose great impor-
tance has already been indicated in section 1.1, the development of a new dedicated
type of IACT was unavoidable. In the best case, a 24 h monitoring of all known AGNs
should be achieved so that no activities are missed. As the big IACTs of the current gen-
eration (MAGIC, VERITAS and HESS) with their high sensitivities pursue many differ-
ent aims2, these instruments cannot fulfil an unbiased monitoring task (Bretz, Backes,
et al. 2008).

Figure 3.2: Overview map of the ORM on La Palma. FACT is located close to the MAGIC
site and the first larged sized telescope (LST) of CTA at 2185 m altitude.

FACT is the first telescope of a class of low cost and robust IACTs which can afford to
continuously monitor just a few sources of interest, providing unique integrated ob-
servation times. In the case of any interesting behavior of these sources (that is most
likely an increased flux state), FACT sends out automated trigger alerts over e.g. the
multi-messenger network AMON (Solares et al. 2019) based on an onsite running quick
look analysis (QLA) (Dorner, Biland, et al. 2013). This way more sensitive instruments
can follow up on these observations and the different types of instruments complement
each other. Today, FACT also has its own automated follow up program. In cases of
certain triggers sent out by other partners within the network, the monitoring task is
temporarily suspended to enrich the multi messenger data pool.
The telescope has been operated at the Observatorio del Roque de los Muchachos (ORM) on
La Palma, the most north-westerly island of the Canary Islands, since fall of 2011. La

2including follow up observations on gamma-ray bursts, identification of so far unidentified EGRET or
Fermi sources and investigation of SNRs, pulsar wind nebulae and X-ray binaries
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Palma’s unique isolated location, combined with access to higher altitudes through the
central volcanic crater and good climatic conditions, renders the island an ideal place
for astronomical observations. Since 1979 the excellent quality of the sky for astronomy
on the Canaries is even protected by law. As a result, many generations of telescopes
have been built at the ORM within the last decades. Figure 3.2 provides an overview of
the area and FACT’s location within it, very close to the MAGIC site.
The hexagonal mirror segments build up a total area of 9.5 m2, yielding a field of view
of 4.5 deg2. The SiPMs, that in contrast to PMTs do not require high voltages for oper-
ation, form a 1440 px camera. As the solid state based photo sensors are more resistant
to damages caused by background light, FACT is also able to perform measurements
during full moon and is therefore perfectly suited for its monitoring aims.3

Within the eight years of FACT operation, no decrease in the efficiencies of the photo
sensors has been observed as it was shown in González et al. (2019). In this sense, the
FACT project has proven the suitability of SiPMs for use in IACTs. CTA will also include
telescopes using solid-state photo sensors.

Figure 3.3: Illustration of FACT’s data taking efficiency. The histogram shows the
amount of physics data observation time (blue) in relation to the total amount of
about 3600 h hours of astronomical twilight for any complete year (green). The yel-
low shares denote the time from the beginning of the first run of a night to the end of
the last run. The difference between the time ranges marked in red and the physics
data can be assigned to e.g. calibration runs. The latest figure can be accessed via
https://fact-project.org/dch/obs_time.php.

3Due to safety regulations, FACT can only be operated if in case of an emergency somebody could
intervene on site. Due to the remote operation this in only the case, if there is a MAGIC shift. For this
reason, although the concept has been proven, there are also moon gaps in FACT observation data.

https://fact-project.org/dch/obs_time.php
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Over the last eight years the calibration, the scheduling and the operation itself have
more and more been automated (FACT Collaboration 2018). In many cases, this min-
imizes failures caused by human errors and furthermore allows for easy remote oper-
ation. Today, telescope shifts are almost exclusively performed remotely, which is not
only more comfortable for the shifters but also reduces costs. Due to the stable opera-
tion, FACT collects about 2500 h of physics data per year and has collected more than
14 400 h in total. Figure 3.3 illustrates the development of FACTs data taking efficiency
over time. It shows that the share of physics data could significantly be increased from
2012 to 2016 and has been rather constant since then. The time in which FACT is not
operated mainly consists of moon breaks and suspends due to strong winds or rain but
also simply too much cloud coverage. Defining the total amount of twilight hours as
100 %, FACT reaches a data taking efficiency of up to 70 % that translates into almost
30 % overall duty cycle.
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Figure 3.4: Location of FACT’s five most observed sources in equatorial coordinates in
the Mollweide projection. The purple band marks the part of the galactic plane contain-
ing multiple gamma-ray sources. The galactic center is highlighted with a star in the
center of this band. The dashed green line denotes the ecliptic plane.

The predominant part of this observation time is divided between a few sources as part
of FACT’s AGN monitoring program. These sources are the Markarians (Mrk 421 and
Mrk 501), the Crab Nebula and the BL-Lacs 1ES 1959+650 and 1ES 2344+51.4.4 Fig-
ure 3.4 shows a sky map in equatorial coordinates containing these sources. As men-
tioned above, the Crab is predominantly used as calibration source. In fig. 3.5, the indi-
vidual time shares of each source are shown.

4In the following these sources are sometimes just referred to as 1959 and 2344.
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Figure 3.5: Illustration of how FACTs observation time is shared between the five most
observed sources. In total more than 14 400 h of physics data have been collected since
fall 2011. The latest numbers can be accessed via https://fact-project.org/dch/obs_
time.php.

The unbiased long-term monitoring data set which has been collected by FACT is unique
in its size and sampling density in the field of VHE gamma rays. The obtained light
curves are therefore the most promising starting point for the search for quasi-periodic
signals in the VHE gamma-ray emissions of AGNs. Furthermore they are well suited
for multi wavelength analyses as lately performed in Sliusar et al. (2019).

3.2 Data Taking and Analysis Chain

In this section, the complete analysis chain of FACT, including the data taking, will be
introduced. This will partially be done very briefly, as a deep understanding of the
process is not necessary for all analysis steps within the context of this thesis. If this
introduction does not appear detailed enough to the reader, reference is made to Beck
(2019) (as part of the chain was optimized within this work) and Klinger (2019) (as the
optimization of the Monte Carlo set required a deep understanding of the reconstruc-
tion) as well as to the corresponding FACT publications.5

Data Runs and Shower Image Generation

A crucial concept for the further course of this work are FACT’s data runs. It seems plau-
sible at first that during a night some adjustments have to be made to meet the current
observational conditions. For example the trigger threshold of the instrument has to
be adapted to the light conditions. This requires a read out of the SiPM currents and a
setting of the digital-to-analog converters (DACs) to configure the comparators on the fact

5List of all FACT publications: urlhttps://www.fact-project.org/publications/

https://fact-project.org/dch/obs_time.php
https://fact-project.org/dch/obs_time.php
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preamplifier (FPA) boards (details below), which cannot be done during a measurement.
Data runs, that have in general a duration of 5 min, are the smallest analysis unit. Within
this time range, the conditions are assumed to be stable. Additionally a calibration run
is scheduled any other hour to adjust the read out electronic configuration (e.g. the gain
settings of individual domino ring samplers (DRS)).

single pixel complete camera

trigger patch 
of 9 pixel

Figure 3.6: Illustration of trigger patches and how they build up the FACT camera based
on a sketch in Klinger (2019).

Within a data run the SiPM pixels are read out with a sampling rate of 2 GHz which
corresponds to a data point every 0.5 ns. The SiPM currents are continuously amplified
and fed into a DRS. If the trigger master receives the information that an event has
occurred, the ring buffer is read out and the last 300 values (150 ns) are passed on to
the ADC. Figure 3.7 shows a simplified FACT data acquisition (DAQ) illustrating this
process. The so obtained data series that contain the ADC counts in dependence of time
for any pixel are called traces.
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Figure 3.7: Simplified FACT DAQ based on a sketch in Schaufel (2017) illustrating the
signal path of one of the four channels (C1-C4) of the FPA. The signs indicate whether
an amplifier (blue) is inverting or not. The purple comparators can for any data run be
configured via a DAC setting.
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The triggering procedure itself is based on so called trigger units, in which four trigger
patches are combined. If the total signal of a trigger patch, that is added up on an FPA
board, overcomes the threshold setting of the run, this information is passed to a fact
trigger unit (FTU) board. Here, the trigger information from the other patches of the
corresponding trigger unit come together and an N out of 4 logic must be overcome. If
this is the case, the DRS readout is initialized by the trigger master. However, the second
DAC setting is usually such that already a single trigger patch exceeding the threshold
guarantees a readout (N = 1).
From now on, the data is handled on the software side of FACT’s data acquisition that
is based on the modular analysis and reconstruction software - Cherenkov observatory edition
(MARS-CheObs ed.) (Bretz and Dorner 2010). The tool was originally developed for
MAGIC but is as of today also used for FACT and the HAWC’s Eye project (Audehm
2020).
The first analysis step is the conversion from ADC counts back to photon equivalents
based on the calibration of the electronic setup. This leads to physically meaningful
traces. As describing any event with a set of 1440 traces is not very handy, the informa-
tion contained in these traces is then further compressed. The maximum value of the
trace is defined as the pixels’ signal s and the arrival time ta marks the point in time on
the rising edge where s/2 is reached.6 This way a compressed form of the event data is
generated: The image. In fig. 3.8 the image for an example event from the FACT event
viewer is shown.7

Figure 3.8: Images of a shower event from April 2013 extracted from the FACT event
viewer. The signal distribution is shown on the left side, the arrival time distribution on
the right side.

6The part of MARS that is used for the image generation is called callisto.
7The FACT event viewer can be accessed via https://www.fact-project.org/viewer/ and even pro-

vides the opportunity to play around with the image cleaning.

https://www.fact-project.org/viewer/
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In the next step the generated images are cleaned. This is done by defining connected
signal areas as so called islands and checking if they satisfy various criteria. This part of
the analysis further optimizes the reconstruction process, but will not be discussed in
detail at this point.

Parameterization of Shower Images

The reconstruction of the electromagnetic showers based on the images goes back to a
method that has been developed by Hillas (1985). It turns out that the most important
shower parameters can be calculated from only a few statistical quantities, the extended
Hillas parameters, that are consequently just a compression of the image itself.

length

width

COG
dist

disp

Θ

bright

dark

true 
source position

reconstructed 
source position

Figure 3.9: Modified sketch of a shower reconstruction on a conceptual signal distribu-
tion taken from Klinger (2019). The source position is calculated based on the extended
Hillas Parameters with the so called disp-method developed by Lessard et al. (2001). The
true source position is marked with the red star and the reconstructed position with the
pink star.

At this stage, one is predominantly interested in two shower parameters. The first of
those is the energy E of the primary particle, which is approximately proportional to
the total signal of the event. This quantity is usually referred to as its size S. The second
is the arrival direction, which can be interpreted as a point on the sky. For gamma rays
this point is in case of a perfect reconstruction identical with the source position.
To enable this reconstruction, additional parameters are derived from the size distri-
bution. The center of gravity (COG) of the distribution needs no further introduction.
In addition, the variances of the size distribution along two orthogonal axes that are
chosen such that the bigger value is maximized. These statistical quantities can be il-
lustrated by an ellipse with major axis of length L and a minor axis of width W. The
semi-major axis of this ellipse, with area A = πWL, points towards the source position.
To reconstruct the source position with a single telescope, the so called disp-method can
be used (Lessard et al. 2001). The disp denotes the distance of the source position from
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the COG of the size distribution. It is calculated from

disp = ξ

(
1− W

L

)
, (3.1)

with a free parameter ξ. Figure 3.9 illustrates this procedure by way of an exemplary
conceptual image. The angular distance between the true position and the reconstructed
position is denoted as θ. For the case of FACT, this true position is known for most of the
cases as the position of the AGNs have been determined by other instruments before.
As lately shown in Beck (2019), the event reconstruction can be significantly improved
by taking also the third moments of the signal distribution as well as parameters derived
from the arrival time distributions into account. The free parameter ξ can for example
be parameterized as a function of the slope, which means the actual slope of the linear
relation of arrival time in dependence of the position along the semi-major axis. Also the
energy reconstruction can be optimized taking additional information into account. As
within this thesis no analysis at the image-level is presented, this will not be discussed
any further at this point.

Gamma-Hadron Separation

A very important part of the analysis is the discrimination of photon induced showers
and proton induced ones, as the latter dominate the observations by a factor in the order
of 103 (De Angelis and Pimenta 2015). As explained in chapter 2, the hadronic showers
tend to have in general a larger lateral distribution. Therefore, the ratio of size and area
S/A is typically smaller for gamma rays.
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Figure 3.10: Optimization of the gamma-hadron separation within Beck (2019) for the
case of lightcurves.
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Using Crab as a calibration source the relative error on the analysis can be minimized
by variation of a size-area-cut. While for the generation of a spectrum from the data the
smallest relative error in every energy bin is being sought, the lightcurve requires the
smallest relative error on the integrated flux. In Beck (2019) a variety of parametriza-
tions of the cut has been tested and optimized for both cases. This is shown in fig. 3.10.
Within Klinger (2019) the performance has additionally been tested on Monte Carlo
simulations. The parameterization of the cut that will be used is

log10(Size/pe) > α ·Area/mm2 + β (3.2)

with α = 1.15 · 10−3 and β = 1.554.

Measuring the Number of Gamma-Rays from the Observed Source

As mentioned above, FACT is predominantly monitoring sources whose positions are
precisely known. Therefore, the true source position within the camera is always known
and the angular distance to the reconstructed positions θ can be calculated. High θ
values indicate that a gamma-ray is probably not originating from the source and can
be assigned to background. Reconstructions to the region around the known source
position can, in contrast, be assigned to signal events.
Based on this simple argument a cut on θ2 can be derived. Also this cut has been opti-
mized on a Crab data sample within Beck (2019) and is determined as θ2 < 0.028 deg2.
Notwithstanding, after a cut on the arrival direction has been applied, there is still a
significant number of background events in the sample. These are proton showers that
survive the size-area cut and are reconstructed to the source region.
To estimate the number of background events, FACT measures in the so called wobble
mode. That means, FACT does not point directly at the sources but observes slightly off
axis. In this case there are six points on the camera with equivalent optical characteris-
tics, which is illustrated by fig. 3.11. The reconstruction is then not only performed for
the source region but also for the five wobble regions. As a result, FACT can calculate
the expected number of background events reconstructed to the source region as the av-
erage over the number of events reconstructed to the wobble regions. This background
can then simply be subtracted.
The remaining number is the number of excess events originating from the observed
astrophysical object. A statistical investigation of the consequences that come with this
procedure, in the context of lightcurves, will be discussed in chapter 5. At this point it
will be left at that the number of excess events divided by the observation time defines
an excess rate that is directly proportional to the gamma-ray flux of the source integrated
over the energy range of FACT. The conversion factor can be calculated by investigating
the acceptance of the telescope with the aid of Monte Carlo simulations. However, it
is generally accepted practice to give fluxes in units of the Crab flux, which is more
intuitive. This will also be done throughout the rest of this work.
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Figure 3.11: Illustration of the wobble mode method based on a sketch taken from
Klinger (2019). The wobble regions can be determined to estimate the number of back-
ground events.

Database-Based Analysis and Basic Cuts

Running for eight years, FACT has collected a massive amount of data that are available
at various levels of the analysis chain and for different configurations of each step within
this chain. To allow for a quick access to these data without dealing with big files and
complex folder structures, an SQL database has been set up. This FACT-database at
ISDC8 contains low level data (calculated Hillas parameter for every event) as well as
high level data (fully generated lightcurves for certain configurations) and additional
information to any run9 (weather data, run duration and more).
The FACT-database provides the opportunity of performing a significant part of the
analysis steps within the SQL query, which enables a very compact and verbose code
base. Analyses that are at least partially performed via this pipeline are referred to as

8FACT data center at ISDC https://www.isdc.unige.ch/fact/datacenter
9These are stored in the RunInfo table and will frequently be used later on.

https://www.isdc.unige.ch/fact/datacenter
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database-based analyses. Most analyses within this thesis are of this category.
Within Doerenkamp (2018), a few basic and intuitive cuts for the database are moti-
vated. As they will frequently be applied in the following, they will be introduced at
this point.

Data Rejection for Certain Dates

For a hand full of dates various problems with the data taking are documented.10 The
corresponding nights are consequently removed from the sample. As the feedback and
calibration procedure was significantly improved within the first two years of operation,
data taken before 2014 will be excluded from the analyses whenever this is possible,
especially for the determination of data-driven corrections. Exceptions to this procedure
will be pointed out.

Cut on Run Duration

As mentioned before, a data run has in general a duration of 5 min. However, at the
beginning and the end of the night, the light conditions vary quickly and the thresh-
old setting needs to be adjusted more frequently. Therefore in these phases 1 min runs
are scheduled. These are especially an important guideline, to check, if the automated
threshold setting works as expected. For the determination of corrections, these runs are
neglected due to the increased relative error and the strong variation of the conditions
even within their shorter duration. The run duration f RunDuration is calculated from
the timestamps f RunStart and f RunStop that mark beginning and end of any run. The
cut

298 s < f RunDuration < 301 s (3.3)

does additionally reject some aborted runs. In total this affects less than 2 % of physics
data.11

Cut on Dead Time

Without having discussed the functionality of a G-APD sensor in detail, it should be
clear that a certain amount of dead time of the photon sensors after a pulse is un-
avoidable. This dead time is usually very small. High dead times can thus indicate
problems within the DAQ chain. To monitor this, the total dead time throughout a
run is summed up and an effective measurement time can be calculated. The factor
f E f f ectiveOn ∈ [0, 1] denotes the quotient of this effective measurement time and the
total run time f RunDuration. For the majority of runs this parameter is very close to
one. In Doerenkamp (2018), the cut

f E f f ectiveOn > 0.85 (3.4)

10A bias recalibration for example led to problems with the trigger rate in may 2017.
11After the identification of bad weather runs following a procedure which will be explained later on,

most of the short runs will anyway be rejected from the analysis sample.
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is derived from the distribution of the parameter for a large Crab sample. In total, an
application of this cut affects less than 2 % of physics data.

Cut on Artificial Trigger Rate

The concept of FACT’s artificial or virtual trigger rate with respect to a certain threshold
will be discussed in detail in the next chapter. As one can nevertheless already imagine,
trigger rates that exceed a certain range have to be considered unphysical. They mainly
reflect the number of cosmic ray events that dominate the measurements. This number
is expected to be rather constant over time. Runs with strikingly high trigger rates can
therefore be assigned to an additional trigger source that is in many cases the MAGIC
LIDAR (cf. section 4.3) and need to be rejected. The chosen limit on this quantity is
400 events/min and rejects less than 0.1 % of physics data.
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4
Monitoring Telescope Performance and

Atmospheric Conditions

For a holistic understanding of IACTs it is important not to reduce the experiment to the
telescope itself but to include the atmosphere as a crucial part of the complete detector
into the data analysis. The system as a whole, but especially the atmosphere, is under-
going a variety of changes over time that influence the measurements. Monitoring the
performance of the telescope itself on the one hand and the impact of atmospheric con-
ditions on the other hand are therefore key factors to improve data quality. For the latter
one, several devices and techniques have been developed. A combination of a CCD,
which monitors the number and brightness of visible stars in the FOV, and an infrared
pyrometer, which measures the temperature of the sky, can be used for this purpose.1

Another way to measure the transparency of the atmosphere are LIDAR measurements.
Analyzing the feedback of short Laser pulses that are shot to the sky, it is even possi-
ble to gain detailed information about the density and altitude of cloud layers (Fruck
2011). While the advantages of these techniques are obvious, it has to be noted that the
acquisition and technical maintenance of the necessary hardware represent significant
financial investments. Moreover, the operation requires a not inconsiderable amount of
man power. For the comparatively small FACT collaboration especially limitations of
the latter resource necessitate an alternative approach to this task.

4.1 Trigger Rates and Interpretation as Cosmic-Ray Rate

4.1.1 Using the Trigger Information

As discussed in chapter 3 the dominant part of triggering events does not originate
from electromagnetic extensive air showers of very high energetic gamma-rays, but
from hadronic showers of charged cosmic rays, that hit Earth with a very stable rate
(Particle Data Group 2018). The raw trigger rate can, in this sense, be interpreted as
the rate of cosmic-ray events that overcame the chosen threshold and may be regarded
as a constant background rate for most of the measurements. However, as the show-
ers of those events develop under the same atmospheric conditions with high statistics

1This is e.g. done at the VERTIAS site.
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as the gamma induced ones, it is possible to deduce information about the detector’s
performance as a whole. This may be referred to as correcting the signal rates with the
background rates.

Using dedicated rate scans, the correlation between bad atmospheric conditions and
reduced trigger rates was confirmed in Hildebrand (2013). The disadvantage of this
method is that, due to the characteristics of the FACT electronics, data taking has to
be interrupted for those rate scans. To solve this problem, hardware changes have
already been suggested in Hildebrand (2013) to count all events that would have ex-
ceeded a certain trigger threshold, regardless of the threshold that has actually been
set. As an interim solution, the necessary changes can also be performed on the soft-
ware side i.e. basically rebuilding the trigger logic introduced in (Ref prev CHAPTER)
in software. This concept has been introduced in Hildebrand et al. (2017) and may be
referred to as software trigger or virtual trigger in the following, which provides the pa-
rameter fNumThreshold750. This is for any data run the number of events that would
have exceeded a trigger threshold of 750 ADC. The rate fR750 follows from

f R750 =
f NumThreshold750

( f RunStop− f RunStart) · f E f f ectiveOn
. (4.1)

Equivalently, the rates fR500 and fR1000 can e.g. be calculated based on virtual trigger
thresholds of 500 ADC and 1000 ADC, respectively.

4.1.2 Choosing a Virtual Trigger Threshold

In order to decide which virtual trigger threshold is best suited for the definition of a
cosmic-ray rate, one may have a more detailed look on the relation between the two
trigger thresholds and the resulting rates in different situations.
For simplicity, it is assumed here that any setting of trigger threshold T and virtual trig-
ger threshold V corresponds to minimum energies ET and EV of the primary particle,
above which it satisfies the respective trigger condition. In reality, this relation is more
complex and has been discussed in e.g. (Beck 2019). Figure 4.1 illustrates that the virtual
trigger rate Rvirt can then be derived from the threshold settings following

Rvirt =
∫ ∞

max(ET ,EV)
A(E)

dφ(E)
dE

dE , (4.2)

with differential cosmic ray flux dφ(E) / dE, and detector acceptance A(E). The soft-
ware trigger can obviously only classify events that have actually triggered the read-out
electronics. The perfect virtual trigger setting defining the cosmic ray rate RCR is such
that EV is always bigger than ET, but as small as possible to maximize the trigger rate
and consequently minimize the relative uncertainty. By definition, RCR should not de-
pend on the chosen trigger threshold fThresholdMinSet of the individual data runs. For
choices of EV that are too small one can observe an exponential decrease if ET reaches
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EV accordingly:

Rvirt(T) =

{
const. for ET < EV

∝ T−γ+1 for ET > EV
, (4.3)

with γ ≈ 2.7 the spectral index of the CR spectrum.
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(a) EV > ET: The energy threshold of the inte-
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(b) EV < ET: The energy threshold of the inte-
grated virtual trigger rate is defined by ET.

Figure 4.1: Illustration of how the trigger rates follow from different trigger and virtual
trigger threshold settings. The blue curve sketches the spectrum that FACT would mea-
sure under perfect conditions. EH marks the hardware threshold energy. The filled area
defines the integrated virtual trigger rate Rvirt..

In fig. 4.2 this behaviour is tested for three different virtual trigger thresholds on the ba-
sis of all data runs between Jan. 2014 and Oct. 2019 with some quality cuts applied. This
includes especially the restriction to zenith distances below 30 ◦ that will be discussed
in ?? in detail.
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Figure 4.2: Comparison of trigger rates
originating from different virtual trigger
thresholds. For 500 ADC, the expected
decrease towards higher DAC settings can
be observed.
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Figure 4.3: To make substructures visible
the trigger rates from fig. 4.2 are
normalized to the respective average
rates. The two higher ADC settings follow
the same systematics.
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Lower values of V lead to higher trigger rates as follows from eq. (4.2). The normalisa-
tion of these rates to the average rate for each virtual trigger threshold is illustrated in
fig. 4.3. For V = 500 ADC the case EV < ET is reached above 700 DAC and the rate de-
creases rapidly. However, due to folding effects, the observed decrease does not strictly
follow eq. (4.3). For the other two values of V, the rates are rather constant and show
the same systematics, indicating that 750 ADC is the best choice for the virtual trigger
threshold and the corresponding rate fR750 can be interpreted as the cosmic-ray rate
RCR in the following. Nevertheless, two characteristics of RCR catch the eye: For the
lowest thresholds the mean rate is significantly smaller than 〈RCR〉, the average over all
threshold bins. This can be explained by the limit represented by the hardware thresh-
old. Even with perfect light conditions the threshold is never set below 290 DAC cutting
of a very small part of the spectrum. To illustrate this, fig. 4.4 shows the kernel density
estimations (KDE) of the lowest threshold bin in comparison to one with higher thresh-
old settings. While for the higher threshold bin the most frequent value is equivalent
to the mean value, the distribution in the lowest threshold bin shows the expected tail
towards lower rates. Therefore, the mean value of the distribution does not match the
maximum of the KDE.
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Figure 4.4: Comparison of the kernel
density estimation in the first and a higher
threshold bin.
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Figure 4.5: Comparison of the kernel
density estimation in the three highest
threshold bins.

In order to explain the decrease of RCR to the highest thresholds, various mechanisms
can be considered. It is e.g. possible that the trigger just does not work as efficient on the
highest thresholds. Figure 4.5 suggests that this is not the case, as the KDE maxima stay
close to 〈RCR〉. The parts of the distribution tending to lower rates could be caused by
certain constellations of cloud coverage that lead to above average reflections of ambi-
ent light during full moon. Following this idea, a systematical preference to lower rates
for high threshold settings can be understood. Notwithstanding, as fig. 4.6 illustrates,
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only a very small amount of data is affected by this.
In addition, selection effects can occur, i.e. in some time ranges special light conditions
and certain atmospheric conditions come together by chance leading to a bias in the cor-
responding threshold bin. While the mean value of the rate distributions is relatively
sensitive to those selection effects, that typically cause a shift of the whole distribution
for certain periods of time, the maximum of the kernel density estimation is a compar-
atively stable estimator and a much better representation for the whole distribution.
Figure 4.7 shows that the RCR obtained from the KDEs are in good agreement with a
constant.
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Figure 4.6: Threshold distribution of all data runs taken between January 2014 and
October 2019 with standard quality cuts applied. The bin sizes are adjusted to achieve
a constant number of runs per bin for most of the parameter space.

Figure 4.7: KDE maxima in the context of the full run distribution. The colors indicate
the point density in arbitrary units. As the KDE maxima are not as sensitive to
selection effects, it is now visible that RCR does not depend on the trigger threshold.
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4.2 Correcting the Zenith Distance Dependence

The most important correction that needs to be applied to the cosmic-ray rate RCR is its
dependence on the zenith distance θ under which the observations take place. As fig. 4.8
illustrates, increasing zenith distances lead to longer paths through the atmosphere and
therefore less transmission of Cherenkov light. Other effects that have to be taken into
account are the reduced light yield, image sizes and photon densities.

Figure 4.8: Illustration of the increasing geometrical distance of the observed showers
to the telescope with increasing zenith distance θ.

The complete parametrization is discussed in detail in Mahlke (2017) and Bretz (2019)
and can be described with an analytical expression given by

R(θ̂) ∝ θ̂(γ−1)(5χ+α−2)−2χ ·
(

e1−1/θ̂
)ξ(γ−1)

·
(
1− log θ̂

)2κ(γ−1)
, (4.4)

with θ̂ = cos θ and the free parameters χ, ξ and κ. For the exponent α, which is part of
a simple model describing the atmosphere, the value α = 0.065 can be motivated. Fur-
thermore, γ = −2.7 is used as the spectral index of the cosmic ray spectrum (Particle
Data Group 2018). The parameter values obtained from a fit of the model to RCR within
Bretz (2019) are given in table 4.1, where the KDE maxima and the standard deviation
of the rates in 20 equally sized zenith bins have been used. In the following, this fit is
repeated to include new data taken on the one hand and to discuss the fit itself in more
detail on the other.

Figure 4.9 shows, as expected, that the cosmic ray rates RCR for the five most observed
sources decreases towards higher values of θ. For this reason, sources are in general
observed under zenith distances as low as possible leading to less observations in the
high θ regime. As a consequence, clusters at certain angles become visible as vertical
structures whose positions match the sources’ culmination angles.
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Table 4.1: Fit results obtained by Bretz (2019) for the cases of free and fixed χ.

χ ξ κ

0.78± 0.09 0.26± 0.08 0.71± 0.14
0.9 (fixed) 0.15± 0.02 0.91± 0.02

Following Bretz (2019) the data set is binned in θ for further analyses. As the distribution
in any of these bins is very asymmetric, with a tail tending towards lower rates due to
the influence of bad observation conditions, the KDE maxima are determined.

Figure 4.9: Dependence of RCR on the zenith distance θ. The culmination angles of the
observed sources are denoted at the upper axis with the smallest value belonging to the
Crab. The errorbars represent σFWHM following from eq. (4.5).

Instead of using the standard deviation σ in every bin, the uncertainty is calculated from
the full width at half maximum FWHM, as the latter is not as sensitive to the number
of outliers. The normalization factor is chosen following

σFWHM =
FWHM

2
√

2 log 2
, (4.5)

as σFWHM is then equivalent to σ for a pure gaussian distribution. The elevation of the
first bin only containing Crab runs is a result of selection effects. It is excluded for the
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determination of the correction function by rebinning the whole data set in zenith dis-
tance bins of 3 ◦, starting at the culmination angle of Mrk 421 at 9.34 ◦.
Concerning the model fit, one has to keep in mind that the goal is not to draw con-
clusions on any physical attributes from the best fit parameters, but to perform a phe-
nomenological correction to the cosmic ray rate to use it as an estimator for the tele-
scope’s performance. As the model is only an approximation and deviations from it are
expected to be dominated by systematic selection effects, the former one would in any
case be challenging. One could argue that under these circumstances the discussion of
statistically sophisticated generative models producing such a data set is obsolete as it
does not significantly improve the correction with respect to a simple χ2 minimization.
However, to quantify the quality of any correction a generative model is used anyway,
may it be explicitly or implicitly performing a χ2 fit.2 In addition, the projection of un-
certainties on the fit parameters to the space of the observed data with gaussian error
propagation leads to overestimation, if the correlations between fit parameters cannot
be neglected. Using all available information and a Monte Carlo sampler can therefore
not only provide a better understanding of the parameter space, but also of the system-
atic uncertainties that come with the application of a correction.

In a first step, a suited likelihood function is defined that is in general equivalent to a
description of the generative procedure for the data. For this purpose, a lot of informa-
tion can be taken into account. At this point, the model from eq. (5.26) is considered,
where the quoted uncertainties are overestimated by a constant factor f :

ln p(R(θ)|θ, σ, χ, ξ, κ, f ) = −1
2 ∑

n

[(
Rn(θ)− Rmod(θn, χ, ξ, κ)

)
(σn f )2 + ln

(
2π(σn f )2

)]
(4.6)

This serves the idea that the maximum values of the KDE in any θ bin are much better
known than σFWHM suggests, as it is visible to the naked eye in fig. 4.9. Nevertheless,
the width of the distribution represents the relative weights of the bins more correctly
in this case than the uncertainty on the KDE maximum itself σKDE which decreases
with increasing number of runs Ni in that θ range. As it is the intention to correct
individual runs, two bins should not be treated differently if the average deviation from
the respective KDE maxima is equal, even if they contain different amounts of runs. This
argument loses its validity in the limit of very low statistics as the average deviation
itself comes with a non-negligible uncertainty in this case. To include an Ni dependent
term in the likelihood function would therefore not be fundamentally wrong.
Maximizing this likelihood function already yields a best fit result, but it does not yield
any uncertainty estimation. Even more interesting than the uncertainties of any fit pa-
rameters is their impact on deviations in the space of the observed data.

2In (Hogg, Bovy, and Lang 2010) the authors elaborate this point using the example of a straight line
and emphasize that the violation of "weighted linear least square fitting"-assumptions does not open
up a wide range of options to the investigator with little but aesthetics to distinguish them, even if
this is implied by some literature. They conversely stress that the existence of even an approximate
generative model leads to a non-arbitrary procedure and better fit results.
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For this reason a Markov chain Monte Carlo (MCMC) sampler is used to investigate the
ensemble of all possible model representations. With an existing generative model for
the data, the remaining procedure follows a simple recipe.3
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Figure 4.10: Projections of a sample containing 5000 realizations drawn from the pos-
terior probability distribution using the MCMC sampler. The best fit results obtained
from the ensemble are compared to the best fit from Bretz (2019).

3An example for the application of a linear model is also given in the documentation of the emcee
package at https://emcee.readthedocs.io/en/latest/tutorials/line/.

https://emcee.readthedocs.io/en/latest/
https://emcee.readthedocs.io/en/latest/tutorials/line/
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Based on the likelihood the posterior probability function can be written down up to a
constant:

p(χ, ξ, κ, f |R(θ), θ, σ) ∝ p(χ, ξ, κ, f )p(R(θ)|θ, σ, χ, ξ, κ, f ) (4.7)

with p(χ, ξ, κ, f ) being the prior. If it was possible to derive further restrictions on the
parameter space from e.g. physical principles, they would be included at this stage.
In this case, the prior consists of uniform distributions in χ, ξ, κ and log( f ) that cover
meaningful ranges following conservative estimations.
The MCMC is then initialized with the best likelihood fit to draw samples from the so
obtained posterior distribution (eq. (4.7)). After cutting away the so called burn in phase
(Tierney 1996) to avoid any bias through the choice of a starting point, this posterior
distribution can be analysed using different projections as shown in fig. 4.10.
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Figure 4.11: Projection of the posterior probability distribution to the space of the ob-
served data. The figure contains 10% of the produced MCMC ensemble. The fit from
Bretz (2019) is shown for comparison.

From the distributions in the χ, ξ, κ space it can be deduced that the model could in
principle be reduced to two parameters. The third parameter is important to describe
the correct behavior above 75◦. Additional statistics at high zenith distances will there-
fore lead to less ambiguity and will eventually allow for a physical interpretation of the
fit results.
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However, as mentioned above, the projection of these samples into the space of the
observed data (fig. 4.11) does provide a more intuitive visualization. It turns out that
the best fit from Bretz (2019) is, for most values of θ, well covered by the band built
up by 500 realizations drawn from the posterior ensemble. As expected, the obtained
correction itself is not very different from previous analyses. Nevertheless, with the full
MCMC ensemble it is possible to estimate the systematic uncertainty that is induced by
applying this correction (although systematic deviations from the model itself are not
taken into account here). Figure 4.12 illustrates the projection of the results in the space
of zenith distance correction factor cθ that does not depend on R0 anymore, resulting
in small uncertainties for low zenith distances. The 500 different realizations split up
towards the highest values of θ.
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Figure 4.12: Projection of the fit results on
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For any θ the distribution of cθ is reduced to its first two moments. The standard devi-
ation σcθ

represents the absolute uncertainty on the mean value µcθ
. The relative uncer-

tainty is then defined as σcθ
/µcθ

(cf. fig. 4.13).

Unbinned Approaches

The main challenge following an unbinned approach is to identify outliers as they natu-
rally dominate the likelihood function. The existence of such points that do significantly
deviate from the model is expected as some experimental effects remain unconsidered
in its development. The most common approach to handle this issue is to first identify
these unmodelled effects (e.g. certain weather conditions in this case) and remove the
bad points from the data set by introducing a quality cut. To do so, a decent additional
data set is needed (that e.g. contains the cloud coverage of the night sky). This method
adds further understanding of the data, providing the opportunity to eventually extend
the model by the corresponding dimension. Nevertheless, such a data set will never
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exist for all unconsidered effects and outliers will remain. A common approach to deal
with these is then the so called sigma clipping. For this procedure, one basically claims
that any relative deviation from the model that exceeds a certain arbitrarily chosen limit
can be assigned to an unmodelled effect and therefore be rejected. Although this as-
sumption might be correct in many cases and the procedure is a standard way to reject
outliers in many applications of Astroparticle Physics, it can never provide statistically
robust physics result (Hogg, Bovy, and Lang 2010). Nevertheless, it is still preferable to
pruning outliers by hand.

If the described methods are for any reason not applicable, it is also possible to face the
issue with an objective statistical approach. That is, introducing a second distribution
describing the outliers that is characterized by a set of parameters that can be noted as
~V.4 In addition, an N-dimensional boolean vector~b has to be defined that does assign
every data point to either the outlier distribution (bi = 0) or the model distribution
(bi = 1). Furthermore a prior estimation pout for these assignments is added as well as
a prior condition on~b that penalizes data rejection. The corresponding likelihood can
then be noted as

L =
N

∏
n=1

[
pmodel(~y|~m,~I)

]bi
[

pout(~y|pout, ~V)
](1−bi)

, (4.8)

with pmodel being the generative model for the good data points inside of all data points
~y that can be described with the parameters ~m, and priors~I and pout being the generative
model for the outliers.

As the values of these N + 1 + dim(~V) can be inferred and marginalized out within the
MC procedure (just as it has been done for the free parameter f above), it is in general
not problematic that the number of free parameters exceeds the number of data points.
This whole procedure can also be adaptive in the sense that an ensemble of prior estima-
tions can be compared on the basis of e.g. stability criteria in the minimization process.
Following this path, eventually the border to what is often referred to as artificial intelli-
gence is crossed.

Within the scope of this thesis it will always be sufficient to proceed with a binned
approach, as the data quality of the corresponding measurements is excellent for most
of the time. Under these circumstances outliers do not significantly contribute leaving
the binned approach a robust one. Nevertheless, it should be kept in mind that, if model
parameters of physical meaning shall be obtained from the fits, the FACT data set can
also be analysed with unbinned approaches of the discussed category that can generate
an even deeper understanding of underlying background distributions.

4~V usually is at least two dimensional containing the mean and the variance of the outlier distribution.
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4.3 Correcting the Influence of Calima

What is Calima?

Due to its location on La Palma on the Canary Islands FACT is confronted with a special
weather phenomenon that is known as Calima. It describes a dust-laden atmospheric
layer originating from the Sahara desert in north-west africa, which is why it is also
called Saharan Air Layer (SAL). This layer is often driven over the atlantic ocean where
it is lifted above the much cooler marine air and eventually reaches the Canary Islands.
On satellite pictures, as shown in the left part of fig. 4.14, the dust layer is clearly visible.
It can extend over many kilometers in altitude and can sometimes even reach the east
cost of northern america.

Figure 4.14: Left: Satellite image of the SAL by NASA (2017). La Palma is entirely
covered in saharan dust. Right: Sketch of how the SAL attenuates the Cherenkov light
of EAS.

From the perspective of IACTs the occurrence of Calima is unfortunate as the iron-rich
(cf. Dunion and Velden (2004)) dust layer reduces the amount of Cherenkov photons
that reach the ground significantly, to the extend that measurements are sometimes no
longer possible.5 This is illustrated by the sketch in the right part of fig. 4.14. For a
consistent data set it is therefore essential to monitor the strength of Calima and reject
affected time ranges or when possible correct for its effect on the measured fluxes. This
has been investigated before by LeBohec and Holder (2002) for the case of WHIPPLE
and by Dorner, Nilsson, and Bretz (2008) for the case of MAGIC.
To do so, different measures of Calima are discussed in the following focussing on how
different data sets can be combined to correct the CR fluxes measured by FACT.

5Also the optical telescopes located on La Palma have to deal with this issue. As these operate with high
precision optics the dust can even damage the telescopes in the worst case.
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Different Measures of Calima on La Palma

Calima can be quantified by a variety of methods, with the easiest one being the mea-
surement of dust concentration on the ground. For this purpose, laser based particle
counters are located at some of the telescopes at the ORM. They indicate the number of
dust particles per volume drawn-in air which exceed a size of 25 µm. Figure 4.15 shows
a picture of one of those particle counters that is located at the Telescopio Nazionale Galileo
(TNG) at an altitude of 2360 m. The dust sensor at the GTC (also in fig. 4.15) is even
closer to FACT.

Figure 4.15: Illustration of the relative positions of FACT and the dust particle counters
at TNG and GTC.

The concentration distributions measured by both counters are shown in fig. 4.16.6 For
the TNG measurements, a ground-state distribution with a mean below 1 µg/m−3 is
visible as well as a Calima-state distribution with a mean in the order of 10 µg/m−3.
As it will be discussed below, the analyzed samples contain different amounts of in-
dividual measurements taken over different domains in time. Nevertheless, the GTC
values show a very similar structure. The dust concentration distribution will not be in-
vestigated any further, but it can be concluded that both instruments draw a consistent
overall picture on the first glance. Furthermore it should be noted that both samples
are dominated by the low concentrations that can be assigned to good observational
conditions.

6That it makes sense to display the measurements on a logarithmic scale will become clear later.
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(b) Dust centration measured at GTC.

Figure 4.16: Distribution of the concentrations measured by ground-based particle
counters. The data originates from different time ranges and is unevenly sampled. Still
the same overall structure is visible with hints of two distributions: One belonging to a
ground state and one belonging to a Calima state.

A monthly binning of the TNG measurements reveals that Calima is usually taking
place during the summer (cf. fig. 4.17).
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Figure 4.17: Monthly binning of the concentrations obtained from the dust particle
counter at TNG. Calima is predominantly occurring during the summer.

In general, the influence of the dust layer on Cherenkov photons can not be reduced
to a single number, as the processes attenuating the measured shower intensity on the
ground take place during the entire crossing of the layer and depend on density and
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composition of the layer in any point of altitude. Comparable processes can also occur
without Calima, e.g. originating from light absorption in aerosol layers or simply due
to pressure and temperature fluctuations. A common way to monitor the atmospheric
conditions are LIghtDetection And Ranging (LIDAR) systems. One of these systems has
been developed for the usage at MAGIC by Fruck (2011). A schematic sketch of the
system is shown in fig. 4.18.

Figure 4.18: Schematic sketch of the LIDAR system at MAGIC with some of its compo-
nents taken from Fruck (2011).

The system operates a pulsed, frequency doubled Nd:YAG laser shooting into the sky.
Backscattered photons are reflected into a detector module using a 60 cm diameter milled
aluminum mirror. The analysis of the returning signal, which is explained in Fruck
(2011) and reviewed in Cassanyes (2014), yields a value for the differential atmospheric
transmission.

Creating a Consistent Data Set

The run information table (RunInfo) of the FACT data base at ISDC (cf. section 3.2) does
contain columns for the dust concentration measurements at TNG and for LIDAR trans-
mission data in different altitudes. Whenever a data run is taken and the corresponding
Calima measurements are available, the values are added to the table. As a consequence
this data is only available in the data base for nights in which FACT is taking data. In
addition, there are many reasons why the data may not be available. These may con-
cern the data pipeline or the functionality of the instruments itself. The GTC sample has
been provided in response to a request in November 2019 and is not yet part of the data
base. Therefore it is not synchronized with FACT data runs and does not only contain
measurements taken during the night.
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To investigate the availability of the data, the samples are binned on a nightly basis and
the mean as well as the standard deviation are calculated. As values of exactly zero
dust particle counts during a night are either a hint of perfect observational conditions
from which no correction could be derived or (more likely) of a malfunction, these val-
ues are treated as unavailable measurements. As the data pipelines are partially lacking
an automated monitoring it is possible that the last measurement taken before a mal-
function occurred is filled into the sample many times. Therefore, also every night with
more than five measurements and a variance of zero is treated as unavailable. The so
defined availabilities of the data originating from the different instruments is illustrated
by fig. 4.19.
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MJD
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TNG

One only
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Figure 4.19: The availabilities of Calima related measurements from the different instru-
ments are shown in the second to fourth row. The first row marks dates where only one
of the instruments is available, which is then indicated by the corresponding color. The
last row shows date at which no calima related information is accessible.

The illustration shows that the TNG measurement can be accessed for the whole time
range that FACT is operating, with small gaps in between, leading to roughly 60 % cov-
erage of all nights.7 The GTC measurements are only available since 2016, but since
then almost constantly accessible. A malfunction of the TNG sensor in 2019 leads to the
fact that 13 % of the time, only the GTC measurement can be used for a correction.8 The
LIDAR measurements are only available from 2013 to 2016. As the first row of fig. 4.19
suggests, the MAGIC LIDAR was the only source of Calima related data for a few days
in 2015. A correction based on this instrument is therefore not considered any further.

7That does again not mean that the TNG dust sensor was not operating in 40% of the nights. It can also
be a consequence of FACT not taking data, problems with the data pipeline or the instrument showing
a constant value over a period of one night.

8In these 13 % also nights are included in which FACT did not take data.
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To combine the two particle counter data sets the correlation of GTC and TNG data
is investigated. This is also performed on the samples binned on a nightly basis. Al-
though, in principle, the variation within short time ranges in which a cloud of dust
reaches the island can be significant, most of the time the variations within one night
are comparably small as fig. 4.20 suggests.
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Figure 4.20: Distribution of the relative variations of the measured concentrations
within a single night. The relative variation is in this case defined by the relative vari-
ance Varrel.

c = Varc/c̄2 = σc/c̄ with standard deviation σc and mean c̄. The histograms
are not stacked.

The relative variation is even smaller for concentrations bigger than 5 µg/m−3 above
which an influence of Calima is expected, as it will be shown in the following. Proceed-
ing with nightly bins is therefore justifiable.

To analyze the correlation of the two instruments the data set is temporarily reduced to
nights in which measurements of both sensors is available. Figure 4.21 shows a scatter
plot containing this data set. Additionally, the color denotes the point density calculated
as the value of the underlying probability distribution that is estimated with the aid of
a two dimensional gaussian KDE. The correlation coefficient of 0.53 indicates the com-
plexity of the weather phenomenon.9 Although the two locations are only about 500 m
apart and lie within 100 m in altitude, there are times in which the sensors measure very
different dust concentrations. This can be understood as a result of complex air layer
structures or unconsidered systematic effects10, but can also be caused by sensors taking
the predominant parts of measurements at different times during the night11. Filling the
GTC measurements into the FACT data base would solve this problem by construction.

9Weighting the individual nights with the combined relative variance of both measurements would lead
to a higher correlation coefficient. However, as this is not a standard procedure, this value could easily
lead to a wrong understanding of the data set. Therefore uncertainties are not taken into account.

10like e.g. strong wind gusts or cars, that whirl up dust particles.
11Note again that the TNG data originate from the FACT data base and are therefore synchronized with

FACT data taking, while the GTC sample is independent.
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Figure 4.21: Scatter plot revealing the amount of correlation between the two dust mea-
surements. The gray dashes mark the identity.

Regardless of the large number of outliers there is no physical reason to assume any-
thing but a linear relation between the two concentration measurements cTNG and cGTC,
allowing for a systematic bias c0:

cGTC = m · cTNG + c0 . (4.9)

To fit the data to this model, they are binned in measured concentration at the TNG
cTNG and the weighted mean in every bin is calculated. The individual weights are
represented by the standard deviation of measurements within the nights. Due to the
maximum likelihood evaluation being very sensitive to the initial guess, also in this case
the MCMC sampler is used. The result is shown in fig. 4.22.12 The best fit results for
m and c0 are also given in the figure and are again obtained from the quantiles of the
corresponding posterior function containing 5000 MC samples.

Within this subsection it has been shown that it is possible to correlate the different
dust measurements available in La Palma and convert the concentration measured at
the GTC cGTC to the concentration that would have been measured by the TNG sensor

12As the resulting uncertainties are obviously underestimated the free fit parameter f is introduced just
as explained in the previous section. The best fit value is log f = −0.47. For the evaluation of the best
fit f does not play a role, as it is marginalized over it.
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cGTC, if the latter is not available. It has also been shown that a significant number of
outliers exist. Nevertheless, it is much better to use the information of the other sensor
than not applying a correction as it will be shown in the next section. It is therefore
certainly desirable to develop a stable data pipeline for both instruments to synchronize
these measurements with future FACT data runs.
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Figure 4.22: Linear model fit to the dust sensor data binned in cTNG. Note the dou-
ble logarithmic scale leading that leads together with the non vanishing c0 to a curved
appearance. The gray dashes mark again line through the origin with slope one.

Modeling the Influence of Calima

To develop a model describing the influence of Calima on the fluxes measured by IACTs,
a few simplifying assumptions can be made. The first is that the cosmic ray flux follows
a power law

φ(E) ∝ E−γ (4.10)

with spectral index γ = 2.7 over the whole energy range that is accessible for FACT (cf.
section 2.1). In addition, the energy of the primary particle generating an EAS is approx-
imately proportional to the size of the events in the camera, which can be interpreted as
the total intensity of the Cherenkov light originating from this shower. An intensity loss
of the Cherenkov wavefront during the traverse of the SAL (as it is sketched in fig. 4.14)
mainly leads to an underestimation of the primary particles’ energy. The differential
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flux measured under the influence of Calima does therefore originate from a more en-
ergetic part of the CR spectrum. The reconstructed primary energies E during Calima
thus belong to primary particles of energy E′ = E + ∆E that are bigger than E. This
could also be phrased differently as a shift of the energy threshold by ∆E which is obvi-
ously leading to lower rates. The resulting integrating fluxes f and fC can be calculated
as

f =
∫ ∞

Eth

φ(E)A(E)dE , (4.11)

for the case of perfect conditions with energy dependent telescope acceptance A(E) and

fC =
∫ ∞

Eth

φ(E + ∆E)A(E)dE , (4.12)

for the case of Calima. These integrated fluxes can be translated into the CR rates RCR
measured by FACT. Furthermore, it will be assumed that the apparent energy loss of
the reconstructed primary particle is proportional to its energy E and the integrated
grammage λSAL that is collected during the SAL traverse:

∆E ∝ λSAL · E . (4.13)

Last but not least, this grammage is assumed to be proportional to the dust concentra-
tion cdust measured on the ground. Following this idea for the normalized CR rate R̂CR
the relation

R̂CR =
fC

f
= (1 + α · cdust)

−γ (4.14)

can be derived with α being a proportional constant of unit m3g−1.

Applying the Model to CR Data

By fitting the derived model to CR data the free parameter α can be determined that de-
scribes the amount of attenuation that the Cherenkov light experiences while traversing
the SAL. This allows for a correction of the effect.
For this, runs are only used if a corresponding TNG dust measurement cTNG is available,
with the availability term being defined as above. This is due to two reasons: First, in
the previous section it has been shown that the correlation between the two sensors is
not very robust in all cases and, in addition, it has been shown that the time range in
which only the GTC measurements are available is comparably small. This means the
GTC measurements are essential to correct data in certain time ranges but not needed
to determine the correction that has to be applied.
Figure 4.23 shows the distribution of runs within the dust concentration space. The data
is binned on a logarithmic scale to enable for comparable numbers of bin entries in the
same order of magnitude. The concentration value that each bin is assigned to is de-
rived from the weighted mean of the concentrations within the bin as in the correlation
investigation with the GTC sensor. The assigned cosmic ray rate follows again from the
KDE within the bin and the uncertainty is derived from this KDE as shown above.



60 4 Monitoring Telescope Performance and Atmospheric Conditions

Figure 4.23: Dependence of RCR on the dust concentration cdust. The discretization for
low dust concentrations originates from the digitization of the sensor. For higher con-
centrations the measured rate is clearly reduced.
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Figure 4.24: Result of the model fit projected into the data space. A value for the absorb-
tion parameter of α = 4.21± 0.26 is determined.

The model fit itself is performed along the same lines as the zenith distance correction
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in the previous chapter and again the emcee package is used. The absorbtion parameter
α is determined to equal (4.21± 0.26)m3ng−1. Figure 4.24 shows the projection of the
results back into the space of the measured data. The purple band is composed of 100
thin lines that are random samples from the posterior probability distribution.
This fit immediately yields the correction factor cc, which is shown in fig. 4.25. The un-
certainty on this value is again obtained from the distribution of the randomly selected
samples and evaluated for any value of cdust up to 100 µgm−3 in 0.5 µgm−3 steps.
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Figure 4.25: Projection of the fit results in
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values a rate suppression by a factor of 3 is
obtained.
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Figure 4.26: Estimation of the uncertainty
of the obtained dust correction. For a
typical value of 25 ¯gm−3 that is reached
during Calima the absolute uncertainty is
about 2 %.

4.4 Quantifying the Overall Cosmic-Ray Correction

With the zenith distance and the Calima corrections being applied, the effect on the
cosmic-ray rate distribution can be investigated. This is done in fig. 4.27.
As expected, the corrections lead to a higher average RCR, as for both corrections the
factors are always bigger than one. Also the peak of the distribution is higher and
narrower. To quantify this effect, the squared averaged relative deviation χ2 from a
constant rate is calculated before and after the correction. The value for this constant is
chosen to be the maximum of the underlying KDE Rmax

CR :

χ2 = ∑
runs

(
Rrun

CR − Rmax
CR

σrun
RCR

)2

. (4.15)

The normalized χ2/Ndo f is expected to be much bigger than one, as the measured
rate has a big tail towards lower rates. The rejection of bad quality data in this part of
the distribution will be discussed in the following section. At this point, the quantity
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Figure 4.27: Comparison of the cosmic-ray rate distributions before and after the cθ and
cdust corrections. The vertical lines mark the maximum position of the underlying KDEs
Rmax

CR .

of interest can thus only be the reduction ∆ of the χ2, through the application of the
corrections:

∆ =
χ2

before − χ2
after

χ2
before

≈ 7 % . (4.16)

This shows that the correction was quantifiably successful.

4.5 Performance Monitoring

The tail towards lower rates of the distribution in fig. 4.27 can be understood as a result
of a variety of effects that have not been considered so far. This includes, especially, bad
weather in form of above average cloud coverage, rain, snow or even ice on the mirrors.
As, in addition, the general performance of the whole detector is encoded in the trigger
rates, the rejection of bad weather runs has to be based on a reference value that reflects
the current detector performance.
In general, it is not possible to disentangle detector performance and observational con-
ditions. As the atmosphere is an important part of the detector it is partially not even
clear to which of the two categories an effect needs to be assigned.
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The challenge at this point is to, somehow, reject bad quality data in advance to allow
the determination of periods in which the detector performance is roughly constant. For
each of these performance periods, a reference trigger rate denoting good observational
conditions is calculated subsequently. Based on these reference values, a bad-weather-
factor (BWF) is determined for any run, describing the ratio of measured cosmic-ray
rate to the reference rate. Small BWF will then be an indication for poor observational
conditions.
So far, the reference CR rate f R750Re f that is used to reject bad weather data is calcu-
lated for every month (i.e. for the time range between two moon breaks). If a significant
performance variation within this month is recognized, this period ( f Period within the
database) is further investigated and potentially split. Then, the KDE of the underly-
ing CR-rate distribution is determined in that time range. Instead of applying a Cal-
ima correction, the data sample is reduced to runs during which dust concentrations
lower than 1 µg m−3 have been measured at TNG. If the KDE denotes a superposition
of multiple distributions, usually the highest peak is selected as reference and the lower
are assigned to bad observational conditions. Following this procedure also allows for
the rejection of bad quality measurements, but diminishes the informative value of the
reference rate. Changes of the reference value do not necessarily indicate detector per-
formance variations.
Although the determination of performance periods provides these insights, it is ob-
vious that the procedure is conceptually problematic, as no reference information is
known for the first rejection of bad weather runs. An example of how this issue can be
faced will be described in detail in this section. Another method could deviate in some
details and still be justified.

Rebinning of Cosmic-Ray Rates

Starting from the corrected cosmic-ray rates RCR from the previous section that are
known for every run, a conservative cut on the trigger rate is applied first. This is
defined by Rmax

CR /2 ≈ 150 events/min.13 Then a rebinning on a nightly basis is con-
ducted. For every night, the weighted mean Rw

CR and the variance σR are calculated. As
the observational conditions are expected to vary on much smaller scales in time than
the detector performance, the sample is reduced to nights with comparably stable RCR.
Therefore, after the rebinning, nights with a high standard deviation σR are rejected. The
condition is chosen as σR < 17 events/min. Additionally, nights with a mean cosmic-
ray rate below 3 events/s are flagged as bad weather affected, as well as nights in which
less than one hour of data could be taken. The distribution of measurement nights in
the corresponding parameter spaces are given in fig. 4.28. By applying these cuts, the
sample is significantly reduced. About a third of the nights is not suited to derive de-
tector performance information following the described criteria. It should be noted that
this is no indication for bad data quality in general.

13If less than half of the most frequent value which can be assigned to good conditions is measured, there
is obviously a problem with the observational conditions.



64 4 Monitoring Telescope Performance and Atmospheric Conditions

0 10 20 30 40 50
standard deviation R in events/min

0

50

100

150

200

250

nu
m

be
r o

f n
ig

ht
s p

er
 b

in R < 17 events/min

(a) 31.3 % rejected due to CR rate stability.

150 200 250 300 350
weighted mean Rw

CRin events/min

0

50

100

150

200

nu
m

be
r o

f n
ig

ht
s p

er
 b

in Rw
CR > 180 events/min

(b) 3.44 % rejected due to low mean CR rate.

0 20 40 60 80 100 120
number of runs per night

0
5

10
15
20
25
30
35
40

nu
m

be
r o

f n
ig

ht
s p

er
 b

in N > 12

(c) 4.66 % rejected due to few data runs.

Figure 4.28: Overview of the distributions of nights in the parameter spaces of conserva-
tive bad weather cuts. The percentages of rejection through the different cuts are given.
Applied cumulatively a total of 35.2 % of the nights does not survive the cuts. That does
not mean that the data is of bad quality, it is not suited to derive a performance state.

For the determination of performance periods the smaller sample is not a problem, as
long as extended spans of time are not removed completely, which is not the case here.
The process is also illustrated by fig. 4.29 in which the temporal evolution is shown.
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Figure 4.29: Illustration of the cleaning process. The colors denote which of the cumu-
latively applied cuts caused the rejection. Blue data points survive all the cuts and will
be used for the performance determination. The error bars show the standard deviation
within a night, not the much smaller uncertainty on the weighted mean.

Performance Periods with Bayesian Blocks

Searching for periods of constant performance is a typical example for the problem of
characterizing local variability in a time series with gaps and observational uncertain-
ties. As these kinds of problems occur in many applications several tools to treat this
issue are available. The most common method in this case is the usage of Bayesian blocks
(Scargle et al. 2013). The algorithm associates any measurement to an observational
state based on Bayesian statistics.14

The implementation of the algorithm used within this work is part of the astropy pack-
age.15 The fitness function is chosen as the standard implementation for measurements16.

14Within Scargle et al. (2013) many examples for the application of the algorithm are given. Also e.g.
treatment of gaps in the data is discussed.

15https://docs.astropy.org/en/stable/api/astropy.stats.bayesian_blocks.html
16fitness=’measures’

https://docs.astropy.org/en/stable/api/astropy.stats.bayesian_blocks.html
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To determine the false alarm probability to compute the prior p0 a scan is performed
(cf. fig. 4.30). Within the reasonable parameter space (0.01% to 10%), all values fit the
expectation concerning the number of identified blocks. The chosen value of p0 = 1 %
can therefore still be considered meaningful, but other choices could be justified as well.
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Figure 4.30: Scan of the parameter space of p0 to determine a meaningful false alarm
probability. The results fit the expectation for any choice of the prior and p0 = 1 % is
chosen for further analysis.
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Figure 4.31: Result of a Bayesian blocks analysis for the cleaned CR sample binned on a
nightly basis (blue dots). The errorbars denote the standard deviation within the night.
The purple lines mark the start of a new performance period. The reference value ob-
tained from the run distribution of all nights for each block is shown in red.

As in addition blocks with a length of less than one week get assigned to the previous
performance period17, the effect of choosing a higher value for p0 is basically canceled
17Allowing for performance periods of less than a week does not make sense in the context of detector
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out. The result of the Bayesian blocks analysis is shown in fig. 4.31. All 23 performance
periods obtained this way are listed in the appendix with corresponding reference val-
ues (cf. fig. 2).

Some of the identified performance jumps fit to corresponding events (e.g. mirror re-
alignments) noted in the logbook.18 A discussion of possible reasons for any single jump
at this point is beyond the scope of this thesis. It should be noted that continuous tran-
sitions from one performance state to another can also originate from the atmospheric
year cycle. By correcting only assignable performance jumps and modelling the remain-
ing as continuos transitions, the investigation of this year cycle could be possible.19
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Figure 4.32: Computation of the reference rate for an exemplary performance period.
The colored curves denote the KDE normalized to the maximum value of the histogram.
The cleaned and the full sample provide very similar RRef.

The reference values RRef for any performance period are obtained from the ensemble
of all runs as the maximum position of the KDE that describes the corrected CR-rate
distribution. Figure 4.32 illustrates the determination of RRef and shows furthermore

performance. These time ranges can probably assigned to a small but stable amount of cloud coverage.
18The FACT logbook contains detailed information about every shift or adjustment ever performed on

the telescope.
19However, first attempts concerning this topic have already been made within this work and an oscilla-

tion with a period of one year could not be found.
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that reducing the sample to only stable nights has no effect on the result. This is ex-
pected, as also within unstable nights the observational conditions are excellent most of
the time. However, the stable night sample is significantly more symmetrical reflecting
the successful cleaning procedure.
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Figure 4.33: Distribution of runs in BWF
space. The tail towards lower rates can be
assigned to bad weather conditions. Runs
with BWF > 1 are typically overcorrected
and come with big uncertainties. A
symmetrical cut is applied.

50 100 150 200 250 300 350
RCR in events/min

0

500

1000

1500

2000

nu
m

be
r o

f r
un

s p
er

 b
in before correction

after correction
and BWF cut

Figure 4.34: Comparison between the
uncorrected run distribution and the
corrected distribution after BWF cut. Data
taken under bad conditions could
successfully be rejected. The asymmetrical
shape can be assigned to different states of
detector performance being more or less
frequent.

The bad-weather-factor (BWF) is then defined as the ratio of RCR and RRef and is computed
for every run. The distribution of runs in BWF space is shown in fig. 4.33. The maximum
accepted deviation from a BWF of one is chosen as 10 % in both directions. Again, other
choices of this cut may also be justified.
The impact of the BWF cut on the distribution in CR-rate space is reflected by fig. 4.34.
The remaining sample will be used for the lightcurve generation20 assuming that data
taken under bad observational conditions have successfully been rejected within this
section.

Possible Explanations for Performance Variations

As it can be seen in fig. 4.31, FACT’s overall performance follows a downward trend.
For any change of detector performance, especially for decreasing performances, it is
always desireable to identify possible reasons. For FACT this applies all the more, as it
serves as a pioneer in the field of G-APD usage in IACTs. It is therefore important to
clarify that an overall performance decrease is not a result of decreasing photo sensor
efficiencies. This has e.g. first been shown in (Temme et al. 2017), leaving the open
question what other reasons for performance drops can be worth considering instead.

20The term lightcurve generation means the calculation of light curves based on low level data. It should
not be confused with the generation of lightcurves within simulations.
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The weather phenomenon Calima has been deeply discussed in section 4.3. A so far
unconsidered result of the SAL is a reduced mirror reflectivity due to accumulating dust
particles on the mirror surfaces. This thin dust layer can last much longer than the SAL
itself and is usually washed away with the next rain. FACT does not monitor its mirror
reflectivity, but MAGIC does for some selected segments. A preliminary time series is
shown in fig. 4.35 side by side with the cleaned FACT cosmic-ray rate sample. Especially
starting from the end of the summer 2017 very similar structures can be observed. It is
consequently very plausible that a significant part of the overall performance variation
is caused by mirror quality. It is furthermore expected to get worse over time, as FACT
does not perform regular mirror realignments or surface treatments since the launch in
2011.
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Figure 4.35: Side by side comparison of the averaged cosmic-ray rate measured by FACT
and a preliminary data set with reflectivity measurements of MAGIC mirrors for the
years 2016, 2017 and 2018. Especially in summer 2017 the similar structure catches the
eye.
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5
Computation and Correction of

Gamma-Ray Fluxes

As introduced in chapter 3, FACT’s main goal is to monitor the gamma-ray fluxes of
the brightest blazars in the VHE regime. Therefore, the generation of lightcurves is
an important part of the FACT analysis chain. Within this chapter it will be explained
how FACT measures gamma-ray fluxes and how they can be rebinned and corrected for
various effects. As a result, lightcurves that are ideally suited for periodicity analyses
will be obtained.

5.1 How FACT Measures Excess-Rates

FACT’s sensitivity is relatively small in comparison with other IACTs of the current
generation. For its purpose of long term monitoring of the brightest VHE gamma-ray
sources this is not a problem, as the total observation time that FACT can spend on a sin-
gle source can exceed the ones of bigger telescopes by orders of magnitude. However,
the low sensitivity leads to a small number of excess events per data run which comes
with some implications. Therefore, the procedure of how FACT determines gamma-ray
fluxes will be investigated within this section and will be optimized to reduce system-
atical errors.

General Procedure

The FACT camera consists of 1440 hexagonal pixels that build up an overall hexagonal
shape. Using the symmetry of this setup, FACT can estimate the CR dominated back-
ground rates by measuring in the so called wobble mode. That is that the field of view is
not centered around the observed source. Instead, the source is placed in one of six sym-
metrically arranged wobble positions. The number of γ-candidate-events reconstructed
to the source region NS can then be compared to the number of γ-candidate-events re-
constructed to one of the five background wobble regions NB. This has already been
mentioned in section 3.2 and is again illustrated by fig. 5.1.
The number of excess events NE, which can be interpreted as the number of primary
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Figure 5.1: Possible wobble configuration of the FACT camera. The red circle marks the
source region, the grey circles the background reference or wobble regions.

photons originating from the source, can then be obtained by

NE = NS −
NB

α
, (5.1)

with α = 5 being the number of background wobble positions. Using Gaussian error
propagation the uncertainty on the excess follows as

σNE =

√
σ2

NS
+

σ2
NB

α2 =

√
NS +

NB

α2 , (5.2)

as both NS and NB obey a Poisson distribution with σN =
√

N. Based on these con-
siderations, also the significance of a source detection can be calculated following the
standard method of Li and Ma (1983).1 Anyhow, this is only valid for a sufficiently large
number of events. For FACT data runs, the typical event numbers can be so low that
the Poissonian characteristics of the distributions can no longer be neglected. Exem-
plary implications of not considering this will be covered in the following sections and
a Bayesian approach will be introduced.

1A Bayesian approach to deal with the Li-Ma-problem is also discussed in Bayesian literature (Gillessen
and Harney 2004). For large counts and a weak source, the Li and Ma formula agrees with the
Bayesian result again.



5.1 How FACT Measures Excess-Rates 73

Implications of not Considering Low Event Counts

To understand how the non-consideration of the Poissonian nature of the data influ-
ences the obtained excess one can think of two applications that lead to inconsistencies.

Single Runs and the ’Zero-Zero-Case’

The most simple case to be investigated here (although it is rarely found in FACT data)
is a run in which events have neither been reconstructed to the source region nor to one
of the background wobble regions. From eq. (5.1) and eq. (5.2) follows an excess event
count of zero with infinite precision (NE = 0, σNE = 0). This is obviously a wrong result.
While this is just the most extreme example, one tends in general to underestimate the
uncertainties towards low count rates. Investigating e.g. the beginning of a flare in high
temporal resolution, small uncertainties on certain data points can be very misleading
and represent a precision that does not exist.

Rebinning of Runwise Evaluated Excess Rates

For the generation of a lightcurve the information from several runs in a given time
interval (e.g. one night) might be combined. This may be referred to as rebinning. To
achieve this, two different methods seem to be equally meaningful on the first glance:

(i) All signal and background events of all runs within the night can be added up
and the excess can be computed with the aid of equations (5.1) and (5.2). Then the
nightwise evaluated excess rate Rn

exc can be obtained by dividing this excess count
NE by the sum of the effective measuring times teff.

(ii) For every run the number of excess events NE can be calculated using equations
(5.1) and (5.2). Then a division by the effective measuring time of the run leads to
an excess rate rexc with uncertainty σrexc . The nightly binned excess rate Rr

exc can
then be obtained by averaging the runwise evaluations.

First, it should be clear that, for a sufficiently large number of runs and events per run,
both approaches lead to the same result. Furthermore, it can be assumed that using
method (i) the Gaussian limit is reached by combining just a few runs. In this case,
Poissonian effects can be neglected. Whenever it is possible, this method should be
preferred and the obtained Rn

exc can be interpreted as measured excess rate Rexc.
However, this is not always the case. As the excess rates depend on frequently changing
observables (e.g. the zenith distance and the threshold settings), efficiency corrections
have to be applied on short timescales. Therefore in these cases only the second method
is available as the excess rates rexc of individual runs can be corrected accordingly before
averaging the runs to Rr

exc.
The most intuitive approach to do so is the calculation of the weighted mean within
the night. However, as discussed above, runs with low event rates enter this calcula-
tion with an underestimated uncertainty. The weights of these runs are consequently
overestimated leading to an overall underestimation of the resulting gamma-ray flux.
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To test the impact of this, a Crab sample taken from one performance period is analyzed.
By applying very conservative cuts, the need for corrections is eliminated. In this case,
Rn

exc obtained from method (i) and Rr
exc obtained from method (ii) only deviate as a

consequence of Poissonian effects. The quantity

∆rel =
∆Rexc

Rexc
=

Rn
exc − Rr

exc
Rn

exc
, (5.3)

that characterizes this deviation can then be calculated for every night and is not ex-
pected to depend on the rate itself.2 The peak of the ∆rel distribution at 25 % reveals the
importance of the discussion.

Solution to the Rebinning Issue

There is a procedure of combing runwise evaluations as a part of method (ii) that is
equivalent to method (i) for the case of no corrections.

Rexc =
Ntot

S −
Ntot

B
α

ttot
eff

=
∑
n

NS −
∑
n

NB

α

ttot
eff

=
∑
n

(
NS − NB

α

)
ttot
eff

=
∑
n

(
NE
teff
· teff

)
ttot
eff

=
∑
n
(rexc · teff)

∑
n

teff
(rates weighted with teff) (5.4)

6=
∑
n

(
rexc · (σr)−2)
∑
n
(σr)−2 (rates weighted with uncertainties (σr)

−2).

Following eq. (5.4) the individual runs cannot be weighted with the individual uncer-
tainties (as these are underestimated) but have to be weighted with the individual effec-
tive measurement durations teff. This is not obvious at the first glance but very plausible
as teff is a measure of how well the background rate can be estimated. It is independent
of the number of signal events. In analogy to this, the uncertainty σR on the rebinned
rate Rexc can be derived:

σR =

√
Ntot

S +
Ntot

B
α2

ttot
eff

=

√
∑
n

(
NS +

NB
α2

)
ttot
eff

=

√
∑
n
(σrexc · teff)

2

∑
n

teff
. (5.5)

Corrections can easily be included within this approach by using the corrected quanti-
ties

r′exc = fcorr · rexc and σ′rexc
= fcorr · σrexc , (5.6)

2It has been investigated that this is the case.
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instead of rexc and σrexc , with fcorr being the total correction factor. The main problem
is thereby solved: By combining a few runs, the asymmetric regime of the Poissonian
distribution is left behind and the rebinned data could be handled as if all uncertainties
were Gaussian. However, it is still unclear how the uncertainties obtained for single
runs via eq. (5.2) have to be corrected.

Understanding Uncertainties of Individual Runs

Flipping the Poisson distribution

To gain a deeper understanding of the uncertainties on excess rates within single runs, a
good starting point are the distributions for the number of background events assigned
to a single wobble region. The probability P(k|λ) denotes k events being measured in a
given time interval under the assumption that λ ∈ R>0 is the physical average (the true
value) for this interval. As the counting process is of Poissonian nature, this probability
can be given as

P(k|λ) = λk

k!
e−λ. (5.7)

Figure 5.2 illustrates the well known Poisson distributions for a range of λ values.
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Figure 5.2: Poisson distribution P(k|λ) for the parameter space of low counts.
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In this case, however, one is interested in the probability P(λ|k) that the average number
of events in the time interval is λ, if k events are measured. From a Bayesian point of
view this could be expressed by Baye’s theorem as

P(λ|k) = P(k|λ)P(λ)
P(k)

, (5.8)

with P(k) = 1 as some k have been measured and prior P(λ) = Θ(λ) ensuring that
λ ∈ R>0. Therefore P(λ|k) = P(k|λ) is obtained.

For a single run it does not make any sense to consider P(λ|k) a probability. The value
λ represents the true background rate in this specific time interval, which is a physical
quantity that does not follow a distribution but has one true value. This value can not
be deduced from a single measurement of k. A valid question that can be addressed is
to which amount one can exclude that the true λ is smaller or bigger than a certain value
although k events have been measured. However, if the prior assumptions were actu-
ally valid and one could investigate the distribution of the λ’s for all measurements of a
specific k value (within e.g. Monte-Carlo simulations), the same distribution that could be
calculated by interpreting expression (5.7) as a function of λ would be obtained. There-
fore, although keeping in mind that P(λ|k) is just an ensemble representation, it might
be justified at this point to read the plot in figure 5.2 the other way around.

After accepting this interpretation, it can be observed that the Poisson distribution (also
as a function of λ) shows significant asymmetries for small k as shown in figure 5.3.
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Figure 5.3: Distributions of P(λ|k) for the first k values. The asymmetry of the distribu-
tions increases towards lower k.
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Although the most probable value for λ is still k itself, there is a significant chance that
the measured k originated from a Poisson distribution with higher λ.

As all this is valid for one single background wobble region, it is also valid for the total
number of background vents NB, as the sum of a Poisson distribution is a Poisson distri-
bution itself. With the same argument, the number of events NS in the signal region can
be described this way, as it is the sum of a background distribution and the distribution
of true gamma events. Therefore the probability density functions (PDFs) for λB and λS
are given by

P(λi|Ni) =
λ

Ni
i

Ni!
e−λi ; i ∈ S, B . (5.9)

The expectation value for λi and the square root of the variance σi follow as

〈λi〉 = Ni + 1 and σi =
√

Ni + 1 , (5.10)

and will be used later on.

It is important that the PDF P(λE|(NB, NS)) does not obey the same form, as the differ-
ence of two Poisson distributions is not a Poisson distribution. The PDF can, thus, only
be obtained from the convolution of P(λS|NS) and P(λB|NB).

Calculation of the Excess PDF

The PDF P(λE|(NB, NS)) describes the probability that a random pick from the ensem-
ble3 of all possible combinations of λS and λB, if NS signal events and NB background
events have been measured, corresponds to λE excess events. To obtain this PDF, the
convolution

P(λE) =
∫

dλSP(λS|NS)P(λB|NB)Θ(λS)Θ(λB) , (5.11)

that obeys the secondary condition

λB = α(λS − λE) , (5.12)

has to be formed. Using eq. (5.12), plugging in P(λi|Ni) from eq. (5.9) and choosing
α = 5 for the case of FACT leads to

P(λE) =
∫

dλS P(λS|NS)P(5(λS − λB)|NB)Θ(λS −max(0, λE)) (5.13)

=
1

NS!NB!

∞∫
max(0,λE)

dλS · λNS
S · (5(λS − λE))

NB · e−λS−5(λS−λE) (5.14)

3This ensemble is defined by the choice of priors.
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P(λE) =
5NB e5λE

NS!NB!

∞∫
max(0,λE)

dλS · λNS
S · (λS − λE)

NB · e−6λS . (5.15)

At this point the relation

(λS − λE)
NB =

NB

∑
m=0

(
NB

m

)
· λNB−m

N · (−λE)
m (5.16)

and the definition of the upper incomplete gamma function

Γ(s, x) =
∞∫

x

ts−1e−t dt (5.17)

come in handy. First sum and integral are swapped and then the integral is solved:

P(λE) =
5NB e5λE

NS!NB!

NB

∑
m=0

(NB

m

)
· (−λE)

m
∞∫

max(0,λE)

dλS · λNS+NB−m
S · e−6λS

 (5.18)

=
5NB e5λE

NS!

NB

∑
m=0

[
(−λE)

m

(NB −m)!m!
· (6−NS−NB+m−1)·

Γ(NS + NB −m + 1, 6 ·max(0, λE))

]
(5.19)

Using this solution, the PDF for any combination of measured NS and NB can be evalu-
ated.

As an example, the zero-zero-case (NB = NS = 0) will be discussed as it was the one
leading to the most obvious conflict with the standard calculation method that yields
σE = 0. The resulting PDF is shown in fig. 5.4. Given the assumed prior conditions,
the most probable value for the true excess λmax

E is indeed zero. Therefore, quoting
anything different than zero excess does not make any sense and an interpretation of
λmax

E as λE is justified. The second moment of the distribution can, contrary to the
classical calculation, provide a measure for the uncertainty on λE. It is given by σE =√

1 + 1/25 = 1.02 with respect to the expectation value 〈λE〉 = 1− 1/5 = 0.8 of the
distribution. The 68 % interval is, as expected, asymmetric around λE.
The values for 〈λE〉 can be calculated from eq. (5.10) right away, as the mean value of a
PDF that is obtained from other distributions by a basic operation is simply calculated
as the result of this operation, applied to the means of these distributions

〈λE〉 = 〈λS〉 −
〈λB〉

α
= NS + 1− NB + 1

α
. (5.20)

This is true no matter how complicated the functional dependence of the result might
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be. A similar relation follows for σE, as the variances are simply added for this case. It
can consequently be noted that

σE =
√

σ2
S + σ2

B =

√
(NS + 1)2 +

(
NB + 1

α

)2

. (5.21)

Following this simple relation, the uncertainties of measured excess rates could be com-
puted also for a low number of events. It should be noted that the obtained uncertainties
are not related to the concrete measurement but are always only an estimate under a va-
riety of assumptions. Nevertheless, at no point these assumptions include the existence
of a source.
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Figure 5.4: Probability density function for the problematic case of a run with zero back-
ground and zero excess events.

It is by far preferable to quote the asymmetric interval shown in fig. 5.4 for the zero-zero-
case than just dropping the run or claiming infinite precision. Furthermore, the choice
of priors could be adapted with a data-driven approach, if this seems required. This
might imply a more complex calculation, but could in case of doubt always be solved
numerically.
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Rebinning Based on the Derived PDF

As now the PDF for a single run has been discussed, the question if rebinning should
be based on these functions imposes itself. In order to answer it, discussions about
the correct choice of priors should be neglected at this point. In this case it would be
possible to obtain the excess rate from convolutions of excess rate PDFs for single runs.
These could for example be calculated numerically on a predefined grid. However, in
the end the final distributions will always be broken down to a few numbers: The most
probable value and the 68 % interval. For the vast majority of applications the Gaussian
limit is reached and the procedure will provide the same results as the method discussed
above. In the few cases in which a more accurate description of the true uncertainties
of an observation could be achieved, the results will probably further be investigated
using algorithms, which cannot handle asymmetric uncertainties. It has to be concluded
that the PDF calculation via numerical convolutions for every rebinning of data is more
complex (hence more difficult to understand), introduces additional sources of errors
and is not expected to provide any different results in most of the cases. Therefore, in
the spirit of reproducibility and transparency, the much simpler calculation should be
preferred.

Monte Carlo Simulations

As part of the work for this thesis, all the results discussed above have been cross
checked with the aid of Monte-Carlo simulations. Within these simulations the true
distributions are known, can be tuned to obey the prior assumptions and the recon-
struction of the correct excess with different methods can be investigated. The setup
of the simulations will not be discussed any further and reference is made to the code
itself.4 It can be summarized that the Monte-Carlo approach confirms the calculations
above but does not provide any further insights.

4For the hyperlink to the repository check again section 1.2
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5.2 Data-Driven Efficiency Corrections

In addition to AGN monitoring, a considerable part of the observation time is used to
study the Crab Nebula. Besides scientific interest in possible unexpected flares, it serves
especially as a calibration source. The stability of the Crab gamma-ray flux in the VHE
regime has already been discussed in chapter 2.
Within this section, corrections for the measured gamma-ray fluxes will be derived to
account for detector performance, zenith distance, dust concentration and threshold
setting dependencies. The number of events per run that have been reconstructed to
the source region or one of the background wobble regions, respectively, depends on
the configuration of the analysis chain that is described in chapter 3. Within the FACT
database, the lightcurve analysis results, based on the work of Beck (2019), are written to
the table ’AnalysisResultsRunCutsLC’. To calculate the excess rates based on the results of
the previous chapter, only the total number of background events and the total number
of signal events is needed for every run. These are merged with the additional run
information that has been obtained in chapter 4 and that allow for the determination of
data-driven corrections. This includes the information, if the run did survive the basic
quality cuts and the bad-weather rejection.
From the individual corrections that will be derived within this section a total correction
factor ctot will be defined as the product of all individual correction factors for detector
performance cperf, dust concentration cc, zenith distance cθ and threshold cT:

ctot = ∏ ci = cperf · cc · cθ · cT . (5.22)

The Crab Nebula Data Sample

The Crab Nebula can only be observed from August to March, defining one season.
For the determination of corrections, again only data starting from season 2014/2015
is used. How the total observation time of 815 h of Crab data is distributed within the
seasons is illustrated by fig. 5.6.
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Figure 5.5: Number of events distributions for the selected sample.
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For the corresponding runs the number of signal events NS and the number of back-
ground events NB can be investigated (cf. fig. 5.5).
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Figure 5.6: Distribution of Crab observation time with respect to the months August to
March. In total the sample contains 815 h of data from August 2014 to December 2019
that survived the bad-weather rejection.

From the maxima of these distributions an excess rate of about 50 events/h can be de-
duced.5 The relative uncertainties on excess rates evaluated from single runs are on
average about 70%. For gamma-fluxes in the order of one Crab unit and below, rebin-
ning of the data is essential.

Overall Detector Performance

Based on the corrected CR rate RCR that has deeply been discussed in chapter 4 the in-
fluence of the observational conditions and the instrument’s performance can be inves-
tigated. As bad weather data has already been rejected, it can be assumed that fluctua-
tions in the measured CR rates represent the overall detector performance, i.e. including
the atmosphere as core element of the detector.
In general, a variety of effects (e.g. increased attenuation of Cherenkov light due to
displacements of atmospheric layers that introduce also an energy dependence) could
influence CR rates and excess rates in different ways. Nevertheless, as a first order
approximation, a linear relation between the two quantities can be expected:

Rexc = p1 · RCR + p0 . (5.23)

To allow for p0 6= 0 can be justified as below a certain performance the excess of zero
will be reached, while a non zero CR rate would still be measured. It can hence be
concluded that p0 < 0.

5Nmax
S ≈ 9, Nmax

B ≈ 25, Nmax
E = Nmax

S − Nmax
B /5 ≈ 4. rmax

exc = Nmax
E /teff ≈ 4/(5 min) ≈ 50/h
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To determine the correction, firstly, conservative cuts on zenith distance θ < 30◦, thresh-
old setting T < 400DAC and dust concentration cdust < 1µg/m3 are applied. The exact
values will be motivated within this chapter, but for now it is sufficient that these cuts
ensure an isolated investigation. Then, the excess rates are calculated for any CR rate
bin based on the sum of all background and signal events as well as the total effective
observation time per bin. This method was introduced as method (i) in the previous
section and is applicable here, as no runwise corrections need to be performed. How
the total observation time is distributed among the bins is shown in fig. 5.8. Finally,
the linear model is fitted to the data using the MCMC method once more. Results are
presented in fig. 5.7.
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Figure 5.7: The excess rate Rexc evaluated for bins in CR-rate reveals the expected cor-
relation between detector performance and excess rate.

To obtain a correction factor from these results, a reference performance has to be de-
termined. As it was shown in fig. 4.34, the most frequent CR rate after correction is
close to 250 events/min. Choosing this value as a reference Rref

CR leads consequently to a
minimum average correction.6 This way, the correction factor follow:

cperf =
p1 · Rref

CR + p0

p1 · RCR + p0
. (5.24)

The evaluation of this correction within the meaningful parameter space for the same
6The true KDE maximum of the corrected CR rate distribution is not exactly 250 events/min. However,

the choice of the reference scale is in principle arbitrary and the chosen reference is easy to remember.
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selection of random samples that is used in fig. 5.7 is shown in fig. 5.9.
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Figure 5.8: Illustration of the effective
observation time per bin in hours. The
cuts on zenith distance, threshold setting
and dust concentration reduce the sample
to about 400 h of total observation time.
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Figure 5.9: Performance correction factor
cperf in dependence of the measured CR
rate RCR. The width of the purple band is
dominated by the chosen line width. The
true variance is below 0.1 %.

Following the derived method for runwise corrections, FACT is able to correct excess
rates based on the simultaneously measured background rates to account for the detec-
tor performance including atmospheric conditions.
Another approach to achieve a correction for detector performance is the independent
determination of the photon point spread function (γ-PSF). This quantity has successfully
been determined within Tani (2019) with the aid of muon rings. Investigations within
this work showed that also for the γ-PSF a correlation with measured excess rates can
be verified. As this information is contained in the CR-Rate, an additional correction
is not needed. However, the γ-PSF can in the future be used to untangle the different
effects.

Calima

As discussed in section 4.3 for the case of the trigger rate, the saharan air layer (SAL) con-
sequently reduces the measured excess rates as well. The attenuation of Cherenkov light
within the SAL is expected to be independent of the primary particle type. Thus, the
attenuation parameter α deduced from the CR rates should also be valid for gamma-
induced showers. Furthermore, the energy spectrum of the Crab Nebula follows a
power law within FACT’s energy range. Therefore, the dust concentration dependence
of the normalized excess rates can still be parameterized by

R̂exc = (1 + α · cdust)
−γC , (5.25)

with γC now representing the spectral index of the Crab spectrum.
The difficulties of determining γC have been discussed in section 2.2.2 , as well as that
2.45 < γC < 2.95 would be a valid choice for the prior condition. However, as Calima
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predominantly occurs during the summer months (Figure 4.17) and Crab is only visible
to FACT during the winter, the total observation time of Crab during Calima is very
small. Only 4 h of data have been taken with cdust > 20 µg/m3. Leaving γC a free
parameter for a model fit does not make sense, as it mainly determines the shape of
the curve for high dust concentrations. Such a model fit can not lead to a more precise
determination of γC than a sophisticated spectrum analysis. For the purpose of this
correction, γC = γ = 2.7 is chosen. As a result, the corrections are identical.

Figure 5.11 shows qualitatively, that the correction based on the CR rate also fits the
excess rate dependence. For this, the conservative cuts on zenith distance and threshold
setting are applied again, in order to exclude any possibility of interference. Using the
derived performance correction requires runwise excess evaluations. To avoid this, an
additional CR rate cut is introduced instead (225 events/min < RCR < 275 events/min),
to allow for a summation of signal and background events within any dust bin. This
comes with the price of a further reduction of the data set to a total of 400 h and the
possible influence of selection effects, but is adequate for the aspired qualitative com-
parison in this case. Within the logarithmic binning in cdust, the excess rates can be
evaluated in the same way as for the performance correction before. The normalization
for the model is derived from the excess in the cdust = 0 bin.
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Figure 5.10: Distribution of the effective
observation time in the parameter space of
dust concentration. The distribution peaks
below 1 µg/m3
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Figure 5.11: Qualitative comparison of the
dust concentration model derived from
CR rates and the corresponding excess
rate dependency. The model fits the data
well.

that the model describes the data well. The systematic deviation of individual points
can be traced back to the mentioned selection effects. Excess rates will therefore be
corrected using the correction factors derived from the CR rate dependence.
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Zenith Distance

Also for the case of the zenith distance correction the functional dependence that has
been discussed for CR rates is the same for excess rates:

Rexc(θ̂) ∝ θ̂(γC−1)(5χ+α−2)−2χ ·
(

e1−1/θ̂
)ξ(γC−1)

·
(
1− log θ̂

)2κ(γC−1)
, (5.26)

with θ̂ = cos θ. Once again, γC = γ = 2.7 will be assumed throughout this section.
In contrast to the CR case, the primary particle type does make a difference, as the
effect concerns not only the Cherenkov light, but the shower development itself. This
has been deeply discussed within Mahlke (2017) and Bretz (2019). As a result, the free
model parameters of the correction (χ, ξ and κ) are expected to deviate from the best fit
for the CR rate dependence.
In a first step, influences of threshold setting and Calima are excluded by applying
conservative cuts on both variables. As a result of a variety of scheduling decisions,
FACT did not observe the Crab Nebula at high zenith distances above θ = 40◦ within
the seasons 2015/2016, 2016/2017, 2017/2018 and 2018/2019. Consequently only high-
zenith observations from the seasons 2012/2013, 2013/2014, 2014/2015 and 2019/2020
are available. Seasons without high-zenith observations are not taken into account for
the correction, as no information about the dependence can be derived from them.7 The
remaining sample consists of 431.5 h of effective Crab Nebula observations. How the
data set is distributed over different zenith distances and how the high θ observations
are distributed over the seasons can be seen in fig. 5.12 and fig. 5.13, respectively.
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Figure 5.12: Distribution of observations
in zenith distance θ. In general, high θ
observations are avoided and therefore
less frequent. In this context, however,
they are needed for the determination of
the correction.
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Figure 5.13: The scheduling of high θ
measurements was suspended from 2015
to 2019. Measurements at the highest
zenith distances are dominated by the
sample from season 2013/2014.

As shown in chapter 4, the detector performance is changing over this period. To min-
imize the impact by selection effects, the performance correction has to be applied in

7They would only add more statistics to the low zenith observations that already dominate the sample.
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advance. This requires a runwise evaluation of excess rates followed by rebinning with
the aid of the time-weighted mean (cf. section 5.1) after the correction.8
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Figure 5.14: Projections of the MC ensemble containing 5000 samples drawn from the
posterior probabilities. The parameters are highly correlated leading to broad distri-
butions that do not allow for a determination of the best correction. The median that
was used to determine the best fit result before, is significantly deviating from the most
probable value.

The generic model for the fit is adopted from section 4.2 as well but slightly modified
by crossing out the parameter f . This parameter models the overestimation of the un-
certainties of the KDE maxima for the CR rate which is not needed for the excess rates,
as the uncertainties are carefully determined in this case. As already discussed in Bretz
(2019) and shown in section 4.2, the model parameters are over-determined by the given
data set. Thus, choice of χ, ξ and κ is ambiguous within the physical limits. Figure 5.14
shows the fit result without constraining the parameter space any further. The correla-
tions are so strong that any set of the investigated Monte Carlo ensemble would provide
a justifiable correction.

8The impact of this correction is shown in fig. 3 in the Appendix.
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Therefore, following Bretz (2019), the parameter space is further constrained by choos-
ing a fixed χ = 0.9. In this case the fit provides consistent results within the expected
ranges (ξ < 1, 0.9 < κ < 1.5), although the two parameters are still correlated. The
corresponding posterior distributions are shown in fig. 5.15.

0.4

0.8

1.2

54 56 58

R0

0.5
0

0.7
5

1.0
0

1.2
5

1.5
0

0.4 0.8 1.2 0.5
0

0.7
5

1.0
0

1.2
5

1.5
0

R0 = 56.1+2.0
2.0

= 0.71+0.27
0.24

= 0.97+0.2
0.19

best fit as median of
the MC ensemble
uncertainty estimation as
quantile 16 % to 84 %

Figure 5.15: Projections of the MC ensemble containing 5000 samples drawn from the
posterior probabilities for the case of fixed χ = 0.9. The best fit is well defined and lies
within the expected range.

However, projecting the results into the space of observed data, a systematic deviation
from the fit becomes visible (cf. fig. 5.16). For medium zenith distances the observed
excess is below the model. This reveals that there might be a better choice than χ = 0.9
to reduce the parameter space or that the assumptions, that have been used for the
modelling, do not properly describe the actual atmospheric conditions. It should hence
be kept in mind that for some values of θ the excess rates remain under-corrected.
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Figure 5.16: Projections of the fit result to the space of observed data. The 100 random
samples are drawn from the posterior probabilities. A systematic under-correction is
visible which is forced by the choice of fixed χ = 0.9.

Nevertheless, the obtained correction is the best fit to describe the data set as a whole,
under the given assumptions, and will therefore be applied during lightcurve genera-
tion. The resulting correction factors are shown in fig. 5.17 with corresponding uncer-
tainties presented in fig. 5.18.9 The absolute and relative uncertainties rise quickly for
zenith distances θ > 50◦. Also after applying the correction, data taken under zenith
distances above θ > 60◦ will therefore not be considered for further analyses.

To improve the quality of this correction, it is essential to enlarge the data set of high
zenith distance Crab observations in the future. First steps in this direction have already
been taken by rescheduling Crab above θ = 40◦ again for the season 2019/2020. As
soon as more of these measurements are available, the correction should be investigated
again.10 In addition, the atmospheric model could further be improved.

9It should be noted that these uncertainties are once more derived from the MC ensemble and of statis-
tical nature. They do not contain the systematic deviations discussed before.

10With the aid of the code that is provided as supplement to this thesis, this can be done easily. The
analyses scripts are written in python3 and kept very simple and verbose on purpose, instead of
being optimized on performance.



90 5 Computation and Correction of Gamma-Ray Fluxes

10 20 30 40 50 60
zenith distance  in deg

1.0

1.5

2.0

2.5

3.0

3.5

co
rre

ct
io

n 
fa

ct
or

c

best fit
100 random samples from
the MC ensemble

Figure 5.17: Resulting correction factors cθ

for the best fit and 100 random samples
from the MC ensemble.
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Figure 5.18: Statistical uncertainties on the
correction derived from the posterior
distributions. As the relative uncertainty
is drastically increasing towards higher θ,
the additional cut θ = 60◦ is introduced.

DAC Threshold Setting

While, for the CR rate, a correction based on the threshold setting can be avoided by
choosing the right virtual trigger configuration (cf. section 4.1), this is not possible for
the excess rates. To model the expected dependence on the DAC setting T, it is first es-
sential to understand what defines FACT’s energy threshold. In the case of lightcurves,
the energy threshold of the telescope is not defined by its hardware configuration, but by
the analysis. This can be derived from fig. 3.10, in which the gamma-hadron-separation
by (Beck 2019) is illustrated. For the smallest sizes (i.e. the lowest energies) the dis-
crimination ability based on the resulting images is so bad that completely rejecting the
corresponding events from the sample improves the results.11 If it is sufficiently dark,
changes of the hardware threshold (via DAC setting) have no impact on the measured
excess rate, as the events that are prevented from triggering the read out would any-
way be rejected by the analysis. This is illustrated by the left side of fig. 5.19 and leads
consequently to

Rexc(Tlow) ≈ Rexc(Tmin) = const. , (5.27)

with Tlow denoting broadly speaking low threshold settings and Tmin = 290 DAC, the
minimal threshold setting. However, this picture changes for high threshold settings
(Thigh) for which the analysis is no longer the limiting factor. At this point, increasing the
threshold further by ∆T reduces the γ parameter space below the discrimination curve.
That means that gammas, which could be identified as gammas by the analysis under
better light conditions, do not trigger the read out anymore.
This translates into cutting of the corresponding part of the spectrum and is illustrated

11That is that the significance for the detection of Crab can be increased on any Crab sample.
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Figure 5.19: Illustrations of how a variation of the DAC setting influences the measured
excess rates depending on the threshold regime. While for low threshold settings no
variation of Rexc is expected, a variation by ∆T has a significant impact on the measured
excess rates in the case of high threshold settings.

by the right side of fig. 5.19. Assuming that the spectrum of all sources of interest follows
a power law with spectral index γS within FACT’s energy range:

Rexc(Thigh) ∝ T−γS+1 = T−δ . (5.28)

To model the transition between these two regions, the transition threshold Tµ is intro-
duced. To allow for a smooth crossover, furthermore the transition width σ is used to
define the transition function

β(T, Tµ, σ) =
1
2

tanh
(

log10(T)− log10(Tµ)

σ

)
+

1
2

, (5.29)

which tends to zero for T � Tµ and one for T � Tµ. To model the excess rates, conti-
nuity in Tµ has to be respected. This leads to

Rexc(T) = R(Tmin) ·
[
(1− β) + βTδ

µT−δ
]

(5.30)

as an overall description for the dependence of the excess rates Rexc from the DAC
setting T. For Crab γS = γC = 2.7 will be assumed once more.
To fit this model to data, only cdust < 1 µgm−3 and θ < 30◦ observations are taken into
account, to avoid interference effects. From the distribution of runs in threshold space,
it can be seen that using a logarithmic binning is meaningful. The resulting effective ob-
servation times are illustrated by fig. 5.20 and are dominated by low threshold settings
(i.e. good light conditions). Then, the detector performance correction is applied and
the excess rates are evaluated for every bin. The impact of this correction is shown in
fig. 5.21.
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Figure 5.20: Distribution of observation
time in threshold space. The sample is
dominated by data runs taken under good
light conditions leading to a low threshold
setting.
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Figure 5.22: Projections of the MC ensemble containing 10000 samples drawn from the
posterior probabilities. The parameter σ is highly constrained by the prior condition
leaving any choice within the remaining interval equally justifiable.
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After that, the MCMC fit procedure is initiated. For the prior 50events
h < R(Tmin) <

60events
h and 300 DAC < Tµ < 600 DAC is chosen. To ensure a small transition region,

additionally σ is restricted by a limiting condition on the correction factor cT at the
minimum threshold

(cT(T = 290 DAC)− 1)2 ≤ 0.001 , (5.31)

which only allows for a deviation of cT from one at the minimum threshold of less than
1 %. This way, it is guaranteed that no corrections are applied for perfect observational
conditions. As fig. 5.22 reveals, the parameter space for the transition width is highly
constrained by that condition. The choice of σ within these limits is thus arbitrary. In
contrast, the best fits for Tµ and R(Tmin) are well defined.
The projection into the space of observed data (cf. fig. 5.23) illustrates the sharp bend
at Tµ ≈ 460 DAC. This subsequently legitimizes the quality cut on threshold for the
other corrections (T < 450 DAC). On the basis of the available data, it is hardly possible
to say whether any deviations from the model are of systematic nature. This can only
be tested on the basis of an enlarged sample. To further investigate the dependence,
Crab could be observed choosing T ≈ Tµ, also if lower threshold settings were possible.
With the aid of these measurements, the transition threshold could be determined more
precisely, improving the correction.
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Figure 5.23: Projection of the fit result to the space of observed data. The 100 random
samples are drawn from the posterior probabilities. The DAC setting dominates the
energy threshold of the telescope above Tµ ≈ 460 DAC.
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The correction factors cT shown in fig. 5.24 with corresponding uncertainties (cf. fig. 5.25)
are obtained and complete the set of derived excess rate corrections.
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Figure 5.24: Resulting correction factors cT
for the best fit and 100 random samples
from the MC ensemble.
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Multivariate Correction Approaches

Throughout this whole chapter, it has been assumed that there is no correlation be-
tween the Calima, zenith distance and threshold dependencies, as it can physically be
motivated that this should be the case. Although conservative quality cuts have been
applied to limit interference effects, it has been shown that small influences are also
present in the permitted parameter spaces. This means that e.g. the threshold correc-
tion has been determined only for zenith distances of θ ≤ 30◦ to eliminate an influence
of the zenith dependence for the determination of this correction. However,

cθ(30◦) ≈ 1.07 6= 1 . (5.32)

Hence, selection effects can still occur leading to the fact that performing a zenith cor-
rection before determining a threshold correction will lead to different results than per-
forming the model fits in reverse order. As this can in general be neglected against
the background of systematic uncertainties, none of the presented methods will be dis-
cussed any further. However, for completeness, some possible ways to account for this
should be mentioned:

(i) The fits can be performed iteratively. The second correction is determined on the
basis of the first correction being applied. The new result is then used to determine
this first correction again. This can lead to a stable solution for both corrections.
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(ii) The corrections can be fitted at the same time. Therefore the generative models are
combined and any parameter variation requires a recalculation of all excess rates
and the corresponding rebinning procedures. However, this can just be considered
as an automated way of approach (i).

(iii) The combined generative model can be used within an unbinned approach. Con-
siderations in this regard have already been elaborated in section 4.3.

Total Correction - Summary

The correction models and the best model fit results are summarized below.

Detector Performance

cperf(RCR) =
p1 · Rref

CR + p0

p1 · RCR + p0
(5.33)

best fit: p0 = (−28± 12)
events

h
; p1 = 0.333+0.044

−0.046
events/h

events/min

fixed: Rref
CR = 250

events
min

Dust Concentration

cc(cdust) =
1

(1 + α · cdust)
γS

, best fit: α = 4.21+0.26
−0.25

m3

ng
(5.34)

Zenith Distance

cθ(θ̂ = cos θ) =

[
θ̂(γ−1)(5χ+α−2)−2χ ·

(
e1−1/θ̂

)ξ(γ−1)
·
(
1− log θ̂

)2κ(γ−1)
]−1

(5.35)

best fit: ξ = 0.71+0.027
−0.024 ; κ = 0.97+0.20

−0.19

fixed: χ = 0.9 ; α = 0.065

Threshold Setting

cT(T) =
[
(1− β) + βTγS−1

µ · T−γS+1
]−1

(5.36)

with: β(T, Tµ, σ) =
1
2

tanh
(

log10(T)− log10(Tµ)

σ

)
+

1
2

best fit: Tµ = 461+18
−12 DAC counts ; σ = (5± 4) · 10−3
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5.3 Lightcurves

5.3.1 Crab Nebula

The calculation of a light curve is based on the discussions within the previous chapters
straight forward. Before looking at lightcurves for sources that are part of FACT’s AGN
monitoring program, the obtained corrections should be validated. This can only be
done on the Crab Nebula sample.
In order to do this, the excess rates are binned on a nightly basis after the derived correc-
tions have been applied. Starting from season 2014/2015, the result is shown in fig. 5.26
containing 834 h of physics data. The source shows, apart from a few outliers, the ex-
pected constant behavior.
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Figure 5.26: Corrected Crab Nebula lightcurve for six years of observations. Apart from
outliers, the Crab shows a constant flux after the correction.

However, this visualization is not well suited to validate the applied corrections. For
this, the projection into the space of excess rates (the lightcurve’s PDF) is compared to
the distribution that follows from neglecting all corrections. A clear difference of these
distributions can be observed in fig. 5.27.
To quantify the impact of the corrections, the χ2 that denotes the deviation from a con-
stant is calculated. This reference constant is chosen as the maximum of the underlying
KDE. 12 The KDE maximum of corrected distribution does furthermore define the Crab
unit. It is determined as 1 CU = 55.8 events/h (cf. fig. 5.28). For the χ2/Ndof the values
2.34 (before the correction) and 1.15 (after the correction) are obtained. With Ndof = 537,
this corresponds to a deviation from the expectation value by 22.7 σ before the correction
and 2.48 σ afterwards. This represents a significant improvement. Further reductions of
this quantity could be achieved by removing obvious outliers. Note, that the rejection of
data runs is still only based on the measured CR rate during the run and the basic qual-
ity cuts mentioned in chapter 3. The distribution of the total correction factor, which is
shown in fig. 5.29, additionally stresses the importance of the performance correction.
Without the performance correction, the final deviation turns out to be still 7.7 σ.

12The KDEs are once more derived from gaussian kernels with a fixed size. It has been checked, that
scaling the kernel widths with the corresponding uncertainties does not change the result.
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Figure 5.27: Comparison of the the Crab lightcurve PDF before and after the corrections.
The corrected distribution is more narrow and more symmetrical. Although the sample
still contains some outliers, the deviation from a constant flux over the six years is only
2.48 σ after the correction.
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Figure 5.28: KDEs of the lightcurve PDFs
before and after the distribution. The Crab
unit is defined via the maximum of the
corrected density estimation.
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5.3.2 The Markarians: Mrk 421 and Mrk 501

To generate the lightcurves of the Markarians, the recipe explained above can be applied
once more. For the spectral index of the sources γS = 2.2 for Mrk 421 (Ahnen et al. 2016)
and γS = 2.7 for Mrk 501 (Acciari et al. 2011) are assumed. The results are presented
in fig. 5.30 and fig. 5.31. To cover six complete seasons the observation windows are
slightly shifted into 2013 to the beginning of the corresponding seasons. For a better
visualization only data points with relative uncertainties of less than 60 % are plotted.
The PDFs of these lightcurves will be discussed below.
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Figure 5.30: Corrected lightcurve of Mrk 421. The blazar is very active showing flares
in every season. The highest fluxes have been measured at the end of season 2015/2016
reaching almost five Crab units over a full night of observations.
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Figure 5.31: Corrected lightcurve of Mrk 501. In contrast to Mrk 421 the source is in a
quiescent state since 2017. Only small excesses could be measured within this time. In
2014 the lightcurve peaks at about four Crab units.
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6
Periodicity Analysis

The importance of periodicity analyses throughout the history of astronomy and astro-
physics has already been stressed in section 1.1. As a consequence, a variety of tools to
investigate data samples for periodic signatures is available in modern science. Within
the scope of this work, the focus will be on frequency analyses in general and the well
established Lomb-Scargle algorithm in particular.

6.1 Short Introduction to Frequency Analyses

The Lomb-Scargle Periodogram

The definition of the classical periodogram goes back to Schuster (1898) and is based on
the discrete Fourier transformation (DFT):

P(ν) =
1
N

∣∣∣∣∣ N

∑
k=1

ykei2πνtk

∣∣∣∣∣
2

=
1
N

(∑
k

yk cos (2πνtk)

)2

+

(
∑
k

yk sin (2πνtk)

)2
 , (6.1)

for N measurements yk at times tk. The sine and cosine functions form an orthogonal
set of basis functions. For the case of unevenly sampled data, as e.g. in FACT light
curves but generally speaking in most astronomical or astrophysical observations, the
orthogonality condition is no longer met. Therefore Lomb (1976) and Scargle (1982)
introduced the parameter τ which is defined by

τ = arctan
(

1
4πν
· ∑k sin(4πνtk)

∑k cos(4πνtk)

)
(6.2)

and which restores orthogonality again, if the periodogram is defined by

P(ν) =
1
2

(
[∑k yk cos(2πν(tk − τ))]2

∑k cos2(2πν(tk − τ))
+

[∑k yk sin(2πν(tk − τ))]2

∑k sin2(2πν(tk − τ))

)
. (6.3)

This periodogram is known as Lomb-Scargle periodogram (LSP) and equivalent to the
Schuster periodogram for the case of even sampling. As already discussed in Scargle
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(1982), the LSP is furthermore equivalent to a least-squares spectral analysis (LSSA). It de-
scribes for any frequency ν how much better a single-term stationary sinusoidal model
can describe the signal than a constant with Gaussian (white) noise. As a consequence,
a matrix formalism can be used to solve the problem. A dedicated fast has been de-
veloped by Press and Rybicki (1989) and is still used in current implementations.1 The
connections between the LSSA and the LSP have intensively been discussed in the liter-
ature (cf. eg. VanderPlas (2018)).
For the frequency grid on which the periodogram is evaluated, four setting options have
to be discussed. These are the choices of the minimum and maximum frequency (νmin,
νmax), the number of grid points between these values NG and how they are distributed
in the parameter space. First, it makes sense to define the minimum frequency as a
multiple of the inverse of the total observation time:

νmin =
Q

Tobs
. (6.4)

The parameter Q consequently determines the number of full oscillation cycles that can
be completed during Tobs. In principle, also uncompleted oscillation cycles could be
identified. However, choosing Q = 1 is more meaningful. The maximum frequency
νmax for evenly spaced data follows as the Nyquist frequency

νmax = νnyq =
1

2∆t
, (6.5)

with ∆t, the time step between two measurements. As derived in Eyer, L. and Bartholdi,
P. (1999) for the case of unevenly spaced data, this concept can be adapted replacing
∆t by ∆min

t , the minimum time step between two measurements. This assumes that an
evenly spaced grid in time space can be defined for which some data points are missing.
For the case of FACT lightcurves this grid is defined by the binning on a nightly basis
and ∆min

t is one day. The choice of NG turns out to be important as well. As discussed
in VanderPlas (2018),

NG = n0Tobsνmax , (6.6)

with n0 = 10 according to Debosscher, J. et al. (2007). Following VanderPlas (2018), the
periodograms are computed on an equally spaced frequency grid.

Generalizations and Extensions

The LSP is well established for the purpose of periodicity analyses and has been fur-
ther generalized and extended within the last decades. The first idea, which is already
outlined in Scargle (1982), is to center the data in advance. In general this is a straight
forward idea, as the fitted stationary sinusoidal model is also centered around zero.

One of the most prominent generalizations of the LSP is the floating-mean formalism

1The implementation within astropy.timeseries which is used in this work is also still based on Press and
Rybicki (1989)
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by Zechmeister and Kürster (2009). Therefore it is also known as the generalized Lomb-
Scargle periodogram. Within this method, the mean of the distribution is fitted alongside
the amplitudes. As pointed out in VanderPlas and Ivezic (2015), this model can be more
accurate than the standard LSP for certain observing cadences and selection functions,
but it does not necessarily yield a better description. The improvement predominantly
originates from the fact that for unevenly sampled data the mean of the distribution is
often a bad estimator for the true mean.

To further extend the LSP, the single-term sinusoidal model can be extended to a multiple-
term sinusoidal model. These truncated Fourier models can be written as

y(t,~p) =
K

∑
k=1

[p2k−1 sin(2πνkt) + p2k cos(2πνkt)] , (6.7)

with K Fourier terms and 2K free parameters (VanderPlas and Ivezic 2015). A combi-
nation with the floating-mean formalism can be achieved by allowing a term p0 6= 0.
Adding more free parameters to the model naturally improves the fit for all frequencies,
not just for true frequencies. Therefore the general background level is increased. In ad-
dition a higher order model with K > 1 will show K additional peaks at multiples of
the true period. As for the generalized LSP, this extension can be very helpful in many
cases, but signals can also be hidden by the higher background.

Window Function Signatures

For the case of FACT lightcurves, but also for many other applications in the field of
astronomy and astrophysics, some periodic behavior in the data is known in advance
and originates from the so called window function w(t). It is a result of the uneven
sampling and is defined as

w(t) =

{
1 for t ∈ {tk}
0 for t /∈ {tk}

. (6.8)

For the case of FACT, the relevant periods correspond to astronomical processes. The
source visibility yield a period of 365.25 d corresponding to the sidereal year, full moon
gaps appear with a period of 29.5 d (synodic month) and proximity of the moon to the
source causes a signature with a period of 27.3 d (sidereal month). The effects of these
signatures in the LSP can be estimated by calculating the LSP of the window function
itself.

While in the time domain the measured signal can be expressed as a multiplication of
w(t) with the underlying distribution, this operation corresponds to a convolution in the
frequency domain. Thus, the consequences on the LSP of the measured data is less in-
tuitive. Additional aliasing effects in the periodograms are generated. This has already
been explained for the case of FACT lightcurves in Mahlke (2017) and Doerenkamp
(2018) and will not be discussed any further at this point. It should be noted that alias
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frequencies are expected at uneven multiples of the true frequencies.

Significance Estimations

Calculating the significance of a signal in the LSP is a challenging task. A first estimate
can be yielded by the false alarm probability that is obtained using Baluev’s method (Baluev
2008). As this is an analytical approach, it outperforms most numerical solutions which
is especially interesting for large data samples, but it does not take into account the ex-
istence of periodic signatures in the window function.

To account for this, a much slower but conceptually even easier approach can be taken
which has been done in Beck et al. (2019). The basic idea is that shuffling the lightcurve
yields a set of lightcurves, in which any realization has the same PDF and w(t) as the
original one, but loses all information about the true underlying period.2 From the en-
semble of LSPs of randomly shuffled realizations an upper limit for the Lomb-Scargle
power can be derived. If the LSP of the original lightcurve exceeds this limit, the win-
dow function can be excluded to generate this signal. Furthermore, the look-elsewhere
effect has to be taken into account. With the number of independently tested frequen-
cies, the probability rises that a fluctuation deviates from the ensemble’s estimation of
the mean. However, for unevenly sampled data it is not trivial to derive this number.
What both of these techniques have in common is that they explicitly or implicitly as-
sume Gaussian noise. This white-noise assumption can not be used for the case of AGN
lightcurves. As mentioned in section 2.2.1, red noise is expected. Both significance esti-
mations consequently test against the wrong null hypothesis. The question that must be
answered is: can the observed signal be explained by a stochastic process characterized
by red noise?

Consequences of Red Noise

To answer this question, it has to be noted that not only the significance estimation but
also the LSP itself is much more complicated in the case of red noise. As the PSD is
known to be a function of ν, the different frequencies are even in the case of evenly
sampled data no longer independent, but correlated (Vaughan 2010). In Lawrence and
I. Papadakis (1993) it is shown that power is transferred from the long-term variability
to large frequencies. This is known as red-noise leakage and causes the periodogram to
exhibit a flatter spectral index in dependence of Tobs. To estimate the significance, the
shuffle approach has to be extended in a way such that the reference ensemble does not
only share the PDF with the original lightcurve, but also the overall PSD behavior.
This can only be achieved with a Monte Carlo approach. The idea is to simulate a
dedicated ensemble of lightcurves that share PDF and PSD attributes with the original
lightcurve. This ensemble can then be further analyzed with the LSP and the distribu-
tion in the frequency domain can be quantified. This method is outlined in detail in
Vaughan (2010).

2This is not true for all realizations, of course. It is assumed that the order is totally randomized.
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However, generating suitable lightcurves is far from trivial. A well established method
has been developed by Timmer and Koenig (1995). Within this algorithm, the phase and
the amplitude of the Fourier components are randomized allowing the generation of a
lightcurve ensemble given the underlying PSD model. In the time domain the method
is limited. It is appropriate for the production of Gaussian artificial lightcurves only:
’This means that the resultant surrogate data sets preserve only the first two statistical moments
of the original data set, i.e. the mean value and the variance, ignoring potential higher order
statistical moments, such as skewness, kurtosis, or multimodes found in the normalized flux
distribution of the data’ (Emmanoulopoulos, McHardy, and I. E. Papadakis 2013)
The Timmer-Koenig algorithm has further been extended by Emmanoulopoulos, McHardy,
and I. E. Papadakis (2013) to be able to generate non-deterministic lightcurve ensembles
that represent the full PDF alongside a given PSD model and a given window function.
Lightcurves generated this way are well suited to estimate the significance of signals
within LSP of the original lightcurve.

6.2 Lomb-Scargle Periodograms of FACT Lightcurves

Choosing a Suited Frequency Analysis

In the previous chapter, different extensions of the LSP have been discussed that all
serve different purposes. For the case of the AGNs Mrk 421 and especially Mrk 501,
FACT does not observe any excess during significant time spans for which the sources
are in quiescent states (cf. again fig. 5.30 and 5.31). It can consequently be assumed
that the mean of the observed distribution is a bad estimator for the true average flux.
The choice is therefore to stick with the original LSP or choose the generalized version
that can improve the results under certain conditions with the help of the floating mean
model. While this generally improves the goodness of fit for sinusoidal models, it is not
even clear if the periodic behavior follows a sinusoidal signature at all. In the case of
a very different behavior the generalized version is very hard to interpret, as the peaks
originating from the window function will end up at different positions through the
convolution. In contrast the original LSP will still work as expected, although an un-
derlying periodic process of non sinusoidal structure could be hidden in background.
Therefore, the original LSP will be discussed in this section. However, choosing the gen-
eralized approach could lead to even better results, if the convolution with the window
function in this special case can be understood.

LSP of the Window Function

As introduced above, the window function in the frequency domain is of special inter-
est. The LSP for the window function of Crab, Mrk421 and Mrk501 are presented in
fig. 6.1. They show the expected periods and some additional aliasing. The maximum
frequency is rounded up to νmin = 10−3 days and the number of grid points is rounded
down to NG = 10000 to allow the usage of the same frequency grid for all sources.
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Figure 6.1: Periodograms of the window functions for different sources. The different
astronomical processes are visible to varying degrees. It should be noted, that the alias
positions match with higher harmonics of the basis periods, but are in contrast to the
expectation not exclusively uneven multiples.
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Power Spectra of Sources

The first Lomb-Scargle periodogram to look at is naturally the Crab Nebula periodogram,
as no signs for periodic behavior are expected in this case. It is presented in fig. 6.2.
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Figure 6.2: Lomb-Scargle periodogram of the lightcurve representing six seasons of
Crab observations. As expected only the prominent peaks originating from determin-
istic astronomical processes are observed, that have already been present in the LSP of
the corresponding window function.

The LSP does not show any unexpected signal, but reveals that the LS power of window-
function induced peaks are amplified for the true lightcurve. The peak corresponding
to the sidereal year, at Lomb-Scargle power of about 0.82 while it was below 0.2 for
the window function. As also the background is increased, the overall structure is very
similar. This underlines once more that a significance estimation can not be deduced
directly from the window function, even if it is the only component generating periodic
signatures.

For the AGNs Mrk 421 and Mrk 501, the underlying stochastic process needs to be
characterized before discussing any signal candidates. As discussed in section 2.2.1,
AGN power spectra often show red noise (P(ν) ∝ ν−2), but also pink noise has been
observed before. To test this, the corresponding LSPs are shown on a double logarithmic
scale and the PSD slope is fitted. The results are presented in fig. 6.3.
For both AGNs the fitted PSD slope is smaller than one. This is expected, as colored
noise processes in combination with uneven sampling cause red noise leakage. The im-
portance of this phenomenon for LSPs of FACT lightcurves has already been stressed in
Mahlke (2017). The true PSD slope, which is the slope that would have been obtained
for even sampling, can only be calculated with the help of Monte Carlo studies.
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Figure 6.3: The PSD slope contains information about the underlying physical pro-
cesses. The power spectrum can generally be described by a power law P(ν) ∝ ν−α.
For AGNs typically 1 < α < 2 is expected. However, the best fit values for both ob-
served sources is smaller than one. This can be explained by red noise leakage and will
be investigated in the following.

Timmer-Koenig Simulations

Approaches of different complexities have been introduced in section 6.1. The PDFs of
Mrk 421 and Mrk 501 (cf. fig. 6.4) illustrate that the sole usage of the first two statistical
moments is not sufficient to describe the lightcurve distributions properly. This suggests
the application of the lightcurve generation algorithm by Emmanoulopoulos, McHardy,
and I. E. Papadakis (2013). However, as the red noise leakage originates from the win-
dow function itself, applying the less complex Timmer and Koenig (1995) method will
lead to very similar results. Therefore this algorithm will be used, leaving room for a
more accurate description by the more complex Monte Carlo approach within future
studies.

The Timmer and Koenig (1995) based Monte Carlo simulations are implemented in anal-
ogy to Mahlke (2017) with the help of the stingray package.3 The lightcurves are first
generated on a regular spaced grid in time space representing even sampling. After
this, the corresponding window functions are used as a mask. This way, an ensemble
of lightcurves with the same uneven sampling as the measurements can be realized for
which the spectral index of the underlying PSD can be chosen freely. For any choice
of this true PSD slope, the averaged LSP of the lightcurve ensemble can be calculated
and a measured PSD slope can be obtained by a fit to this mean LSP. This procedure is
repeated for the meaningful parameter space of possible true PSD slopes.

3The implementation estimates the width of the PDFs based on the relative RMS between zero and one.
As the RMS is sensitive to outliers and both distributions are poorly described by a Gaussian profile,
the relative RMS exceeds this range for Mrk 501. Therefore, for both sources an relative RMS of 0.7 is
chosen, which can be derived for Mrk 421. Using the algorithm of Emmanoulopoulos, McHardy, and
I. E. Papadakis (2013) in the future, these approximations are no longer needed.
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Figure 6.4: PDFs of Markarian 421 and Markarian 501 before and after applying ef-
ficiency corrections. The tail towards higher rates contains the most interesting flare
states. The Gaussian approximation that is used within Timmer and Koenig (1995) does
not describe these states sufficiently.
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In general it is expected that the measured spectral index is proportional to the true
spectral index. As a consequence of the red noise leakage, the measured slope can ac-
tually decrease for increasing true slopes. In contrast to Mahlke (2017), the parameter
space is therefore extended towards true red noise indices (α > 2). For any ensemble
1000 lightcurves are produced. The results of the simulations are presented in fig. 6.5.
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Figure 6.5: Results of the simulations based on the Timmer and Koenig (1995) algorithm.
The horizontal lines denote the best fit results for the LSPs of the sources presented in
fig. 6.3, the corresponding uncertainties are marked by the colored bands. The most
probable value for the true PSD slopes is close to the maximum of the simulated rela-
tions at 1.35 for Mrk 421 or 1.25 for Mrk 501, respectively. However, within the uncer-
tainties of the best slope fits, even true red noise (α = 2) can not be excluded.

The best fits for both sources exceed the maximum of the simulated relation. This is
for two reasons. First, the fit is biased towards higher slopes, due to the strong peaks
corresponding the sidereal year and the monthly periods. To improve the fit result, this
regions could be excluded from the fit. Additionally, a more robust fit routine could
be applied, like the MCMC approach that was used in previous chapters. The second
reason is the usage of the wrong PDF within the simulations that can lead to systematic
underestimation of the slope, as long term variability is predominantly characterized
by the flaring states of the sources.
As the influence of these effects cannot be estimated, the most probable value for the
true PSD slopes given the measured slopes obtained in fig. 6.3 is consequently close to
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the maximum of the simulated relations. Values of 1.35 for Mrk 421 or 1.25 for Mrk 501
can be read of, respectively. As the uncertainties of the slope fits of the measured LSP
are large, a broad range of true PSD slopes is covered by the observations. Even true red
noise behavior can not be excluded on this basis. To reduce this uncertainty, the PSD
slope fits have to be improved and intense Monte Carlo studies with e.g. the algorithm
proposed in Emmanoulopoulos, McHardy, and I. E. Papadakis (2013) are required.
For the scope of this work, the Timmer-Koenig approach will be applied once more to
derive a significance estimation for the LSPs of Mrk 421 and Mrk 501. For the most
probable spectral indices, 10000 lightcurves are simulated for each of the two window
functions. The corresponding LSP ensemble is characterized by the mean and the stan-
dard deviation as a function of frequency. From these quantities, a 99.7 % significance
level is derived.

Final Lomb-Scargle Periodograms of Mrk 421 and Mrk 501

The Lomb-Scargle periodograms and significance levels are shown in fig. 6.6 and fig. 6.7.
For Mrk 421, no unexpected peaks can be observed.
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Figure 6.6: LSP for six years of Mrk 421 observations. The periodogram does not show
any unexpected peaks.

The signal corresponding to the astronomical months exceeds the calculated signifi-
cance level. This can be explained by deviations of the threshold setting dependency
from the applied model, due to e.g. incorrectly assuming a constant spectral index of
the source. The smaller adjacent peaks are a consequence of aliasing effects and corre-
spond to the same peak. It can be summarized that FACT does not observe any periodic
behavior of Mrk 421.
For the case of Mrk 501 the picture is more complicated. The fact that the adjacent peaks
of the synodic month exceed the 99.7% significance limit can be explained analogously
to the case of Mrk 421. Looking at the yearly period, a very different behavior can be
observed. In the LSP of the lightcurve the peak is deformed and the first alias peak
cannot be observed for data, although a strong increase is expected from simulations.
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A possible explanation for this is the existence of a phase shifted periodic signal within
the range of the broadened yearly peak. At the right edge, the signal exceeds the signif-
icance level.
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Figure 6.7: LSP for six years of Mrk 501 observations. The periodogram shows an inter-
esting behavior concerning the peak of the sidereal year and its first alias.

This regime is again magnified in fig. 6.8. A period of 310 days can be read off from the
plot. However, as the LSP would in this case be a convolution of the periodic signature
with the window-function induced periodogram, the exact period does not follow from
the periodogram trivially. It should additionally be mentioned, that the look-elsewhere
effect has not been considered for the significance level calculation.
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Figure 6.8: Magnified visualization of the LSP of Mrk 501 in the regime where the peri-
odogram exceeds the calculated significance.

Due to the convolution effects, it is also possible that the signal is generated by a peri-
odic behavior with a frequency closer to the sidereal year. A period of 332 days has been
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observed by Bhatta (2018) in the Fermi/LAT lightcurve of Mrk 501. This corresponds to
a period of 322 days in the co-moving frame of the blazar. As Fermi/LAT is a satellite
experiment, the sidereal year does not leave a signature in the LSP. Instead, the window
function of the lightcurve is flat in this frequency band and peak positions can be deter-
mined more precisely. It can consequently not be excluded that FACT observes the same
periodic behavior in the VHE regime, that Fermi/LAT observes in the HE regime.4

A possible approach to achieve a clearer separation of the two peaks (if a second peak
exists), is to allow for additional Fourier terms. This concept has been introduced in
section 6.1. For the case of K = 2 the result is shown in fig. 6.9. The expected additional
alias peaks at ν/2 can be observed for the peaks corresponding to the monthly periods.

10 2 10 1

frequency in days 1

0.00

0.05

0.10

0.15

0.20

0.25

Lo
m

b-
Sc

ar
gl

e 
po

we
r LSP of Mrk501 (K=2)

sidereal year
synodic month
synodic month alias
332 days period
(Fermi - Bhatta)
310 days period

Figure 6.9: Extended LSP for six years of Mrk 501 observations and two Fourier terms.

The peak of interest shows additional substructures. The key message of this work must
therefore be that there are hints of a QPO in this frequency regime, but neither the ex-
act period nor the significance can conclusively be determined. It has to be concluded
that supplementary Monte Carlo studies are required to provide further insights in this
context. However, LSPs of FACT lightcurves will always be less sensitive to periods
close to one sidereal year due to the broadened peak originating from the window func-
tion. This issue can only be solved by setting up multiple telescopes around the world,
to achieve a true 24 hour monitoring of the source. The combined data sample would
eliminate the majority of the peaks caused by the window function.

4A QPO with this period has not been confirmed by the Fermi Collaboration so far. Cross checks with
updated lightcurves are to be done also for this result.
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7
Conclusion and Outlook

In this work, I presented a new method to determine and apply data-driven corrections
for FACT lightcurves and investigated the corrected lightcurves of Markarian 421 and
Markarian 501 for hints of quasi periodic behavior.

I showed that it is possible to use the trigger rate information to correct the gamma-ray
signals on the basis of the cosmic-ray background rates. After defining the cosmic-ray
rate, I derived a physically motivated description of how it is affected by the zenith
distance, at which the telescope is pointing and the amount of dust in the atmosphere.
To enable the latter, I correlated the measurements of two ground based dust sensors
which are located close to the FACT site. I determined a correction factor from these
parametrizations and identified nights with stable performance to define a reference
cosmic-ray rate. Using the Bayesian block algorithm, this average detector performance
measure could be quantified for 23 performance periods. This reference allowed for the
rejection of bad weather data on a runwise basis. By comparing the performance evo-
lution with dedicated measurements of the mirror reflectivity of the adjacent MAGIC
telescopes, I found strong indications that the performance decreases are predominantly
related with decreasing mirror reflectivities and are not associated with an efficiency re-
duction of FACT’s G-APDs. This stresses the potential of this photosensor technique for
IACTs of future generations.

With the help of Crab Nebula observations, for which a constant gamma-ray flux is
expected, I was able to show that there is a clear correlation between cosmic-ray rate
and measured gamma-ray excess. Utilizing this correlation, I introduced a runwise de-
tector performance correction which significantly improves the agreement of the Crab
lightcurve with a constant. In addition, I derived data driven and physically moti-
vated efficiency corrections to account for dependencies of the excess rate on the zenith-
distance and the threshold setting of the run. Furthermore, I parameterized the influ-
ence of Calima. For each correction, I estimated the introduced systematic uncertainty
based on a MCMC approach, assuming perfect accuracy of the models. I discussed how
these systematic uncertainties can further be reduced performing dedicated data taking
sessions.
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After applying of the derived corrections, I presented the Lomb-Scargle periodograms
for the FACT lightcurves of Markarian 421 and Markarian 501. With dedicated Monte
Carlo simulations following the Timmer-Koenig approach, I showed that the influence
of red noise leakage complicates the estimation of the PSD slopes in the case of uneven
sampling. Furthermore, I derived a frequency dependend significance estimation for
the individual LSPs from these simulations.

No significant QPO signal is found for Mrk 421, while Mrk 501 shows hints for a quasi
periodic oscillation in the regime of the broadened peak corresponding to the sidereal
year. This observed behavior in the very high energetic gamma-ray emissions could
match the observed 322 days periodicity for which hints have been found in the high
energetic regime.

I discussed approaches to further improve these results. Especially the potential of
lightcurve simulations with the correct PDF representing also flaring states and the in-
clusion of the look-elsewhere-effect should be mentioned in this context. For this, more
complex Monte Carlo studies are required. However, I also pointed out that, due to the
influence of the window function, FACT will always be limited in the frequency regime
of interest and that this can only be changed by realizing a true 24 hour monitoring of
AGNs by means of several telescopes at different locations around the world.

I further stressed that the application of the efficiency corrections determined as part of
this work in general and the detector performance correction in particular, is not limited
to the case of Mrk 421 and Mrk 501 or to periodicity analysis. Instead, they can be used
to correct the excess rates measured during any FACT observation, providing unbiased
lightcurves for many different kinds of analyses in the future. Especially the potential
to further improve multi-wavelength analyses will be interesting for future studies.
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Figure 1: Results of the SAL layer absorption model fit to CR data from section 4.3.
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Figure 2: All performance periods starting from 2014 that were identified using
Bayesian blocks.
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Figure 3: Impact of the detector performance correction on the zenith distance depen-
dence. The uncorrected sample (orange) is dominated by observations from 2012-2014.
In this time range the detector performance was above average, which leads to a correc-
tion towards lower rates.
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Figure 4: Crab lightcurve for 8 years.
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Figure 5: Mrk 421 lightcurve for 8 years.
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Figure 6: Mrk 501 lightcurve for 8 years.
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Figure 7: Crab lightcurve PDFs for 8 years.
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Figure 8: Mrk 421 lightcurve PDFs for 8
years.
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Figure 9: Mrk 501 lightcurve PDFs for 8
years.
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Figure 10: Mrk421 LSP for 8 years.
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Figure 11: Mrk501 LSP for 8 years.
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