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ABSTRACT

Active galactic nuclei are cosmic laboratories for high-energy physical phenomena.
Their erratic variability in TeV γ-rays is seen as key to disentangling the complexity of the numerous intrinsic processes. Theories predict periodic modulations of the
γ-ray emission, e.g. for binary black hole scenarios.
Since the first observation of a TeV γ-ray source in 1989, 200 additional sources have
been appended to the catalogue of these cosmic accelerators. A multitude of Cherenkov
telescope is dedicated to the discovery and understanding of these enigmatic sources.
The First G-APD Cherenkov Telescope is pioneering the long-term monitoring of
the γ-ray emission of the brightest blazars in the sky using a camera made of silicon
photomultipliers. In order to treat the raw data, a heuristic model of the zenith angle
dependence of the cosmic ray- and γ-ray rate is derived using basic assumptions from
the Heitler model. The model function is used to identify bad-weather observation runs
and to correct for the zenith angle dependence in the data.
The variability of the blazars Markarian 501 and Markarian 421 is assessed using a
Lomb-Scargle periodogram analysis of the 5-year light curves acquired with the FACT
telescope. The spectral indices of the Markarians correspond to flicker noise processes
when accounting for the uneven sampling pattern using the spectral window. To investigate the periodicity of the intrinsic red-noise processes, light curves of stochastic
processes are simulated and the distribution of powers in their periodograms is evaluated. The periodograms of both Markarian 501 and Markarian 421 are consistent with
stochastic processes without underlying periodic modulations.
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1

INTRODUCTION

1.1

time-series analysis in astronomy and astrophysics

Time-series analysis is the fundamental tool in astronomy and astrophysics. Astronomers
observe the light arriving from distant objects over time and look for repeating patterns, developing theories through inductive reasoning. Galileo Galilei’s discovery of
the four largest satellites of Jupiter, the Galilean Moons, is a prime example of this
type of analysis. Figure 1.1a shows the time-series Galilei recorded in 1610.
While observations in past centuries were limited to the visible light and, more often
than not, the naked eye, today’s observations are far more sophisticated, observing
sources over the whole range of the electromagnetic spectrum with large magnifications.
However, it remains that observations come down measuring the amount of emitted
light over time, an example of which being the discovery of the planetary system
around TRAPPIST-1, in a distance of 12 light-years from Earth (Gillon et al. 2017),
see Figure 1.1b.
The close connection between time-series analysis and astronomy and astrophysics
derives from the distances and dimensions of the objects of interest. There is no technology allowing for repeated observations under different initial conditions, nor can the
sources be replicated in laboratories to be examined from within.

(a)

(b)

Figure 1.1 Time-Series Analysis of Periodic Processes Time-series analysis is the fundamental
tool in astronomy and astrophysics. While the instruments have become more sophisticated, the principle research does not differ by much between Galilei’s study of
the Galilean moons in 1610 and Gillon et al. (2017) observations of the TRAPPIST-1
system in 2015. Figure Credit: [http://www.physast.uga.edu/~rls/astro1020/,
Gillon et al. (2017)]
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introduction

The aim of this thesis can therefore be stated as follows: The amount of light over
time emitted from two galaxies, Markarian 501 and Markarian 421, is searched for
repeating patterns. In Chapter 2, the non-thermal Universe that these galaxies are
part of is outlined. Current models regarding the generation of photons in their source
class are presented, with focus on the free parameters in the models that might be constrained by revealing patterns in the light curves. The enigmatic active galactic nuclei
are presented, with a closer look on the subclass of the blazars and their variability.
The chapter concludes with an overview of proposed mechanisms for periodicity in
active galactic nuclei.
Chapter 3 introduces the instruments that observe the very-high energy sky, with
special emphasis on the First G-APD Cherenkov Telescope (FACT), the instrument
which provides the time-series for this analysis. By looking at the field-of-view of FACT,
challenges and repeating patterns in the observation process of sources are pointed out.
The distinction between FACT and other VHE γ-ray observatories is outlined.
The treatment of the raw-data recorded by FACT is the subject of Chapter 4. The
detection principle of imaging atmospheric Cherenkov telescopes is explained, followed
by a heuristic model of the zenith angle dependence of the photon rate measured by
the FACT telescope. This model is then used to derive an indicator of bad weather
during observations and to correct for the zenith angle dependence in the γ-ray flux.
The heart of the thesis is the search for periodicity in the blazars Markarian 501
and Markarian 421 in Chapter 5. The assessment of variability of data in time-space
naturally leads to a look into to Fourier-realm. Here, it is outlined that the gaps in
the observations lead to unevenly-sampled light curves, which make statistical interpretation of the data challenging. This challenge is tackled by means of Monte Carlo
simulations of the light curves of stochastic processes..
The achieved results, conclusions, and an outlook on the work to come is given in
Chapter 6.
1.2

reproducible research

The results and figures presented in this thesis are the products of an in-depth analysis. While the thesis aims to describe every step of the data treatment from raw
data to interpretation of the results, the reader may not be satisfied with the presented explanation and might want to retrace the steps themselves. Especially in data
driven sciences like astronomy and astrophysics, reproducibility is becoming increasingly more difficult due to the required computational architectures, data availability,
or the availability of the analysis pipeline. While the first two points are not within
the power of the author, the latter is. In order to allow for the reproducibility of
the results, all code used to generate figures in this thesis is publicly available at
https://git.rwth-aachen.de/tbretz/fact/tree/master/mahlke2017.
While the author cannot guarantee that the presented conclusions are correct, he can
guarantee that running the analysis with the provided code will yield the same results.
Reproducibility, therefore, does not mean correctness, but transparency. Details on the
structure of the repository and software used are given in Appendix B.

2

T H E T e V γ - R AY U N I V E R S E

The research in very-high energy (VHE, E ≥ 100 GeV) astrophysics probes the nonthermal Universe by means of messenger particles called cosmic rays (CR). The emitters of these cosmic messengers are the most extreme regions in the Universe in terms
of physical conditions. Examples are the shock waves in supernova remnants, the interaction of ultra-relativistic particle winds of neutron stars with the surrounding medium
forming a pulsar wind nebula (PWN), and accreting supermassive black holes at the
centre of galaxies, so called active galactic nuclei (AGN). The exotic phenomena in
these sources have fascinated researches in astrophysics for decades, being cosmic laboratories for theories such as quantum physics and general relativity.
While the thermal Universe, consisting of the light emitted mostly by stars, has been
studied to a great extent in the wavelength range of visible light for centuries, the window to the non-thermal Universe and its members was opened in the astronomically
speaking recent past by Victor Hess with the discovery of CR radiation (Hess 1912). In
order to locate the sources of CRs, the messenger particles have to be traced back to
their point of origin. However, the trajectories of charged CRs are subject to deflection
by the intra- and extragalactic magnetic fields. As the strength and alignments of these
fields are not well known, the CRs appear to come from random directions.
Instead, the measurement of neutral particles like photons and neutrinos is more
promising in terms of discovering and characterising sources of the non-thermal Universe. These messenger particles are the products of the interaction of CRs with the
interstellar medium (ISM). Their observation is a challenging task but promises direct
insights into the source’s intrinsic mechanisms.
In this work, the observation and interpretation of VHE γ-rays coming from AGN
is in the focus. This chapter aims to give a brief overview of current models of the
acceleration mechanisms of photons in astrophysical sources before introducing the
enigmatic AGN, with a focus on a subclass of blazars. Further emphasis is placed on
the variability of the measured light curves of these sources and on proposed mechanism for the emission of periodic signals in AGN.
The reader interested in a thorough review of the development of VHE γ-ray astronomy is pointed to Lorenz and Wagner (2012) and to Horan and Weekes (2003)
and de Naurois and H.E.S.S. Collaboration (2013) for an overview of the galactic and
extragalactic sources in the non-thermal Universe.
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Figure 2.1 The TeV γ-ray Sky The 201 sources currently listed in the TeVCat. Plotted are
their coordinates in right ascension and declination using the equal-area Mollweide projection. The dashed, black line marks the galactic plane. The red crosses
mark the coordinates of active galactic nuclei, which are the most abundant extragalactic sources of TeV γ-rays. The blue dots are sources which are not AGN,
mostly consisting of galactic pulsar wind nebulae. The TeVCat can be found at
http://tevcat.uchicago.edu.

2.1

astrophysical origins of γ -rays

The production of VHE γ-rays occurs in sources where accelerated CRs interact with
the ambient matter of the ISM and the surrounding radiation fields. Since the first
detection of a source of TeV photons in 1989, 200 discoveries have been appended to
the catalogue of TeV sources.1 Galactic sources of TeV photons are mostly PWNe, the
most abundant extragalactic sources are the AGN, see Figure 2.1.
The electromagnetic (EM) emission of astrophysical sources ranges from radio to
γ-rays. In order to compare the emission in different wavebands, a quantity is required
which unifies the measured emission in different frequencies and with different detectors. The spectral flux density F (ν ) is defined as the rate of energy is which transmitted
by electromagnetic radiation at a certain frequency through a unit surface area. Multiplying with frequency of the electromagnetic radiation gives the flux density,
J (ν ) = νF (ν ),

[J (ν )] = erg cm−2 s−1

(2.1)

which is used to compare the emission detected by the experiments in different wavebands. The spectral energy distribution (SED) or just spectrum of a source is its flux
density in dependence of the energy or frequency of the emitted radiation. The SED
of astrophysical sources is the common quantity to compare their emission spectra
(Spurio 2014).

1 http://tevcat.uchicago.edu

2.1 astrophysical origins of γ -rays

The generation of photons through the interaction of CRs with the ISM is mainly
attributed to three mechanisms. Synchrotron radiation of relativistic electrons2 accelerated in ambient magnetic fields generates thermal photons with radio- to X-ray
frequencies, refer to the red line in Figure 2.2. High-energy (HE, ∼30 MeV to 100 GeV)
and VHE γ-rays are produced by two possible mechanisms, which are outlined now.
hadronic model A hadronic origin of γ-rays is based on two different protoninitiated particle cascades. The first process begins with collisions of protons or heavier
nuclei with ambient protons or nuclei, which dominantly produce charged and neutral
pions, with a smaller fraction made of higher mass mesons and baryons (Lorenz and
Wagner 2012),
p + nucleus → π ± , π 0 , p0 , n, . . .

(2.2)

This process is referred to as astrophysical beam dump. In the second proton-initiated
cascade, the high-energy protons interact with ambient low-energy photons hν in a
process called photoproduction, again producing pions (Catanese and Weekes 1999),
p + hν → π 0 + p0
p + hν → π + + n

(2.3)
−

,→ n → pe ν¯e
The probability ratios between these two processes depends on the environment: For
the beam dump mechanism, the determining variable is the ambient matter density,
while for photoproduction, a high ambient photon density is crucial.
Both processes results in neutral and charged pions, which decay according to
π 0 → γγ
π + → νµ + µ+ ,

(2.4)
+

,→ µ → ν¯µ + νe + e

+

The energy spectrum of the γ-ray particles emitted in the π 0 decay shows a steep
rise at energies in the order of 100 MeV and traces the energy distribution of the parent
proton particles. This characteristic shape is referred to as the pion-decay bump and
can serve to identify γ-rays of hadronic origin, see the orange line in Figure 2.2 (Spurio
2014).
leptonic model The leptonic production of γ-rays is caused by the inverseCompton (IC) mechanism. Ambient low-energy photons hν created by the synchrotron
radiation of high-energy electrons gain energy by scattering with high-energy electrons,
which increases the photon energy by converting the electron’s kinetic energy,
e + hνlow → elow energy + γ.

(2.5)

The source of the target photons might be the synchrotron radiation of the highenergy electrons themselves, in which case the process is referred to as self-synchrotron
2 Throughout the thesis, electrons refers to both electrons and positrons.
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Compton. However, this requires strong ambient magnetic fields. Alternatively, the lowenergy photons could be provided by an external process and fed into the IC region.
The process is then called external Compton. The peak energies of the scattered photons are in the order of GeV to TeV. The shape of the high-energy IC peak in the
SED depends the ambient photon density and the Lorentz factor of the relativistic
electrons. The blue line in Figure 2.2 illustrates that it can be well approximated using
power-laws in most parts of the spectrum (Lorenz and Wagner 2012; Spurio 2014).
Each interaction mechanism leaves its imprint in the SED of a source. Figure 2.2
shows a schematic of common SED models of astrophysical VHE γ-ray sources, illustrating the typical double-bump structure.
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Figure 2.2 Spectral Energy Distribution Models The schematic of an SED of an astrophysical
source emitting EM radiation from radio- to VHE γ-ray frequencies. Thermal radiation is usually attributed to synchrotron emission of relativistic electrons in a
magnetic field (red line). HE and VHE γ-rays are produced in the decays of neutral
pions (hadronic model, orange) or in IC scattering of relativistic electrons with photons of ambient radiation fields (leptonic model, blue). Mixed models assume the
production of γ-rays by both processes in one source. After Spurio (2014).

Hadronic models are sometimes referred to as lepto-hadronic models to indicate that
the contribution of leptons is taken into account as well. The fundamental difference
between both models is therefore whether the heavy hadrons are accelerated to ultrarelativistic energies. The observation of ultra-high energy CRs suggests that at least in
some sources, the VHE γ-rays are of hadronic origin (Dawson et al. 2017). While the
observation of neutrinos emerging from a source would provide unambiguous prove that
hadronic interactions are taking place, detecting neutrinos is a challenging endeavour
due to their elusive nature, and requires large detector volumes and observation times.
As the SED is the characterizing measurement of astrophysical sources, it is used to
model their inner processes. A fundamental question is what type of interaction process
is responsible for the emission of the HE and VHE γ-rays. The leptonic and hadronic
models require different environmental conditions, regarding e.g. the magnetic field
strength, photon- or matter number densities. The identification of either process or

2.2 the crab nebula

a mixed model could therefore lead to insights into the source and constrains of its
parameters. However, the SED commonly spans 20 orders of magnitudes in frequency,
and current measurements are in general not enough to restrict the leptonic or hadronic
origin models sufficiently to rule out one or the other. As the SED of astrophysical
sources is time-dependent, contemporaneous multi-wavelength measurements of SEDs
as shown in e.g. in Abdo et al. (2011b) are essential to restrict model parameters.
2.2

the crab nebula

The first source of the non-thermal Universe to be introduced here was also the first
source to be detected in TeV γ-rays: the Crab Nebula, observed in 1989 by the Whipple
Observatory (Weekes et al. 1989). Located at a distance of 2 kpc away from Earth,3 the
Crab Nebula belongs to the class of PWN. It consists of rotating neutron star, the Crab
Pulsar, which emits magnetic dipole radiation and an ultra-relativistic wind into the
remnants of a supernova explosion4 (Hester 2008). The SED of the Crab Nebula is well
described by the leptonic model: The shock between the cold pulsar wind and the hot
plasma accelerates electrons and positrons to TeV energies. The accelerated particles
interact with the ambient magnetic fields, emitting synchrotron radiation which can be
observed from radio- up to the X-ray band. The synchrotron photons are then subject
to IC scattering, boosting the photon energies to the TeV range (Aleksić et al. 2015).
Its luminous and long-term steady emission, especially in comparison to other TeV
γ-ray sources, have made the Crab Nebula the standard candle of (VHE) astronomy,
offering itself as calibration source to compare the performance of a telescope over
time or to the performance of other instruments. Its luminosity furthermore serves as
unit for TeV observations, where the flux of sources is then given in Crab units (CU).
However, Abdo et al. (2011a) and Tavani et al. (2011) reported modulations of the flux
levels in the form of flaring states over several days of the Nebula in the HE energy
regime, likely linked to the Crab Pulsar.
2.3

active galactic nuclei

The observational features of AGN are highly dependent on their alignment with respect to the line-of-sight. Some sources are dominated by thermal radiation in the
infrared, optical, or even X-ray. Others show large emissions over the whole EM spectrum, with especially high luminosities in the non-thermal wavebands, in HE and VHE
γ-rays. The SEDs of AGN are time-dependent, as are the spectral emission lines. The
sources are very bright, and far away. These puzzling observations are summarized in
the term quasar, quasi-stellar object, which was introduced for the sources detected in
radio sky surveys which appeared as star-like point sources in optical images but did
not resemble any known stellar sources (Edge et al. 1959; Bennett and Simth 1962). In
1963, the red-shift of quasar 3C 273 was determined to be z = 0.16 via the Balmer emission lines of hydrogen, proving that quasars are extragalactic sources (Schmidt 1963).
3 A parsec (pc) equals 3.26 light-years.
4 The supernova which produced the remnant was recorded in the year 1054 A.D. by Chinese astronomers,
who said that a "guest star" was visible over a period of three weeks, even during daytime (Green and
Stephenson 2003).
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Exposures of 3C 273 are shown in Figure 2.3, in the radio- (left plot), the optical- (middle plot), and the X-ray band (right plot). Different regions of the object light up at
different frequencies.

Figure 2.3 Multi-Wavelength Structure of Quasar 3C 273 The left exposure depicts the quasar
3C 273 in the radio band, the middle one is taken in the optical, and the right one
in the X-ray band. The core region of the AGN in the upper left corner flares up in
all regimes due to thermal radiation of accreted matter close to the black hole and
inverse-Compton scattering of high-energy electrons and thermal photons. Different
parts of the relativistic jet can be observed in all three exposures. The scale shown
in the bottom right corner of the X-ray exposure is 5". Credit: Radio: MERLIN,
Optical: NASA/STScI, X-ray: NASA/CXC.

Three decades of observational efforts cumulated in the Grand Unified Theory of
AGN by Urry and Padovani (1995), which concluded that the difference in the observed
emission features is caused be the different inclinations of AGN to the line-of-sight to
Earth. Nowadays, it is widely accepted that AGN are part of the typical life cycle of
a galaxy, determining the properties of the host galaxy and vice versa (Heckman and
Best 2014). Still, as their taxonomic classification is more historically than physically
motivated, the terminology is often confusing. Some common properties of all AGN
can be given nevertheless.
At the core of every AGN is a massive black hole, with masses larger than 105 M
and going up to billions of solar masses or even higher (Rieger and Mannheim 2003).
The Schwarzschild radius5 of the black holes is in the order of light-seconds to lightdays. The potential well of the black holes attracts matter and converts the potential
energy of the surrounding medium into radiation, fuelling the output of the AGN. The
mass of the black hole can therefore be estimated by measuring the luminosity of the
AGN over all wavebands.
The black hole is surrounded by a hot, rotating accretion disk of dust, stabilized by
the angular momentum of the attracted matter. Typical dimensions for the accretion
disk are sub-parsec. It emits mainly thermal infrared, optical, and ultraviolet light. In
Figure 2.3, the accretion disk is located in the top left of the exposures. The X-ray
observation by the Chandra X-ray Observatory satellite shows that accretion disk is
also visible at non-thermal wavelengths. One possible scenario for the emission of X-ray
5 The Schwarzschild radius of an object is defined as the radius of a sphere which, if it contained the
whole mass of the object, would have an escape velocity larger than the speed of light. Photons can
therefore no longer escape the gravitational pull of this object, and it becomes a black hole.

2.4 blazars

photons is IC scattering in the atmosphere (corona) of the accretion disk, which itself
is not hot enough for X-ray emission (Marscher 2006).
The accretion disk is embedded in an axis-symmetric, opaque dust structure called
the central torus. The torus dimensions are in the order a 0.1 to 10 parsec. Its opening
axis is referred to as the ionization cone. The dust in the torus is in the atomic or
molecular phase, leading to the emission of ultraviolet, optical, and near-infrared light.
These basic building blocks are common in all AGN. However, about 10% of all
discovered AGN exhibit relativistic outflows leaving the ionization cone along the axis
of the black hole. This jet of particles is assumed to be formed by strong magnetic fields
acting upon the accretion disk in immediate vicinity of the black hole. As it only shows
up in a fraction of AGN, its formation might be linked to the mass of the central black
hole or the spin of the accretion disk. The jet then protrudes all constituents of the
AGN and reaches extension up to kilo- and megaparsec (Catanese and Weekes 1999).
The plasma carried outwards at relativistic velocities by the jet produces EM radiation
which is highly collimated. The power and photon frequencies measured on Earth are
therefore dependent on the angle between the jet and the line-of-sight to Earth, in
agreement with the unified theory of AGN. Different parts of the relativistic jet can be
observed in all three exposures in Figure 2.3, suggesting that the jet is inhomogeneous.
Observations like these serve to identify the building blocks of AGN when combined
with models of the emission zones.
Figure 2.4 summarizes the basic structure and emissions of AGN, including the
formation of a jet. The black hole, accretion disk, and torus are depicted on the left,
including a hot corona which serves as a source of hot electrons in many leptonic
models (Marscher 2006). Magnetic fields which are possibly induced by the accretion
disk lead to emission of the two-sided jet. The jet is inhomogeneous, leading to shock
fronts as fast-moving parts collide with slower-moving parts. These shock fronts offer
photon acceleration sites and can appear to be moving at superluminal speeds from
the point of view on Earth, due to the relativistic movement of the emission zones.
Also shown are dense clouds towards the central region of the AGN, called broad line
regions as the temporal dependence of the spectral line features of AGN is attributed
to them, and the narrow line regions, which contain low-density clouds further out the
AGN (Netzer 2015). Note the logarithmic scale in units of the Schwarzschild radius.
If the AGN disk is viewed edge-on, the detected emission is thermal radiation and
the AGN is classified as disk dominated AGN. The observed behaviour of the sources
gets more extreme and, subjectively, more interesting when the observer is granted a
view into the eye of the storm: Down the rotation axis of the accretion disk, into the
core region of the AGN. Objects where the relativistic jet points directly at Earth are
called blazars.
2.4

blazars

Blazars are AGN whose relativistic jet is closely aligned with the line-of-sight to Earth
(Urry and Padovani 1995). The EM radiation of these collimated outflows is observed
as highly variable emission from radio- to γ-ray frequencies. As the bulk motion of the
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Figure 2.4 Structure of Active Galactic Nuclei The basic components of active galactic nuclei
are the black hole, the accretion disk, and the large dust torus, shown here towards
the left of the sketch. In about 10% of AGN, jets are observed. The relativistic jet
is two-sided, only one side is shown. Adapted from Marscher (2005).

plasma is close to the speed of light and directed towards Earth, the emitted radiation
is Doppler beamed, increasing the apparent brightness of the jet.
Figure 2.5 shows an observation of PKS 2155-304 by the H.E.S.S. experiment from
July 28, 2006 (Aharonian et al. 2007a). The VHE γ-ray emission of this blazar more
than doubled in the time-span of 20 minutes, before it decreased by a factor of seven
in the following hour. The variability of blazars is thought to arise near the central
region and in the relativistic jet. In close vicinity of the black hole, high-energy synchrotron emission can be observed in X-ray. The continuum emission covering the
whole electromagnetic spectrum is then generated as the electron density and magnetic field strengths inside the jet decrease with increasing distance to the black hole.
The wavelength of the emitted radiation then increases towards the outer regions. Indeed, Figure 2.3 shows that different regions of the jet are responsible for different
emission features.
Relativistic jets are not unique to AGN. They often are observed when mass is
accreted by a compact object, such as a black hole or a neutron star. The interplay
between the accretion disk and the black hole in the formation and acceleration process
of the relativistic jet is still an open question (Romero et al. 2017). The same holds for
the leptonic or hadronic origin of γ-rays and the location of the emission zone along the
jets. Variability observations are seen as keys to the answers. The characteristic timescale of variability in a light curve puts an upper limit on the size of the emission region
due to the causality principle. If the light curves exhibit variability on time-scales of ∆t,
the emission region has to be confined to a sphere with radius R ≤ c∆tD, where D is
the Doppler factor of the relativistic plasma emitting the radiation (Ulrich et al. 1997).
The fast variability in the order of minutes therefore indicates that the γ-ray emission
site is close to the central region of the AGN or within a localized inhomogeneity in the
jet. If the radiation is emitted close to the black hole, it’s characteristic time-scale could

Integral Flux > 200 GeV / 10−9 cm−2 s−1
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Figure 2.5 Erratic Variability of Blazars The highly variable VHE γ-ray emission from
the blazar PKS 2155-304 as observed by the H.E.S.S. experiment on July 28,
2006. The data can be found at https://www.mpi-hd.mpg.de/hfm/HESS/pages/
publications/auxiliary/ApJL664_L71.html. After Aharonian et al. (2007a).

reflect the Schwarzschild radius, which would yield the black hole properties. Therefore,
the VHE γ-ray window is essential to studying and disentangling the complex core
regions of blazars and the creation of astrophysical jets.
2.4.1

Periodicity in Blazars

Periodic modulations of the TeV γ-ray emission in blazars have been derived from a
number of models of the core regions of blazars. Their observation and the period of
the oscillation would put large constrains on the possible intrinsic source processes. In
TeV γ-rays, claimed observations of periodic and quasi-periodic oscillations in blazars
are rare. The repeating patterns in light-curves are difficult to unambiguously identify
because of the nature of sources. Blazars are complex sources with numerous intrinsic processes occurring simultaneously, with a wide range of characteristic time- and
energy scales. Single-band snapshots of their emission are therefore inadequate to disentangle of the complexity and gain insights. Long-term multi-wavelength observations
are required to get a complete picture.
Therefore, statistically significant periodicity is usually not found in single-band
analysis, but in multi-wavelength campaigns, e.g. in Ackermann et al. (2015), where
γ-ray measurements from the F ermi-LAT were combined with data from optical- and
radio-waveband long-term monitoring processes to reveal a possible quasi-periodic oscillation in PG 1553+113 on a time-scale of 2 years. In the following, a non-exhaustive
list of models is given which have been proposed as mechanism for a periodic variability
in the VHE flux of AGN, based on either the processes feeding the relativistic outflow
or on a helical motion of the jet. Many models require a binary black hole systems
(BBHS) at the core of the AGN. Theoretical models of hierarchical galaxy evolution
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as well as observational evidence support the claim of BBHS (Begelman et al. 1980;
Komossa 2003).
accretion flow instabilities Shock waves propagating through the accretion disk may lead to periodic modulations of the energy outflow. The expected periods
are in the order of ∼ 105 s MBH /M . Assuming a black hole mass of MBH = 109 M ,
these shock waves could yield periodicity on time-scales of weeks (Honma et al. 1992;
Ackermann et al. 2015). BBHS could also lead to periodic variation of the accretion flow
due to the Keplerian orbital motion of the black hole system. The expected time-scales
are in the order of 1 to 25 years (Ackermann et al. 2015).
helical jet motion Due to Doppler beaming of the radiative outflow, any
mechanism that periodically changes the line-of-sight between Earth and the jet would
cause periodic modulations of the γ-ray emission. Again, BBHS could lead to helical
motion of the jet due to the orbital motion of the companions leading to the periodic
modulation of the azimuthal velocity of the jet with the angular frequency
Ω=

q

G(M + m)/d3 ,

(2.6)

where M and m are the black hole masses, d their separation, and G the gravitational
constant. Furthermore, perturbations in the accretion disk may lead to jet precession.
These perturbations may also be induced by the tidal forces of a BBHS (Rieger 2004;
Ackermann et al. 2015).
Again, the (periodic) variability of blazars observed in TeV γ-rays is linked to the
central regions of the sources.
2.4.2

The Markarians

In this work, the light curves of the two blazars closest to Earth are examined, Markarian (Mrk) 421 and Mrk 501.6
markarian 421 The blazar Mrk 421 was the first extragalactic source discovered
in VHE γ-rays (Punch et al. 1992) and has been subject of frequent observation campaigns in the TeV regime ever since (e.g. Acciari et al. 2014; Ahnen et al. 2016; Coutiño
de León et al. 2017). At a redshift of z = 0.031, it is the closest blazar to Earth (Ulrich
et al. 1975). Its flux exhibits large variability with reported flux-doubling times of 15
minutes (McEnery et al. 1997). Correlation studies between X-ray and γ-ray emissions
found that the bands are correlated within time differences below 1.5 days, supporting
a leptonic origin of the VHE emission, as X-ray and γ-rays are generated by the same
electron population (Horan et al. 2009). However, orphan flares in the TeV regime have
been observed as well (Sahu et al. 2016). Figure 2.6 depicts the SED of Mrk 421 as
measured by multiple experiments ranging from radio to VHE γ-rays during a multiwavelength campaign between January and June 2009 (Abdo et al. 2011b). Observable
are the two bumps in the spectra, with peaks in the X-ray and γ-ray regimes. The VHE
6 Even though the catalogue of the Markarian galaxies consist of more than 1 000 sources, in this work,
the Markarians generally refers to Mrk 421 and Mrk 501.
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Figure 2.6 The Spectral Energy Distribution of Mrk 421 The SED of Mrk 421 as measured
during a multi-wavelength campaign of multiple experiments between January 19,
2009, and June 1, 2009. Measurements were taken in the range of radio- to VHE γ-ray
wavelengths. The two bumps in the SED are characteristic for active galactic nuclei
and many other classes of astrophysical sources. The low-energy peak is attributed to
synchrotron emission from relativistic electrons in ambient magnetic fields. The highenergy peak in blazars is well described by inverse-Compton scattering of photons
to high energies. Figure from Abdo et al. (2011b).

energy emission in blazars is usually well described by the leptonic model (Catanese
and Weekes 1999; Abdo et al. 2010).
markarian 501 Mrk 501 is the second closest blazar to Earth with a redshift of
z = 0.034. As such, it was the second blazar to be detected in TeV γ-rays (Quinn et al.
1996). It has similar properties as Mrk 421. Albert et al. (2007) observed doubling of
the TeV γ-ray flux of Mrk 501 within two minutes on two occasions in June and July
2005. Kranich (2001) claimed periodicity both in TeV regime with HEGRA and in Xray with data from the RXTE satellite, with a periodic modulation every 23 days. The
examined light curve was measured in 1997 and spanned 115 days.Nishikawa and The
Utah Seven Telescope Array collaboration (1999) reproduced the same results using
the same epoch and data from RXTE but TeV data from the Utah Seven Telescope
Array group. Rieger and Mannheim (2003) linked the 23-day period to a possible binary
black hole in Mrk 501.
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MONITORING THE NON-THERMAL UNIVERSE

Following the discovery of cosmic rays (CRs) by Hess (1912) and the first measurement of extended air showers induced by the interaction of these particles with the
atmosphere by Auger et al. (1939), another 50 years passed until the Whipple collaboration published the first unambiguous detection of a VHE γ-ray source (Weekes et al.
1989). It was not for a lack of determination, as the scientific value of γ-rays is apparent. While charged CRs are subject to deflection by intra- and extra-galactic magnetic
fields, obscuring their point of origin, γ-rays are unaffected and can be traced back
to the source. However, the detection of γ-rays poses a technical challenge which took
decades to approach effectively and is still not completely overcome.
The VHE γ-ray ratio to CRs is nowadays believed to be about 1 × 10−4 for particles
reaching Earth from the galactic plane and 1 × 10−5 for particles with extragalactic
origin (de Naurois and Mazin 2015). Their flux is of the order of 1 photon per square
meter per year. In addition, γ-rays are absorbed by Earth’s atmosphere. Direct detection of these cosmic messengers is therefore not feasible, as it would take a satellite
years to reliably detect a source in the VHE regime. Indirect detection via the extended
air showers using the Earth’s atmosphere as detector solves this problem by giving the
telescopes a large collection area, but gives rise to new challenges. The Cherenkov light
flash emitted by the air shower1 lasts for only nano-seconds and is hidden in a see of
night-sky background photons. Furthermore, the fraction of γ-ray induced air showers
to hadronic air showers is representative of the ratio of γ-rays to CRs. A reliable separation between electromagnetic and hadron showers is required. The key technique to
solve both problems was pointed out by Hillas (1985), who outlined a method to differentiate the Cherenkov light flashes induced by electromagnetic and hadronic showers
using images of the showers. The technical requirements are sophisticated cameras,
able to capture resolved images of the Cherenkov light flashes.
In the almost 30 years following the first detection of the Crab Nebula in VHE
γ-rays by the Whipple observatory, technological advancement and dedicated efforts
have given rise to a multitude of Imaging Air Cherenkov Telescopes (IACTs), each
generation larger and more sensitive than the previous, while the technological and
physical challenges remain the same. This chapter focuses on a pioneering effort in
Cherenkov astronomy, the First G-APD Cherenkov Telescope. The telescope set-up
and operation are outlined, followed by an overview of source monitoring efforts in the
VHE regime and a short overview of other γ-ray observatories.

1 A more detailed look at the development of electromagnetic air showers is following in Chapter 4.
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Figure 3.1 The First G-APD Cherenkov Telescope FACT is located at the Observatorio del
Roque de los Muchachos on the Canary Island of La Palma. The mirror dish
has a diameter of 3.8 meters. The camera made of silicon photomultipliers is located in the white cylinder in the top right corner and has a field-of-view of 4.5◦ .
Photo credit: Anderhub et al. (2013)

3.1
3.1.1

the first g-apd cherenkov telescope
The Telescope Set-up

The First G-APD Cherenkov Telescope (FACT) is an IACT located on the Canary
Island of La Palma, Spain, at the Observatorio del Roque de los Muchachos, 2200
meters above sea level. It is designed to observe VHE γ-rays by measuring Cherenkov
light, light emitted by charged particles travelling at superluminal velocities through
the Earth’s atmosphere. These particles are products of particle showers induced in
the atmosphere by high-energy particles.
The telescope’s dish has a diameter of 3.8 meters and consists of 30 hexagonal mirrors,
see Figure 3.1. These mirrors reflect the incoming Cherenkov light into the telescope’s
camera. Here, 1 440 pixels with a field-of-view (FoV) of 0.11◦ each detect the photons
and are read out individually. Overall, the camera has a FoV of 4.5◦ . FACT was built
on the mount of the former HEGRA CT3 telescope.
The camera of FACT is unique in the world of IACTs for the reason that it uses silicon
photomultipliers (SiPMs) to detect the incoming photons. These SiPMS are made up
of arrays of Geiger-mode avalanche photo-diodes (G-APDs), which is where FACT
gets its name from (Anderhub et al. 2013; Biland et al. 2014). FACT is a pathfinder
telescope to explore the long-term operation of SiPMs in Cherenkov astronomy. SiPMs
have several advantages over the commonly used photomultiplier tubes found in the
cameras of other IACTs. They offer a higher photon-detection efficiency and operate
under lower bias voltages. An important characteristic is also their robustness: SiPMs

3.1 the first g-apd cherenkov telescope

allow for observations during bright nights, including during full Moon,2 which reduces
the amount of gaps in the observation schedule and increases the telescope’s up-time.
FACT continuously investigates the effect of changing temperature and photon flux on
these sensors. Almost six years after FACT’s First Light in October 2011, no effects
ageing have been observed (Biland et al. 2016).
FACT is operated remotely and to a large degree robotically. The observer operates
the telescope and receives system status updates through an online interface.3 Automatic observation schedules are generated based on the sources position and predicted
visibility.
Besides the proof-of-principle for the use of G-APDs in Cherenkov astronomy, the
mission statement of FACT is the long-term monitoring of only a handful of sources, to
study the temporal evolution and variability of AGN. As of September 2017, 91% of the
total observation time of 9238 h were targeted at five sources only: Mrk 501, Mrk 421,
the Crab Nebula, 1ES 2344+514, and 1ES 1959+650.4 This dedication to continuous
monitoring is rare in the community of IACTs, which mainly pursues other science goals
like the survey of TeV sources, the constraint of dark matter theories and theories on
the evolution of the Universe, and the follow-up on neutrino and gravitational wave
events.5 These goals require a larger sample of sources than can be conciliated with
long-term monitoring.
3.1.2

The Night Sky over FACT

FACT aims to study the VHE γ-ray emission from blazars. These sources are introduced in Chapter 2, and will now be set in context to FACT by looking at the telescope’s FoV. Studying the relation between FACT’s local coordinate system and the
coordinates of the extragalactic sources reveals observational effects and constraints
which later leave their imprints in the collected data and have to be accounted for.
Figure 3.2 shows the sky in equatorial coordinates using the equal-area Mollweide
projection. The coordinates of the seven sources that FACT observers most are shown,
in addition to the coordinates of the blazar PKS 2155-304. The black line represents
the FoV of the FACT telescope on the night of its First Light, October 11, 2011, at
5 am. Sources inside the FoV of the telescope can be observed at this moment, sources
on the outside are hidden behind the Earth. The sources inside the FoV are marked
with orange circles, the sources outside with blue crosses. As the Earth turns, the FoV
moves towards larger right ascension, moving sources into and out of the FoV.
Sources with declinations larger than 62◦ are always visible6 from FACT’s point of
view at a latitude of 28◦ 45’41.9" N, while objects with declinations smaller than -62◦
never cross FACT’s FoV (Karttunen et al. 2007).
The dashed, black line marks the declination which corresponds to the zenith above
FACT. Objects close to this line will culminate at large altitudes, i. e. small zenith
angles. This is advantageous for observations of γ-ray showers as there is less atmoγ-ray showers can even be observed while the full Moon is in the FoV, see Knoetig et al. (2013).
https://www.fact-project.org/smartfact/
https://www.fact-project.org/dch/obs_time.php
FACT follows up on exceptional events as well, however, the neighbouring MAGIC telescope with its
higher sensitivity is better suited for this task.
6 The source is circumpolar, meaning that it never sets below the horizon at this latitude.
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Figure 3.2 The Night Sky over FACT Shown is the sky in equatorial coordinates using the equal-area Mollweide projection, with the FACT field-of-view
(FoV) represented by the solid black line. The locations of eight TeV sources are indicated by either orange dots, if the source is in the FoV,
or by blue crosses, if the source is outside the FoV. The dash-dotted, blue line represents the ecliptic. The position of the Moon is marked by
the black circle. It stays within 5◦ distance to the ecliptic and affect the observations of sources close to the ecliptic, like the Crab Nebula. The
dashed, black line indicates the movement of the zenith over FACT, shown as large dot on this line. Sources close to the line in declination
will have their upper culminations at low zenith angles, which is advantageous for the measurement of γ-ray induced air showers. Shown here
is the FoV of FACT on the night of its First Light October 11, 2011, at 5am.
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sphere between the telescope and the shower maximum to absorb the Cherenkov light.
It immediately becomes apparent in Figure 3.2 that FACT is in a good location to
study the two brightest blazars in the night sky: Mrk 501 and Mrk 421. γ-ray rates
measured from these sources at upper culmination will hardly be affected by absorption in the Earth’s atmosphere, assuming no clouds are in the line of sight. On the other
hand, the observed rates from sources towards the celestial poles like 1ES 1959+650 and
PKS 2155-304 will always be significantly diminished, even under perfect atmospheric
conditions. PKS 2155-304 is therefore rarely observed by FACT, although it exhibits
strong variability on short time scales, as mentioned in Chapter 2. A detailed study
on the dependency of the γ-ray rate on the zenith angle of the source is following in
Chapter 4. The black point on the the dashed, black line marks the current position
of the zenith above FACT.
Shown as dash-dotted, blue line in Figure 3.2 is the ecliptic plane. The objects of the
Solar System revolve around the Sun in this plane. Most significantly for FACT and
telescopes in general, the Moon’s orbital plane is inclined with respect to the ecliptic
by only 5◦ . The Moon’s position is marked in Figure 3.2 by a black circle. Sources
close to the ecliptic are therefore frequently close in angular distance or behind the
Moon, rendering their observations impossible. Observations of the Crab Nebula at a
declination of 22◦ are most affected by the lunar sidereal period.7 When the Moon is
not in the FoV, the Crab Nebula is a prime target for observation and calibration of
the telescope due to its upper culmination within 7◦ zenith angle.
Earth’s rotation causes the FoV to shift towards larger right ascension with time.
After one sidereal day, it has shifted by 360◦ and the same stars are visible as before.
However, as the sidereal day is 4 minutes shorter than the solar day, the FoV will move
approximately 1◦ towards larger right ascension each night. Therefore, as the Earth
revolves around the Sun, different sources move into and out of the FoV over the year.
The sky in summer looks different than the sky in winter. Figure 3.2 can be used to
estimate these breaks in observation for the different sources. The Crab Nebula at a
declination of 22◦ will be blocked by the Sun for about 40% of the year, roughly the
time it takes for the FoV to travel by 150◦ in right ascension. Mrk 501 and Mrk 421
are close to each other in declination, they are not visible to FACT for about a third
of the year. However, the uniform spread of the sources in right ascension ensures that
FACT has a target of observation for all nights. After one sidereal year,8 the FoV has
moved back to its original position.
3.2

long-term monitoring of tev sources

The targets of FACT’s observational efforts, the blazars, are highly variable on a variety
of time-scales (e.g. H.E.S.S. Collaboration 2016). Continuous observations of these
sources is a requirement to gain insights into their core regions, the massive black
holes and its interaction with the jets. For example, the evolution of the spectral
7 The sidereal month is the time that it takes the Moon to revolve once around Earth, which is 27.3
days.
8 A sidereal year is the orbital period of the Earth around the Sun with respect to the fixed background
stars. With 365.25 days, it takes about 20 minutes longer than the more commonly known tropical
year.

19

20

monitoring the non-thermal universe

energy distribution over time can constrain model parameters of the emission processes
occurring in the sources.
In the regime of TeV energies, FACT is joined by the High Altitude Water Cherenkov
(HAWC) observatory in its monitoring efforts (Mostafa 2013). Since March 2015, HAWC
has been observing the TeV γ-ray sky, located at 4 100 m above sea level in the state of
Puebla, Mexico. Instead of the air Cherenkov technique applied by FACT, HAWC is
relying on the water Cherenkov technique, collecting the Cherenkov light of relativistic
particles as they pass through one of 300 tanks of water. As this method does not
require good atmospheric conditions and a dark background sky, HAWC can observe
two thirds of the sky within 24 h and reaches a duty cycle of 95%. Not visible are
the regions outside −64◦ to 64◦ declination. First monitoring results using the data
acquired over the past 1.5 years can be found in Lauer (2016). Due to its shift in
longitude relative to FACT by ∼ 79 ◦ W, HAWC can observe sources for about 5.3 h
after they have moved out of FACT’s FoV, increasing the coverage of one source by
both telescopes up to about 12 h.9 This is a useful extension of the observation windows, and though the different energy sensitivities and resolutions make comparison of
the measured γ-ray rates challenging, first joint results have been published in Dorner
and Lauer (2017). In general, good agreement between the observed nightly fluxes of
Mrk 501 and Mrk 421 are found between the two instruments. Large discrepancies can
be associated to periods of high short-term variability in the sources.
Additional support for FACT and HAWC in their long-term monitoring efforts is
planned: The Monitoring At TeV Energies (M@TE) telescope, to be built in San Pedro
Matír, Mexico, is a duplicate of the FACT telescope with improved camera hardware.
Two more telescope mounts of the former HEGRA experiment are available. More
details are given in Chapter 6 and in Alfaro et al. (2017).
3.3

observing the (very) high-energy γ -ray sky

This section gives a brief overview of four γ-ray observatories which, like FACT, regularly observe blazars and are referenced in this thesis.
whipple observatory The Whipple 10 m γ-ray telescope at the Fred-LawrenceWhipple-Observatory in Southern Arizona, USA, was in operation from 1968 to 2013. It
was the pioneer telescope in VHE γ-rays, with the first detection of a TeV γ-ray source
(Crab Nebula, Weekes et al. (1989)) and a γ-ray blazar (Mrk 421, Punch et al. (1992)).
Whipple detected γ-rays between 300 GeV to 10 TeV. The primary science goal was to
detect sources in the VHE regime, which later switched towards monitoring effort in
the early 2000’s. The 14-year light curve of Mrk 421 recorded by Whipple from 1995
to 2009 is shown in Figure 3.3.
fermi lat The Large Area Telescope (LAT) is a satellite-borne γ-ray observatory
aboard the Fermi Gamma-ray Space Telescope. It is a pair conversion telescope susceptible to photons in the high-energy regime, from 20 MeV to around 300 GeV. Launched
9 Due to the influence of atmospheric disturbances when observing sources at large zenith angles, the
maximum observation time of a source from one single site is about 6 h, assuming it culminates in the
zenith.
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in 2008, its orbit around Earth takes 96 minutes and, combined with the field-of-view
of 2.4 steradians, allows for a complete survey of the sky within two orbits (Atwood
et al. 2009). This ability to rapidly observe distinct sources make the Fermi LAT a
frequent participator in multi-wavelength observations, where a source is simultaneously observed in different wavelength regimes (e.g. Ahnen et al. 2017). Correlations
between the observed variability in different wavebands help constrain the emission regions as well as model parameters of the spectral energy distributions, as they support
the leptonic model of photon production.
h.e.s.s. The High Energy Stereoscopic System (H.E.S.S.) is operated in the Khomas
Highland in Namibia since 2004. It is a system of five telescopes, allowing for an increased angular resolution of the origin of the γ-rays and an increased sensitivity due to
the increased collection area. Measurements are taken of γ-rays with energies between
30 GeV and 100 TeV (Hofmann 2000). The H.E.S.S. collaboration was the first to observe periodic modulation of VHE γ-ray emission from an X-Ray binary system (LS
5039, Aharonian et al. 2006) and VHE γ-ray emission from a stellar cluster containing
massive stars close to the end of their life cycle, so called Wolf-Rayet stars (HESS
J1023-575, Aharonian et al. 2007b).
magic The Major Atmospheric Gamma-Ray Imaging Cherenkov (MAGIC) telescope system consists of two IACTs located on La Palma, Canary Islands, next to the
FACT telescope. The energy range spans from 60 GeV to about 20 TeV, at a resolution
of about 1% Crab units (Tridon et al. 2010). In 2008, MAGIC was the first to observe
pulsed γ-ray emission a neutron star, the Crab Pulsar, with energies above 25 GeV
(Aliu et al. 2008), as mentioned in Chapter 2.
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Figure 3.3 14-year light curve of Mrk 421 recorded by the Whipple Observatory The TeV γ-ray
flux in Crab Units of Mrk 421 as recorded by the Whipple observatory between
December 1995 and June 2009. Quiescent and active states are visible, including
large flares around 2001 and 2008. Data from https://veritas.sao.arizona.edu/
veritas-science/veritas-results-mainmenu-72/371-mrk421-14yrs.

4

D ATA P I P E L I N E

The atmosphere is opaque to HE and VHE γ-rays. While in the HE regime, satellites
can be deployed to overcome this obstacle, the rate of VHE γ-rays is too small to allow
for statistically significant detection of sources in a certain timeframe. Instead, the
atmosphere is used as detector volume, by detecting the products of the interaction
between γ-rays and the atmosphere. Thereby, the γ-rays are detected indirectly.
The indirect detection by means of the Cherenkov radiation requires models of the
interaction between the photon and the atmosphere and the resulting EM cascade. Furthermore, the principle parameters like energy and arrival direction of the TeV γ-ray
need to be extracted from the Cherenkov light cone, while rejecting a large number of
hadronic background showers with a ratio of about 10 000:1 compared to EM showers.
This chapter describes the processing of the raw data acquired by the FACT telescope
and its conversion into the finished data products. The discussion is started with a toymodel description of the EM cascades induced be γ-rays and CR electrons in the
atmosphere. The detection of the produced Cherenkov light by IACTs is covered. A
heuristic model of the zenith angle dependence of the raw data both for EM and
hadronic showers is derived and applied to the CR and γ-ray rates. The threshold
dependence and the application of correction factors finally lead to the nightly γ-ray
rates used in the analysis in Chapter 5.
4.1

development of electromagnetic cascades

EM cascades are initiated by electrons or photons entering the atmosphere and interacting with the ambient particles. The interaction processes are bremsstrahlung,
ionization or excitation for electrons and pair production, Compton scattering, and
absorption for photons. For primary particles in the VHE regime, the cascades are
dominated by bremsstrahlung and pair production processes until the EM shower particles have reached the critical energy EC where the contribution of the remaining
processes to the energy loss is equal to the contribution of bremsstrahlung and pair
production. For electrons in air, EC ≈ 86 MeV.
The energy losses over the atmospheric depth X ([X]: g cm−2 ) can be described by
dE
E
≈ α (E ) +
,
(4.1)
dX
Xe
where α describes the loss due to ionization or excitation and Xe is the radiation
length after which the energy E0 of the primary particles is reduced by a factor of
1/e. For electrons in air, Xe ≈ 28.9g/cm2 , while for photons, QED calculations yield
Xp = 7/9Xe (Firpo 2006; Spurio 2014).
Overall, the precise development of EM showers is a complex, stochastic processes
due to the numerous interaction mechanisms, in part energy-dependent, and the atmo−
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spheric conditions which depend on e.g. the height above ground and the temperature.
Nevertheless, a few principle relations can be derived using a simple toy-model developed by Heitler (1954). In this model, the excitation and ionization energy losses of
electrons are neglected, α = 0, and the radiation lengths of photons and electrons is
approximated as equal, Xe = Xp . Equation 4.1 then has the simple solution
X
).
(4.2)
Xe
After a distance d = ln 2Xe , the particles have lost half of their energy, electrons
via bremsstrahlung, photons via pair production, producing secondary electrons and
photons which themselves initiate EM cascades. Both mechanism increase the number
of particles in the EM shower by two. The Heitler model therefore describes the shower
as a binary tree, where each step of a distance of ln 2Xe increases the number of particles
by a factor of two while halving the energy per particle. After n steps, the number of
particles in the shower is 2n , while the energy per particle is given by E0 /2n .
The break condition for the shower is reached when the energy per particle is EC and
other interaction processes become dominating. At this point, the shower maximum
after nmax steps, the number of particles in the shower is
E (X ) = E0 exp(−

Nmax = 2nmax ≈

E0
,
EC

(4.3)

and the shower has reached a depth of
E0
Xmax = X0 + Xe ln
,
(4.4)
EC
where X0 is the atmospheric depth of the first interaction between primary particle
and atmosphere (Heitler 1954). For a primary energy of 1 TeV, Nmax ≈ 1 × 107 .
Extensive air showers (EAS) include EM and hadronic showers. Hadronic showers
differ from EM showers due to their hadronic components, which initiate EM subshowers as the neutral and charged pions decay. The large number of collision processes
gives the hadronic shower a wider lateral distribution, which is used by IACTs to
differentiate between hadronic and EM showers.


4.2



detection principle of iacts

The charged constituents of EM cascades travelling through the atmosphere with velocities larger than the speed of light in air emit Cherenkov light. For a particle with
a velocity v, the Cherenkov condition is thus given by
!

β = v/c > 1/n,

(4.5)

where c is the speed of light and n the refractive index of the atmosphere. The
Cherenkov light is emitted in a cone with the opening angle θC ,
cos θC =

1
.
βn

(4.6)

The number NC of emitted Cherenkov photons is proportional to the energy E0 of
the primary particle. IACTs measure the shape and size of the Cherenkov light cone

4.2 detection principle of iacts

in order to indirectly infer on the properties of the primary particle. The atmosphere
serves as detector volume, converting the energy of γ-rays into UV Cherenkov photons
among other forms of energies. The Cherenkov light is collected by the telescope’s
mirror dish and imaged onto the focal point, where a high-speed camera records the
image of the shower. Using the offset of the shower image from the camera centre and
a set of parameters introduced by Hillas (1985), energy and arrival direction of the
primary particle are extracted from the image. Figure 4.1 illustrates an EM cascade
detected by the FACT telescope and the image of the shower recorded in the camera.

Figure 4.1 Composite Image of EM Cascade recorded by FACT The EM shower is initiated
by a γ-ray and consists of pair production and bremsstrahlung processes. The displayed shower is modelled with the Heitler model. The Cherenkov light is focused by
the mirrors onto the FACT camera in the focal plane of the dish. The inset shows
an exemplary image of an EM shower. Credit: EM Cascade: http://www.lanl.
gov/discover/publications/1663/issues-archive/december2008.pdf, FACT:
Matthias Bergmann, Camera Inset: Bretz et al. (2013)

The Cherenkov light flashes last a few nanoseconds, therefore the integration time
of the camera and the read-out electronics need to be of the same order. A further
challenge is the large background of Cherenkov light induced by hadronic showers. Restrictive cuts on the shape parameter of the showers are required to ensure that only
EM showers are counted towards the signal. After these selection cuts, EM showers
initiated by electrons are the main source of background in the measurements. γ-ray
and electron-induced EM showers cannot be differentiated using shower size parameters, therefore this background has to be quantified in a different manner. The FoV
of IACTs is around 4.5◦ (Spurio 2014), much larger than the angular dimension of
the observed sources. This allows for the simultaneous recording of on- and off-source
measurements, i.e. signal and background, by pointing the centre of the FoV a few
sub-degrees off of the source position. The background events are extracted from the
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points in the sky that are symmetrically displaced with respect to the source position
in the camera and the camera centre. This method is superior to taking single on- and
off-measurements as the latter method decreases the data taking time by a factor of
two. (Berge et al. 2007)
4.2.1

Measurements with FACT

For a single observation run of typically 5 minutes, the FACT telescope records the
number Nsig of signal events coming from the source, as well as the number Nbg of
background events from 5 off-source positions which are symmetrically displaced to
the on-source position in FACT’s camera layout. The number Nexc of excess events is
then defined in analogy to Li and Ma (1983),
Nexc = Nsig − αNbg ,

(4.7)

where the factor α = 5 accounts for the 5 simultaneous off-source measurements in
comparison to the one on-source measurement. The measurement uncertainty on the
excess events is then given by the Poisson standard deviation
σ 2 (Nexc ) = σ 2 (Nsig ) + σ 2 (αNbg )

=⇒ σ (Nexc) =

q

Nsig + α2 Nbg

(4.8)

The number of excess events from a source is measured over time, therefore the
provided measurement quantities are the excess event rates
Nexc
Tobs
σ (Nexc )
σ (Rexc ) =
Tobs
Rexc =

(4.9)

Note that this quantity can be negative, if more background than signal events were
detected, i.e. the source was not visible to the telescope.
4.3

observations at large zenith angle

The excess event rates measured by FACT are affected by numerous influences, e.g. by
bad weather conditions such as clouds, by strong background light due to the Moon,
or by the zenith angle of the source in the sky.
These influences lead to distorted measurements, altering the results of the observations. The goal of this following analysis is therefore to detect and quantify the
influences of bad weather and the zenith angle of the source in the data, and to determine a correction factor to account for the changes in the excess event rates. A
heuristic model of the zenith angle dependence of detected hadronic and EM showers
is derived. Parts of this analysis have been published in Mahlke et al. (2017).

4.3 observations at large zenith angle

4.3.1

Model of Zenith Angle Dependence

In order to quantify the zenith angle dependence of the γ-ray rate, a simple model
is constructed, using basic relations from the development of EAS in an isothermal
atmosphere and the Heitler model. The differential rate of γ-rays detected by the
telescope is given by
dR(E )
= Φ(E ) · Acoll
(4.10)
γ (E ),
dE
where Φ(E ) is the differential γ-ray flux of the source and Acoll
γ (E ) the energy-dependent
effective collection area of the telescope. The latter includes the trigger efficiency, energy threshold, light pool area of the Cherenkov radiation, etc., and is usually retrieved
by Monte Carlo simulations (Firpo 2006).
The light-pool area A is the base area of the Cherenkov light cone perpendicular to
the telescope axis. It is assumed to only depend on the height hmax of the shower
maximum. However, hmax , measured in meters from the height of the telescope above
sea level, introduces both the zenith angle- as well as the energy dependence into the
calculation of A: hmax = hmax (E, θ ):
A(E, θ ) = πh2max (E, θ ) · tan2 (θC ).

(4.11)

θC is the opening angle of the Cherenkov light cone, which depends on the refractive
index of the atmosphere, and θ is the zenith angle. For an isothermal atmosphere, θC
depends on the density only. It is assumed that the height hmax only varies slightly
between the showers, therefore the density and θC can be regarded as constant. It is
set to θC = 1.4◦ . The height hmax is related to the atmospheric depth Xmax of the
shower maximum, measured in g cm−2 , via the barometric formula
Xmax (E, θ )
= exp
X0



hmax (E, θ )
,
−
h0


(4.12)

where h0 is the scale height of the atmosphere and X0 the atmospheric slant depth
at vertical incidence of the shower (vertical column density of atmosphere). The scale
height is constant, except for a geometrical dependence on the zenith angle θ:
h0 = h0 (θ ) =

kT
1
·
.
mg cos θ

(4.13)

X0 is used to set the height of primary interaction in terms of the atmospheric column
density to 1035 g cm−2 , its energy dependence is neglected.1
The atmospheric depth Xmax of the shower maximum introduces the dependence of the
primary particle’s energy into the model. Following the energy splitting approximation
for electromagnetic cascades as derived in Heitler (1954), it is given by
Xmax =

ln (E0 /EC )
· Xe .
ln 2

(4.14)

Here, E0 is the energy of the primary particle, EC is the critical electron energy where
energy losses due ionization and bremsstrahlung are equal, and Xe is the radiation
1 Note that X0 in Equation 4.4 is defined as the atmospheric depth that the incident particle has passed
through at the point of first interaction, while in this model, X0 is the atmospheric depth between the
point of the first interaction and the ground at vertical incidence.
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length of electrons in air. EC ≈ 86 MeV and Xe ≈ 28.9 g/cm2 . As hadronic showers are
dominated by their electromagnetic components, it is assumed that Equation 4.14 is
valid in first approximation for cosmic ray showers.
The dependence of the slant depth X (θ ) on the zenith angle is given a free parameter
in this model. While the first-order geometrical dependence is accounted for with a
1/ cos θ-term, X (θ ) also contains higher-order corrections (e.g. due to the curvature of
Earth). It was found that adding another free fit parameter a
X (θ ) =

X0
cosa θ

(4.15)

results in a good description of the data.
The scaling of the slant depth is therefore a function of the zenith angle. The energy
threshold of the telescope is known to be zenith angle dependent: The farther the
shower maximum is away from the telescope, the lower the photon density is on the
ground: Ethresh ∝ 1/ cos2 θ. The dependence of the energy threshold is combined with
the dependence of the slant depth X (θ ) on the zenith angle, in the form of


Ethresh

b

X (θ ) 
X (θ )
∝
· exp c ·
,
X0
X0




(4.16)

following Firpo (2006). A free parameter b is introduced as it allows for a better fit of
the data. The second, exponential term in the equation is introduced to account for an
increase of the energy threshold due to increased attenuation of the Cherenkov light
by the atmosphere. b and c are the second and third free fit parameters of the model.
The final fit function is then given by
R (θ ) =

Z ∞
Ethresh (θ )

Φ(E ) · A(E, θ )dE =

Z ∞
Ethresh (θ )

Φ(E ) · πh2max (E, θ ) · tan2 (θC )dE.

(4.17)
Equation 4.17 allows for a good fit of the measured rates for both CR and excess γ-rays
with the free parameters a, b, and c.
4.3.2

Application to Rate of Cosmic Rays

The derived zenith angle dependence in Equation 4.17 is now applied to the rate of
CR measured by FACT. Assuming the CR flux is homogeneous from all directions
on Earth, correcting for the zenith angle dependence in the measured CR rates can
help identify observation runs where the γ-ray rate was decreased due to bad weather,
which lead to the attenuation of the Cherenkov light and therefore a decrease in the
observed rate. The CR rate is acquired from the background measurements by setting
an artificial software trigger threshold, allowing for the recovery of hadronic showers
above a certain energy from the background data.
Figure 4.2 shows the rate of CR in Hz detected by FACT as function of the zenith
angle of the pointing direction of the telescope for single observation runs in the FACT
database. The colormap was normalized for bins of 4◦ -width in order to represent the
accumulation of runs near certain rates in dependence of the zenith angle. It can be
seen that the rate is around 3 Hz for small zenith angles, and drops off for larger angles. In addition, the effect of bad weather during observations is visible, decreasing

4.3 observations at large zenith angle

Figure 4.2 Artificial Cosmic Ray Rate detected by FACT The rate of cosmic rays as detected
by FACT with an artificial trigger threshold applied is shown against the zenith
angle of the observed patch in the sky. The colormap was normalized for bins of
4◦ -width in order to better illustrate the most observed CR rates in each bin. A
clear drop-off of the CR rates towards larger zenith angles is observable, as well as
decreased rates at lower zenith angles due to bad weather during observations. The
vertical blue bars around 25◦ and 38◦ zenith angle are caused by sources culminating
at these zenith angles, which introduces a bias into the number of rates at these
zenith angles.

the observed rates of some measurement runs in all zenith angle bins. For this sample,
observation runs with durations of at least 4 minutes from all sources were considered.
The vertical blue bars around 25◦ and 38◦ zenith angle are caused by sources culminating at these zenith angles. FACT aims to observe sources at culmination, which is
why there is a bias for runs taken at these angles.
In order to fit Equation 4.17 to the CR rate, the expected CR rate during good
atmospheric conditions for each zenith angle bin of 4◦ -width is required. Therefore,
the kernel density estimator (KDE) of the distribution of rates in each zenith angle
bin is calculated (Parzen 1962). The distribution of rates in each bin typically looks
like a Gaussian peak with a tail towards lower rates due to the observation runs during
bad weather. The maximum value of the KDE represents the expectation value of the
rates distribution and is therefore used as expected CR rate for at the corresponding
zenith angle. The full width at half maximum of the peak in the KDE defines the
uncertainty of this expectation value, see Figure 4.3.
The zenith angle dependence of the CR rate is now fit using Equation 4.17, assuming
that the energy spectral index of CR protons follows a power-law E −β with spectral
index β = 2.7 in Equation 4.10 (Aharonian et al. 2011). Figure 4.4 shows the resulting
fit function in blue and the expectation values for the rates in each zenith angle bin in
orange. The fit parameters are given in Table 4.1.

29

30

data pipeline

1.4

1.2

KDE Maximum
KDE FWHM
4◦ ≤ θ ≤ 8◦ , N=3477

2.95

Density Function

1.0

0.8

0.32

0.6

0.4

0.2

0.0
0

1

2

3

4

Rate / Hz
Figure 4.3 Kernel Density Estimation of Cosmic Ray Rate in Zenith Angle Bin The histogram
shows the projection of the CR rates in the zenith angle bin 4◦ ≥ θ ≥ 8◦ in Figure 4.2
onto the y-axis. The black lines depicts the KDE. The maximum of the KDE (red
line) and the full width at half maximum (dashed, red line) are used as expectation
value and standard deviation of the CR rate in this zenith angle bin. N gives the
number of observation runs in this bin.

Figure 4.4 Model Function Fit to CR Rate against Zenith Angle Like Figure 4.2, but with the
derived expectation values and uncertainties for each zenith angle bin superimposed
in orange and the model fit function given in Equation 4.17 shown in blue. The fit
parameters are given in Table 4.1.
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Figure 4.5 Definition of a Bad-Weather Limit The projection of the zenith angle-corrected
cosmic ray rates is displayed by the blue histogram. The blue line depicts the KDE,
whose maximum is fit with a Gaussian function (red line). The point where the
Gaussian is equal to the KDE is defined as bad-weather limit, which is at 2.28 Hz.

Using the model function c(θ ), the measured CR rate is corrected for the zenith
angle dependence according to
corr
= c(θ ) · RCR
RCR
corr
σ (RCR
) = c(θ ) · σ (RCR )

(4.18)

The KDE of all corrected CR rates exhibits a peak around 3 Hz, with a drop-off
towards lower rates, see Figure 4.5. Assuming there were no bad weather runs, the
shape of the peak should follow a Gaussian distribution around the true CR rate.
Therefore, the peak is fit with a Gaussian using a maximum likelihood estimation,
returning a mean CR rate of (2.94 ± 0.01) Hz. The rate at which the Gaussian fit
drops below the KDE is defined as bad-weather limit. Below this rate, there are more
observation runs than would be expected. In the following analyses, observation runs
showing CR rates smaller than the bad-weather limit of 2.28 Hz after correcting for
the zenith angle dependence are filtered out.
The corrected CR rates over the zenith angle is shown in Figure 4.6. Both Figure 4.4
and Figure 4.6 show that the model function overestimates the zenith angle-induced
decrease of the observed rates at zenith angles between 45◦ and 55◦ , while underestimating towards 65◦ to 75◦ . Still, the zenith angle correction of the artificial CR rate
is successful and can be used to identify bad-weather runs.
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Figure 4.6 Corrected Artificial Cosmic Rays Rate Like Figure 4.2, but with the zenith angle
correction applied according to Equation 4.18.

4.3.3

Application to Rate of γ-rays

Having defined the bad-weather limit using the rate of CRs, the zenith angle dependence of the γ-ray rates measured by FACT is corrected for. The working hypothesis
is that the Crab Nebula emits a steady flux of γ-rates, therefore plotting the rate
against the zenith angle should only reflect this dependence. Figure 4.7 shows the γray rate of observation runs with observation times larger than 4 minutes of the Crab
Nebula binned in zenith angle bins of 4◦ width. The bad-weather runs were removed
using the just derived limit. The fit model function in Equation 4.17 is shown by the
dashed, red line. The energy spectrum of the Crab Nebula follows a power-shape with
β = 2.47 ± 0.01 (Aleksić et al. 2015). The fit parameters are provided in Table 4.1.
The γ-ray flux stays almost constant up to 25◦ zenith angle, therefore applying the
correction function will hardly affect the run rates in this range. For zenith angles
larger than 60◦ , the correction function increases the observed excess events by a factor of 10. As the model function tends to zero, the correction tends towards infinity.
Observation runs at zenith angles larger than 60◦ are therefore excluded from the remaining analyses. This includes less than 1% of the data for the Crab Nebula and the
Markarians.
A comparison of the raw data and the zenith angle and bad-weather corrected γ-ray
data of the Crab Nebula is shown in Figure 4.8. It is apparent that the nights with bad
weather (rates close to zero in the upper plot) have been successfully removed. One
can also observe that the zenith angle correction over-corrects some runs in earlier
observation epochs, e.g. between 56 900 and 57 000 MJD. These observations were
taken at large zenith angles, where the correction function has a large influence. In
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Figure 4.7 Zenith Angle Dependence of Excess γ-rays from Crab Nebula The blue markers show
the binned run rates of the Crab Nebula. Bad-weather runs were removed with
the bad-weather limit derived above. The dashed, red line represents the model fit
function given in Equation 4.17. The fit parameters are given in Table 4.1.

Table 4.1 Zenith Angle Model Function Fits Fit parameters of Equation 4.17 to rate of cosmic
rays and γ-rays over zenith angle using a least-squares approach.

a

b

c

Artificial Cosmic Ray Rate

1.75 ± 0.05

0.33 ± 0.03

1.35 ± 0.05

Crab Nebula γ-ray Rate

0.61 ± 0.02

1.83 ± 0.05

1.15 ± 0.04

the past two years, noticeably fewer observations were taken at large zenith angles,
therefore the correction is only marginal.
4.4

threshold dependence

Besides the zenith angle dependence of the γ-ray rate, a dependence on the event trigger
threshold is also expected because of the increasing night-sky background impeding the
detection of signal events. In order to correct for this dependence, the Crab Nebula
observation runs with observation times larger than 4 minutes and zenith angles below
30◦ are binned in threshold bins of 50 DAC counts, see Figure 4.9. Bad-weather runs
were excluded using the bad-weather limit as derived above.
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Figure 4.8 Corrected γ-ray Rate of Crab Nebula (Top) The nightly excess events rate of the
Crab Nebula as recorded by FACT, using the raw data. (Bottom) The nightly
excess events rate with the bad-weather observation runs removed and the zenith
angle correction applied.
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Figure 4.9 Threshold-Dependence of Excess Events Rate of Crab Nebula The binned Crab Nebula excess events rate versus the threshold in DAC counts are shown by the blue
markers. Bad-weather runs are excluded, as well as observation runs at zenith angles larger than 30◦ to ensure that only the threshold-dependence affects the data.
A jump in the rate around 650 DAC counts threshold is observable. A threshold-cut
is therefore introduced into the data processing, illustrated by the dashed orange
line at 650 DAC counts.

4.5 final data processing pipeline

Figure 4.9 shows that the rates stay approximately constant for thresholds below
625 DAC counts, followed by a considerable drop around 650 DAC counts. Excluding
observation runs with thresholds larger than 650 DAC counts reject 5% of the observation runs for the Crab Nebula (Mrk 501: 8%, Mrk 421: 8%). It is therefore decided that
a cut at 650 DAC counts is preferred over a correction with a model function regarding
the time constraints of this work.
4.5

final data processing pipeline

This section summarizes the steps described above and outlines the pipeline from raw
data to finished data product. Note that the raw data already underwent selecting and
cleaning algorithms, therefore it is expected that the signal events only contain EM
shower-induced events.
For each source, all observation run raw data is retrieved from the FACT database.
This includes among other data the number of signal events, the number of background
events, the observation time, the minimum, mean, and maximum threshold and zenith
angle during the run, and the cosmic ray rate recorded using an artificial software
trigger threshold.
As first steps, observation runs are rejected if any of these conditions is true:
• TObs ≤ 240 s
• THmean ≥ 650 DAC counts
• θmean ≥ 60◦
Next, bad-weather runs are identified using the artificial cosmic ray rate and the
bad-weather limit defined above. The zenith angle correction function is then applied
to the observed excess event rates of the remaining runs according to
corr
Rexc
= c(θ ) · Rexc

(4.19)

corr
) = c(θ ) · σ (Rexc ).
σ (Rexc

A single measurement of a source is an integration of the photon rate over 5 minutes.
To group these observation runs together into longer time intervals T , e.g. nightly rates
and errors, the following equations are used

T
Rexc

P
Nexc
= Pi
i Tobs
q P

T
σ (Rexc
)=

(

i Nsig )

2

P

+(

P

i Tobs

iα

2 N )2
bg

(4.20)
,

where the index i includes all events that were recorded during the observation time T .
Besides the corrections and cuts described above, a further filter is applied. After
calculating the nightly rates, it is found that nights with negative rates are also nights
with short observation times. Assuming that the observation time was simply not long
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enough to detect the source, all nights with TObs ≤ 1 h are removed from the sample
light curves.
In the following analyses, all FACT data measured before September 26, 2017 is
included. The data pipeline, including the model of the zenith angle dependence, is
implemented in the peripylib python package available on the GitHub repository of
the thesis. For further information, refer to Appendix B.

5

P R O B I N G T H E P E R I O D I C I T Y O F A G N W I T H FA C T

The variability of AGN from radio to γ-rays and over various time scales is both
remarkable and puzzling. Characterizing the variability at different wavelengths and
identifying emission zones is the key to understanding these sources, as outlined in
Chapter 2.
The same chapter also lists some proposed mechanism in AGN which could result
in a period signal component in their light curves. The detection of a periodicity in
an AGN in the VHE regime could yield insights on the physical nature of the central
engine, the black hole, and the radio jet. Models suggest characteristic time scales of
this periodicity between minutes and years, which require both frequent and long-term
observations of the candidate sources to uncover.
Periodicity in AGN has been claimed before, often in multi-wavelength studies combining the VHE data with other bands. Kranich (2001) claimed a 23-periodicity in
Mrk 501 using data from the X-ray satellite RXTE and VHE γ-ray rates observed with
the HEGRA experiment. Ackermann et al. (2015) combined high-energy γ-ray data
with radio and optical properties to detect a modulation with a period of 2.18 ± 0.08
years in the blazar PG 1553+113. However, these claims are usually accompanied by
small statistical significances, allowing no conclusive statement. The difficulty in this
task lies in the stochastic nature of AGN. The analysis of time-series of a stochastic
process can be misleading due to the intrinsic variability of the source, as will be outlined in this chapter.
The search for periodicities is further complicated due to the fact that astronomy
and astrophysics are observational sciences. The objects of interest cannot be found
on Earth or recreated in a laboratory. Hence, the time intervals for taking data are
not always in the power of the observer, and are generally dictated by atmospheric
conditions, the source position, telescope availability, or even that the spacecraft has
to pause observation to establish data uplink and downlink. A set of unevenly sampled
time-series is the result. The Fourier analysis of unevenly sampled data is commonly
achieved with the Lomb-Scargle periodogram, which requires a detailed treatment of
factors like the observation times in order to yield statistically reliable results.
The following analysis starts with a fundamental, theoretical look at the problem of
time-series analysis of stochastic processes. The influence of the uneven sampling and
the use of the Lomb-Scargle periodogram are illustrated with examples. Finally, the
FACT time-series of the blazars Mrk 501 and Mrk 421 are characterised and searched
for periodic components. The chapter concludes with an interpretation of the results.
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5.1

characterisation of physical processes

Time-series analysis is used to examine the temporal variability in light curves. This
naturally leads to an analysis in Fourier space. The numerous possible processes occurring in AGN leave different footprints in the observed data, both in time- and frequency
domain. The basis of the interpretation of the data are the mathematical models of
the physical processes in the observed source. An intuitive first distinction of different model types are deterministic and non-deterministic (random) processes. At first
glance, astrophysical sources appear non-deterministic, i.e. a reliable prediction of the
future flux is not possible. This behaviour is inherent to the sources as the observed
light curve is the sum of the numerous processes occurring within. It is the goal of
time-series analysis to disentangle deterministic and stochastic pieces in this complex
puzzle and to connect their parameters to the underlying physical mechanisms.
5.1.1

Deterministic Processes

The temporal evolution of data observed from deterministic processed can be predicted
by mathematical expressions up to a certain accuracy. This data is usually acquired
from classical systems. The revolution of the Moon around Earth and the revolution of
Earth around the Sun can both be predicted in great detail using mathematical models
of gravity. The relative positions in these gravitational systems are examples of periodic deterministic variations, with the periods being the sidereal year and the sidereal
month. Other deterministic processes can show multiple periodic variations, such as
the light curve of the ultra-cool dwarf star TRAPPIST-1, host star of a planetary system with seven terrestrial planets (Gillon et al. 2017), or modulated periodic variations,
where frequency, amplitude, or phase of the periodicity vary over time. Non-periodic
deterministic processes include transient states like the flaring phenomena observed in
AGN or supernova explosions.
Deterministic processes can be expressed by a mathematical function f (t). The
definition of the complex Fourier transform F (ν ) is therefore straight-forward,
F (ν ) =

Z∞

f (t)ei2πνt dt,

(5.1)

−∞

following the notation from Deeming (1975). As F (ν ) is complex, it is more commonly
examined as P (ν ) = |FD (ν )|2 . P (ν ) is referred to as the power spectrum of f (t), or
power spectral density (PSD). It describes the contribution of variations with frequency
ν to the variance of f (t). The definition in Equation 5.1 requires the integration of
a continuous function over an infinite time interval. The practical situation of finite,
discrete data sampled at times tj demands the definition of a finite, discrete Fourier
transform (DFT),
FD (ν ) =

N
X

f (tj ) exp(i2πνtj ).

(5.2)

j =1

This general definition of the Fourier transform does not restrict the temporal spacing
of the data points, allowing for the arbitrary spacing that is common in astronomy and
astrophysics. The squared absolute of the discrete Fourier transform P (ν ) = A · |FD (ν )|2

5.1 characterisation of physical processes

is the periodogram. The factor A is a normalisation factor and can be adapted to change
the properties of the resulting periodogram. The periodogram is an estimate of the
PSD just as the discrete Fourier transform is an estimate of the continuous Fourier
transform1 (Scargle 1982).
The left plot in Figure 5.1 shows a periodic process f (t) and data y (t) sampled from
this process in time domain. The right plot shows the PSD (grey) and the periodogram
(blue) calculated from the data y (t) of the periodic process. The PSD is only non-zero
at the frequency ν0 of the process. The periodogram exhibits non-zero powers also at
other frequencies.
The Fourier transform of a deterministic process is deterministic as well. Taking the
data y (t) with the same sampling at any other time will produce the same periodogram.
P (ν )

y (t)

P ( νi )

Flux

Power

f (t)

0

P0

2P0

Time

3P0

4P0

0

ν0

Frequency

Figure 5.1 Periodic Process in Time- and Frequency-Domain The left plots depicts a periodic
process f (t) in grey and data y (t) sampled from this process in blue. The PSD and
the periodogram of the function and the data are shown on the right-hand side.

5.1.2

Non-Deterministic Processes

Non-deterministic behaviour is observed quantum-mechanical sources and in noise
sources.2 The indeterminism of these systems arises through the inherent probabilistic
nature of quantum mechanics or through complexity. An example for the latter would
be a many-particle system such as a gas. Deterministic data for each particle in the
gas cannot be derived due to the complexity of the system, only statistical statements
for the ensemble of particles can be made. Non-deterministic processes are therefore
also referred to as stochastic processes.
The temporal evolution of non-deterministic behaviour caused be the complexity of
the systems cannot be described with deterministic functions. Instead, it is described
with probability statements, such as the probability distribution Prob(f (t)) of the
function f (t) and its moments, the mean and the variance (Deeming 1975). Furthermore, astrophysical sources must show characteristic time scales or frequencies. A noise
1 The distinction between the true PSD of the source and its estimator, the periodogram, is important.
Throughout this chapter, the function f (t) describes the infinite, continuous signal that is emitted by
the source, while y (t) describes the discrete, finite data that is measured. Likewise, the true PSD of
the source is denoted with a P (ν ), while the periodogram is marked with a P (ν ). The continuous,
infinite Fourier transform is given by F (ν ) as opposed to the discrete, finite Fourier transform F (ν ).
2 The term noise here refers to the measured signal due to its intrinsic randomness, not to the measurement noise.
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source without such a characteristic scale would emit white noise, exhibiting the same
amplitude of variability on all time scales. This is physically not possible, as it would
require instantaneous changes in the source to show variability at the smallest time
scales, and an infinite memory of the process to show changes at the largest time scales.
The characteristic time scales mean that the value of f (t) is correlated with the value
of f (t − τ ). Multiple physical processes inside the source give rise to the variability
on different time scales and influence each other to different degrees. Therefore, the
amplitudes in the power spectrum may be correlated over a small or wide band of
frequencies.
To infer on the population properties of the stochastic process, it is assumed that the
statistical moments of the data sample are independent of the time t, i.e. that the joint
probability distribution of the stochastic processes is constant over time. The source is
regarded as stationary over the observation period. The correlation coefficient between
f (t) and f (t − τ ) will then only depend on τ and is expressed in the autocorrelation
function r (τ ). The dependence of the noise process on the time is contained in r (τ ),
and its Fourier transform is the power spectrum of the noise process,
P (ν ) =

Z∞

r (τ )ei2πνt dt.

(5.3)

−∞

Each measured time-series of a stochastic source is only one realisation of an ensemble
of random time-series that result from the same inherent processes. Changes in the
mean or variance of a data over the observation time therefore do not necessarily
mean that the source has changed (Vaughan et al. 2003). The upper plot in Figure 5.2
illustrates this point. Depicted is the random light curve of a simulated source with an
underlying PSD P (ν ) = ν −2 . The simulation is performed using the stingray python
package3 , which applies the method introduced by Timmer and König (1995). The
light curve shows times of larger and lower fluxes, as well as active and quiescent
phases. This behaviour is possible for a stochastic process and does not imply that the
underlying process changes.
Similarly to the fluxes in time-domain, the periodogram in frequency-domain is
non-deterministic as well. Each periodogram is only one realisation of an ensemble of
possible periodograms describing the same underlying PSD. As the real and imaginary
parts of the DFT of a stochastic process are normally distributed, the distribution of
the periodogram power at a frequency νi follows a χ2 distribution with two degrees of
freedom Priestley (1981); Vaughan et al. (2003),
P (νi ) = P (ν )χ22 /2.

(5.4)

The mean of the χ22 distribution is two and the variance is four. Therefore, the expectation value of the periodogram at any frequency νi is equal to the value of the true
PSD at νi , while the standard deviation is 100%,
P (νi ) = P (ν ) ± P (ν ).

(5.5)

Making inferences on the source’s properties by looking at a single periodogram can
lead to false conclusions, as the periodogram peaks are susceptible to large fluctuations.
3 https://github.com/StingraySoftware/stingray

Flux

5.1 characterisation of physical processes

Time

Power

P (f ) ∝ f −2

Frequency

Density Function

P ( fi )

Power

Figure 5.2 Statistics of Light Curves The upper plot shows a random light curve which was
simulated using an underlying random-walk PSD, P (ν ) = ν −2 . The bottom left plot
shows the periodogram P (νi ) in grey. The powers scatter in a wide range around the
true PSD shown in red, following a χ22 distribution. Simulating 1 000 light curves
and calculating the mean periodogram powers gives the blue curve. The bottom
right plot shows the distribution of the LSP powers P (νi ) for a certain frequency νi
of the 1 000 generated light curves. The dashed, red line shows the χ22 distribution.

The bottom left plot of Figure 5.2 shows the periodogram of the evenly sampled,
random light curve in the upper plot as grey line.Visible is a large scatter of the
periodogram powers around the underlying PSD shown in red. Strong peaks are visible
in the periodogram even though the underlying process is not periodic. This shows that
the periodogram of any single light curve is not suited to infer on the source’s properties.
The blue curve shows the averaged periodograms of 1 000 simulated light curves, with
the same underlying PSD. The average periodogram is a consistent estimator of the
PSD, meaning that it converges towards the true PSD as the number of averaged
periodograms increases. This behaviour can be observed in the blue line, which shows
only little scatter around the true PSD. The bottom right plot shows the distribution
of the periodogram powers P (νi ) for a certain frequency νi of the 1 000 generated light
curves. The dashed, red line shows the χ22 distribution, which describes the shape of
the histogram well.

41

42

probing the periodicity of agn with fact

5.1.3

Astrophysical Sources

In astrophysical sources like AGN, neutron stars, or X-ray binaries, the distribution of
powers in the periodogram generally follows a power-law shape (Press 1978; Wijnands
and van der Klis 1999; Uttley et al. 2002; Huppenkothen et al. 2013),
P (ν ) = A · ν −α + c.

(5.6)

This 1/ν α -type of noise is referred to as red noise and is observed in many physical processes, including outside of astrophysics. Electrical devices often exhibit flicker
noise, where α = 1. Another example is random-walk noise where α = 2, see Figure 5.2
(Press 1978; Vaughan et al. 2003).
For AGN in particular, the slope of the spectra is well established for many sources
from the optical to the high-energy range (e.g. Ruan et al. 2012; Sambruna 2006). In
the VHE regime, the H.E.S.S. experiment has measured the slope of the periodogram
PKS 2155-304 over 9 years and determined it to be in the range of flicker noise, α = 1.1
(H.E.S.S. Collaboration 2016). Characterizing the variability of quiescent and flaring
states separately, it was found that the power-law becomes harder during active phases
with α ∼ 2, indicating that it is induced by a separate physical process. In addition,
both the quiescent- and flaring-state flux distributions could be well described by lognormal distributions, which again is interpreted as evidence of different underlying
phenomena occurring simultaneously (H.E.S.S. Collaboration et al. 2010).
The shape of the periodogram therefore classifies these astrophysical sources as
stochastic. However, the observed sum of all processes inherent to the sources might
contain deterministic, periodic components. The superposition of periodic process and
a noise process produces a quasi-periodic process (QPO). Instead of delta peaks, which
the Fourier transform of a periodic process produces, the Fourier transform of QPO
show broader, possibly asymmetric peaks, which are variable in height due to the
underlying modulating stochastic process. An example of a QPO in an astrophysical
source is following in the next section.
5.2
5.2.1

the lomb-scargle periodogram
Mathematical Framework

This section addresses the practical calculation of the periodogram and introduces
methods to deal with unevenly sampled data, the common case in astronomy and
astrophysics.

5.2 the lomb-scargle periodogram

Suppose there is a set of N data points sampled at arbitrary times tj , {y (tj ), j =
1, 2, . . . , N }, y (tj ) = yj . The DFT of these measurements as given in Equation 5.2 is
the basis of the periodogram,
1
|FD (ν )|2
N
N
1 X
yj ei2πνtj
=
N j =1

Pf ( ν ) =

2

(5.7)




2  X
2
1 X
=
yj cos(2πνtj +
yj sin(2πνtj 

N

j

j

This is the definition of the classical periodogram, which goes back to Schuster (1898).
Assuming the data points yj have an underlying periodic variation at the frequency ν0 ,
the periodogram will yield a large value when evaluated at ν0 , as the factors y (tj ) and
exp(−iνtj ) are in phase, and smaller values when evaluated at ν 6= ν0 , see Figure 5.1.
However, the definition of the periodogram above using the DFT has disadvantages in
the case of unevenly sampled data, as the sine and cosine functions form an orthogonal
set of basis functions only for even sampling. Therefore, while the periodogram powers
P (ν ) for evenly sampled data follow a simple exponential distribution, the powers in
the uneven sampling case are correlated and the statistical behaviour is much more
complicated. Scargle (1982) therefore proposed a new definition of the periodogram,

2

2
P
 P

j yj sin[2πν (tj − τ )] 
j yj cos[2πν (tj − τ )]
1
P
Pf ( ν ) =
+ P
,
2
2

2
j cos [2πν (tj − τ )]
j sin [2πν (tj − τ )]

(5.8)

where the factor τ is used to orthogonalize the sine and cosine functions and is given
by
PN
i=1 sin 2ωti
tan(2ωτ ) = PN
.
(5.9)
i=1 cos 2ωti
This is known as the Lomb-Scargle periodogram (LSP). For the case of even sampling,
the definition reduces to the classical periodogram given in Equation 5.7. It provides
the same statistical behaviour in the power distribution for unevenly sampled data as
the classical periodogram exhibits for evenly sampled data, given in Equation 5.4. One
important caveat, however, is that the statistical behaviour can only be analytically calculated assuming white, uncorrelated noise on the observations.
For red-noise processes, the powers at different frequencies in the LSP are correlated.
The description of this correlation is non-trivial and requires extensive Monte-Carlo
simulations to quantify.
A remarkable property of the LSP is that it is equivalent to the approach of leastsquares spectral analysis (LSSA). For the set of N data points described above with
uncertainties σj , the LSSA approach defines a model function,
y (tj ) + σj = a cos[ω (tj − τ )] + b sin[ω (tj − τ )]

(5.10)

where ω = 2πν is the angular frequency and τ is again given by Equation 5.9 (Lomb
1976). The χ2 statistic at each frequency ν is
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χ2 =

N
X
[f (tj ) − y (tj )]2
j =1

σj2

.

(5.11)

The best fit model function is then found by minimising the χ2 statistic at each frequency, which will be denoted as χ2min (ν ). The normalised power spectrum PLS (ω )
can then be written as
χ2 − χ2min (ν )
PLS (ω ) = 0
(5.12)
χ20
where χ20 is the squared difference of the null hypothesis, i.e. that the data is sampled
from a constant signal with noise (Zechmeister and Kürster 2009). The power PLS (ω )
in the LS periodogram therefore essentially expresses how much better a sinusoid with
given angular frequency ω explains the data than a constant signal with a added
noise. It is equivalent to a brute-force least-squares fitting approach. The equivalence
of both methods, the periodogram analysis and the LSSA, is shown e.g. in Scargle (1982,
Appendix C). The LSP was further improved by Zechmeister and Kürster (2009) into
the Generalised Lomb-Scargle (GLS) periodogram, allowing for model functions with
means unequal to zero.
The grid of frequencies the LSP is evaluated on is chosen based on the timestamps
of the measurements. The minimum frequency is equal to the inverse of the total
observation time TObs . The maximum frequency is chosen using the Nyquist frequency
for irregular sampling as derived by Eyer and Bartholdi (1999). The derivation assumes
that the data is sampled on a theoretical grid of even spacing, but that some data is
missing. The spacing of the theoretical grid is the minimum time-step p between two
measurements. Eyer and Bartholdi (1999) then show that the maximum frequency for
the periodogram evaluation is given by
νN y =

1
.
2p

(5.13)

To ensure that that the smaller frequencies are sampled as densely as the larger
frequencies, the grid is computed in log-space,
ν ∈ {10log νmin , 10log νmin+1 , . . . , 10log νmax },

(5.14)

where {νmin , νmin+1 , . . . , νmax } are evenly spaced.
The number of evaluated frequencies should be equal to the number of independent
frequencies in the periodogram. However, due to the uneven sampling, the number of
independent frequencies is not readily available. Choosing too many frequencies will
increase the statistical penalty of the Look-elsewhere effect (Vaughan 2005), while
choosing too few frequencies can lead to entire peaks being missed in the periodogram.
As an estimate, the number of independent frequencies is assumed to be equal to the
number of data points.
For a more thorough introduction to the LSP, the reader is directed to Lomb (1976);
Scargle (1982); Zechmeister and Kürster (2009). For a guide on the practical application
of the periodogram and its caveats, see VanderPlas (2017).

5.2 the lomb-scargle periodogram

5.2.2

The Spectral Window

The periodogram is an estimator of the true power spectrum of the source and therefore
subject to biases. The transition from the theoretical, ideal world, where a source is
observed continuously and for an infinite amount of time, to the real world, where
measurements are finite and discrete, leaves its imprints on the periodogram and may
lead to misinterpretation of the results if the effects are not considered correctly.
The step from the theoretically infinite source function f (t) to the finite data sample
y (t) can be thought of as a multiplication of f (t) with a rectangular function. This
function is 1 if t is between the start and the stop of the observation and 0 otherwise.
Similarly, the transition from the continuous f (t) to the discrete y (t) is equivalent to
multiplying f (t) with a function which is 1 if data was taken at time t and 0 otherwise,
which is referred to as a Dirac comb. This is the definition of the window function w (t),
which for data sampled at times tj in the time-domain is given by

w (t) =



1

t ∈ tj


0

t∈
/ tj

According to the convolution theorem, a multiplication in time-domain equals a
convolution in frequency-domain (Arens et al. 2015),
y (t) = f (t) · w (t) ⇔ F (ν ) = F (ν ) ∗ W (ν ),

(5.15)

were W is the Fourier transform of the window function, the spectral window, and ∗
the convolution operator. Equation 5.15 states that multiplying the source function
f (t) with the window function w (t) to get the measurement data y (t) is equivalent
to convolving the source PSD with the spectral window. The Fourier transform of a
rectangular function is a sinc function. The convolution of the source PSD with a sinc
function will broaden the peaks and create sidelobes, artificial peaks adjacent to actual
peaks in the periodogram. The relation between the broadening and the width of the
rectangular function is inverse: The longer the observation period is, the less the peaks
are broadened by the sinc function. The influence of the finite observation window on
the periodogram is referred to as windowing.
In addition to the broadening of peaks, the finite observation time also causes spectral leakage: For red-noise processes, variability is strongest on large time scales. Any
observed light curve will contain variations on time scales larger than the observation
times. In the periodogram, power is transferred from the long-term variability to large
frequencies. This red-noise leakage causes the periodogram to exhibit a flatter spectral
index. The amount of distortion due to red-noise leakage depends on the PSD of the
process and the observation length (Papadakis and Lawrence 1993).
The convolution of a Dirac comb with a spacing of T between the peaks is a Dirac
comb function with a spacing of 1/T . The convolution of the PSD with the Dirac
comb will therefore create alias peaks in the periodogram. For evenly sampled data,
these aliases have an even spacing and can be identified easily. For unevenly sampled
data, the convolution of the underlying PSD with the Dirac comb results in a mess
of artificial peaks which are difficult to tell apart from real peaks. The appearance
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of spurious peaks in the periodogram due to the discrete sampling is referred to as
aliasing (Deeming 1975).
The windowing effect can be observed in the periodogram shown in Figure 5.1. The
peak of the periodogram resembles a sinc function. Further illustrative examples can
be found in VanderPlas (2017).
However, while the FACT data samples are unevenly-spaced, the gaps in the data
are structured. Enforced observational patterns like the monthly stop of observations
during full Moon leave their imprints in time- as well as in Fourier domain. This is
illustrated in Figure 5.3, which shows the spectral window of the FACT Crab Nebula
observations, i.e. the periodogram of the window function. The strongest peak in the
periodogram has a period of 372 days, close to one sidereal year. Every sidereal year,
the Crab Nebula is in the same position in the sky as seen from Earth. Therefore, observational breaks related to the source visibility repeat every year, which is observable
in the periodogram. The sidelobes of this strong peak are clearly visible and are caused
by the windowing effect.
The second and third strongest peaks in Figure 5.3 are the sidereal and synodic
month. The synodic month is characterised by the time between two full Moons, about
every 29.5 days. Observations rest when the Moon is too bright4 , therefore this repeating break is imprinted in the frequency-domain. The sidereal moon period is the time
it takes the Moon to revolve once around Earth, which is 27.3 days. Figure 3.2 shows
that the Crab Nebula is close to the ecliptic plane. As the Moon revolves around Earth,
it will come close (in angular separation) to the Crab Nebula every 27.3 days and the
source is blocked by the Moon. Note that the lunar periods show much sharper peaks
in the periodogram than the sidereal period as the lunar periods were observed 48
times, while the observations cover only about 4 sidereal years.
The strong features in the spectral window will lead to strong aliasing in the periodogram of the FACT data. The position of these aliased can be calculated assuming
that the frequency of a true peak in the periodogram is known. In practice, the large
intrinsic scatter of the periodogram powers can lead to erroneous conclusions. Monte
Carlo simulations of light curves using the same uneven sampling are a safer approach
here.
Furthermore, the convolution with the spectral window affects the spectral index α of
the periodogram. Figure 5.4 shows the convolution (blue) of the spectral window of the
FACT Mrk 501 observations (grey) with a power-law PSD with α = 1.5 (dashed, red
line). It can be seen that the convolution shows lower variability at smaller frequencies.
Again, to quantify this effect for different underlying noise processes, extensive Monte
Carlo simulations have to be applied.
The spectral windows of the observations of Mrk 501 and Mrk 421 are in Appendix A,
Figure A.1 and Figure A.2. The same peaks are observable, while the sidereal lunar
period is less pronounced due to the larger declinations of the Markarians in comparison
to the Crab Nebula.
4 The FACT telescope could in principle observe sources during full Moon and has already done so, see
Knoetig et al. (2013). However, for security reasons, the remote operations have to stop when the crew
of the neighbouring MAGIC telescope is not on site. Therefore, as MAGIC does not observe during
full Moon, neither does FACT.
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Figure 5.3 Spectral Window of FACT Crab Nebula Observations The periodogram of the window function of the Crab Nebula observations reveals repeating patterns in the
observations. The strongest peak at 372 days is related to the sidereal year. The
two smaller peaks at 27.3 and 29.5 days are the sidereal and synodic lunar periods.
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Figure 5.4 Convolution of Spectral Window of FACT Mrk 501 Observations with Power-Law
PSD The convolution of the underlying noise process PSD (dashed, red line) with
the spectral window of the Mrk 501 observations (grey) decreases the variability at
small frequencies in the periodogram (blue).
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5.2.3

Example of Time-Series Analysis with the LSP: Sunspots

Number of Sunspots

The application of the periodogram and its equivalence to the LSSA approach are
now illustrated with an example. The upper plot in Figure 5.5 shows the number of
sunspots visible in the Sun’s photosphere. The number of these spots has been recorded
for centuries and is known to periodically vary about every 11 years (Schwabe 1844).
It is therefore a prime dataset for the application of the LSP.
In Figure 5.5, the upper plot shows the monthly number of sunspots for the past
200 years. The data is gathered by the Royal Observatory of Belgium5 . While the data
from the 19th and early 20th century contains gaps, more recent observations have
been recorded thoroughly. To simulate uneven sampling, 90% of the available data is
removed at random. The remaining data is plotted and fit with the model function
given in Equation 5.10, shown as dashed, red line. The bottom plot shows the LSP
of the sunspot data. The astroML python package is used to calculate the LSP, see
Ivezić et al. (2014). A prominent peak is visible at a period of 10.9 years. Shown as
dashed, red line is the period obtained with the LSSA approach, which is equal to the
period of the maximum peak in the periodogram.
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Figure 5.5 Lomb-Scargle Analysis of Sunspot Number Shown in the upper plot are 10% of the
monthly number of sunspots recorded over the past 200 years. The dashed, red line
shows the fit of the sinusoid model function given in Equation 5.10. The bottom
plot shows the Lomb-Scargle periodogram of the data in blue and the period of the
best fit function as dashed, red line. The monthly sunspot data can be found at
http://www.sidc.be/silso/datafiles.

Both the time-series and the periodogram in Figure 5.5 show that the number of
sunspots varies with a period of about 11 years. However, it is also visible that this
period is not stable: The sine fit and the data in the upper plot do not depict good
5 The used dataset is the monthly number of sunspots found at http://www.sidc.be/silso/datafiles.
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phase coherence. In addition, the peak in the periodogram is broadened. Both are signs
that the solar activity is a QPO. For the solar activity, it can be shown that periodic
process is distorted by a flicker noise process (Priestley 1981; Frick et al. 1997).
5.3

the variability of mrk 501 and mrk 421

With the theory well established, the focus now turns to the FACT measurements of
the blazars Mrk 501 and Mrk 421. Before investigating the periodicity of both sources,
the more general variability is characterised both in time- and in frequency-domain.
5.3.1

Time Domain

Figure 5.6 depicts the FACT nightly light curves of Mrk 501 and Mrk 421 from March
2012 to September 2017. The upper plot shows the light curves after applying the
corrections and cuts described in Chapter 4. The largest gaps in both light curves are
caused by the annual visibility patterns of both sources (see Figure 3.2). Both sources
show active and quiescent states. The bottom plot shows the mean flux level R̄ for bins
2 ,
of 10 days against the excess variance σXS

R̄ =
2
σXS

N
1 X
Ri
N i=1

=S

2

(5.16)

2
− σ̄R

where N is the number of nightly rates in the 10-day bin, S 2 the rate variance and
the mean squared rate error of each time bin,

2
σ̄R

S2 =

N
1 X
(Ri − R̄)2
N − 1 i=1

N
1 X
2
σ̄R
=
σ2
N i=1 R,i

(5.17)

2 from the variance ensures that the plotted
Subtracting the mean squared error σ̄R
excess variance is due to the intrinsic variability of the light curve, not the Poisson
measurement uncertainties (Vaughan et al. 2003). To ensure that the binned values
are comparable, only bins with more than 7 nights of observations are shown. A positive
correlation between the mean flux and the variance is observable. Indeed, the linear
relation between the mean flux level and the root mean square of flux variations in
AGN has been observed both in X-ray energies (e.g. Uttley and McHardy 2001) and
in TeV energies (H.E.S.S. Collaboration 2016).
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Figure 5.6 FACT Light Curves of Markarians The 5-year light curves of Mrk 501 and Mrk 421
observed with FACT. The upper plot shows the nightly rates with the corrections
and cuts applied as mentioned in Chapter 4. The dotted, black lines mark January
1 of the given year. The bottom plot shows the mean rate in bins of 10 days against
the excess variance of the rates in the time bins. A positive correlation between the
variance and the mean flux visible.

5.3.2

Frequency Domain

To investigate the shape of the power spectra, the Lomb-Scargle periodograms of
Mrk 501 and Mrk 421 are fit with the power-law function given in Equation 5.6. The
best fit power-law is shown in red. The fit parameters are acquired with a maximum
likelihood approach and given in Table 5.1. Both LSPs have spectral indices α < 1,
with α = 0.72 ± 0.04 for Mrk 501 and α = 0.51 ± 0.03 for Mrk 421. Both periodograms
exhibit the strong peaks around 30 days and in the range of 100 to 300 days.
The LSPs of the light curves using the run-wise binning could reveal periodicity on
smaller time scales, assuming the periodic process is stable over 5 years. The LSPs and
the power-law fits are shown in Figure 5.8, the parameters are given in Table 5.1. The
periodograms of both sources are well described with the power-laws with α ≈ 0.7 over
several decades of frequencies. The range between 1 and 10 days shows strong aliasing
of the 1 day peak, which is caused by the diurnal observation pattern. This range is
therefore excluded from the fit. Again, Mrk 501 shows a marginally harder spectrum
than Mrk 421.
The spectral indices of the Markarians both for nightly and for run-wise binning
are noticeably smaller than the spectral indices measured in X-ray, HE- and in VHE
γ-rays for other blazars, α ∼ 1 − 2. While this is a possible result, it does warrant a
closer look.
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Figure 5.7 LSPs of Nightly-Binned Markarians Data On top, the Lomb-Scargle periodogram
of the FACT Mrk 501 data is shown in black, using nightly binning. The dashed,
red line shows a power-law fit. The bottom plot shows the same result for Mrk 421.
Both LSPs show strong peaks around 30 days and in the range between 100 and
300 days.
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Figure 5.8 LSPs of Markarians Run Data On top, the Lomb-Scargle periodogram of the FACT
Mrk 501 data is shown in black, where the periodogram was calculated using the
single run rates. Therefore, the periodogram was evaluated up to two more orders of
magnitudes in frequency than in Figure 5.7. The dashed, red line shows a power-law
function fit. The grey-shaded frequencies are excluded from the fit due to strong
aliasing of the 1-day frequency peak. The bottom plot shows the same result for
Mrk 421.
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Table 5.1 Power-Law Fit Parameters: The parameters of the power-law model function given
in Equation 5.6 for the fits of the nightly-binned and run data periodograms of the
Markarians shown in Figure 5.7 and Figure 5.8.

Mrk 501

A/1 × 10−4
α
c/1 × 10−4

Mrk 421

Nightly

Run

Nightly

Run

8 ± 0.4

0.9 ± 0.04

18 ± 1

2 ± 0.1

0.72 ± 0.04

0.76 ± 0.01

0.51 ± 0.03

0.66 ± 0.01

0.009 ± 3 × 10−4

0.8 ± 0.04

107 ± 5

0.8 ± 0.04

A significant factor of this result is the uneven sampling. As shown in Figure 5.4,
convolving the PSD of a noise process with the FACT spectral window bends the
spectrum, effectively decreasing the spectral indices of the periodograms. In order to
quantify this effect, a simulation study is performed. Using the Timmer and König
(1995) method, light curves are simulated with an underlying power-law PSD. The
spectral index of the PSD is increased from 0.5 to 1.5 in steps of 0.05. For each step,
1 000 light curves are generated. For each light curve, the LSP is calculated once with
even time-steps between the light curve data points and once with the FACT sampling
of the nightly-binned data. The mean periodograms of the 1 000 light curves are then fit
with a power-law function. Figure 5.9 compares the spectral index used to simulate the
light curves with the spectral indices from the fits of the evenly sampled and unevenly
sampled periodograms, using the timestamps of the Mrk 421 observations. The same
graph for the Mrk 501 observations can be found in Appendix A, Figure A.3.
Figure 5.9 shows that the periodograms of the simulated light curves with even
sampling closely follow the shape of the underlying PSD, the red points are close to
the x = y-line. Using the FACT timestamps (i.e. convolving the PSD with the spectral
window) significantly decreases the spectral index, which is depicted by the blue points.
A power-law spectral index of 0.5 in the simulated FACT periodogram required a
spectral index around 0.8 of the underlying PSD. While the FACT periodograms of
Mrk 501 and Mrk 421 do not necessarily have simple power-law shapes and might be
better described with more sophisticated models, this study is a strong hint that the
actual spectral indices of the Markarians are closer to 1 than the LS periodogram
represents. The range of 0.5 ≥ α0.76 of spectral indices fitted in the FACT data
corresponds to underlying spectral indices of 0.8 ≥ α1.2 in the simulated light curves.
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Figure 5.9 Comparison of Simulated Spectral Index and Spectral Index of LSP Simulations are
performed to investigate the effect of the uneven sampling on the retrieved spectral
index of the LSP. Using spectral indices in the range of 0.5 to 1.5, 1 000 light curves
are simulated assuming underlying power-law PSDs. The spectral indices of the
mean periodograms using the even sampling (red) and the Mrk 421 sampling of
FACT (blue) for the light curves are compared. The errors on the spectral indices
are smaller than the markers. It is apparent that applying the uneven sampling
decreases the spectral index of the periodogram.

5.4

search for periodicity

The LSPs of the nightly binned light curves of the Markarians shown in Figure 5.7
exhibit a variety of peaks, as is expected for a periodogram. To investigate if any
peak is significantly larger than a stochastic process would explain for, the confidence
limits of the LS powers for each trial frequency have to be calculated. Unlike for the
classical periodogram, however, Equation 5.4 cannot be used in this case, as the χ22
distribution of LS powers only holds for white noise processes in the case of uneven
sampling. Instead, to assess the significance of peaks in the LSPs, a set of artificial light
curves is simulated. The light curves represent the null hypothesis: The processes in the
Markarians are stochastic and have no underlying periodic component. By generating
light curves with the same uneven sampling pattern as the FACT observations, the
influence of the red noise processes and the spectral window on the LSP is characterized.
The significance of peaks in the periodogram will then be investigated by looking at
the distribution of the LS powers of the simulated light curves at each frequency.
The method to simulate artificial light curves with a given spectral index is described
in Timmer and König (1995). Random light curves are simulated by generating a
Fourier transform where both the phase and the amplitudes of the Fourier components
are drawn from Gaussian distributions. However, the resulting light curves exhibit a

5.4 search for periodicity

Gaussian distribution of fluxes. As mentioned in Chapter 2, the flux distribution of light
curves from AGN are better described by log-normal distributions. Emmanoulopoulos
et al. (2013) therefore combined the method by Timmer and König (1995) with an amplitude adjustment algorithm proposed by Schreiber and Schmitz (1996) to a method
capable of generating artificial light curves providing both the fitted PSD and PDF of
the original light curve.
The power-law fit functions shown in Figure 5.7 and the fluxes of the FACT sample
light curves are passed to the simulation algorithm. The distribution of the fluxes is fit
with mixed distribution of a gamma distribution Γ(κ, θ ) and a log-normal distribution
ln N (µ, σ 2 ), both with different weights,
2

2

θ−κ e−x/θ xκ−1
e−(ln x−µ) /(2σ )
√
fmix (x; γ ) = wΓ
+ wln N
,
Γ (κ)
2πxσ

(5.18)

following the notation of Emmanoulopoulos et al. (2013). Here, γ = {κ, θ, µ, σ, wΓ }
are the shape and scale parameters of the gamma distribution, the mean and variance
of the logarithm of the flux and the weight of the gamma distribution respectively.
Furthermore, wln N = 1 − wΓ . Figure 5.10 shows the fits of this mixture distribution
to the flux distribution of the FACT light curves of Mrk 501 and Mrk 421. The fit
parameters acquired with a log-likelihood approach are given in Table A.1. A python
implementation of the simulation routine is provided by Connolly (2016)6 .
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Figure 5.10 Distribution of Rates of FACT Light Curves and Fitted Mixed Distribution The
blue histograms show the distribution of rates of the FACT light curves of the
Markarians. The red lines show the best fits of the mixture distribution given in
Equation 5.18.

For both nightly binned light curves of Mrk 501 and Mrk 421, 10 000 light curves
are simulated each. In a first step, the generated light curves are 1 000 times longer
than the FACT light curves to simulate the red noise leakage. A random interval
of 1 500 evenly spaced data points is then cut out from the extended light curves.
Low-frequency components will affect the generated light curve in the same way as
the red-noise leakage in the actual data. The 1 500 remaining data points cover the
whole observation range of about 5 years for both sources. The uneven sampling is
then achieved by effectively multiplying with the window function of each sample light
curve: For each timestamp of the FACT observations, the data point closest in time
6 https://github.com/samconnolly/DELightcurveSimulation
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of the generated light curve is kept. The rest of the light curve is discarded. This
leaves exactly as many data points in the surrogate light curve as in the FACT light
curve. However, the simulated data points are still on an evenly-spaced grid. Therefore,
the timestamps of the generated light curves are replaced by the FACT timestamps.
In this process,the simulated fluxes are shifted by up to 0.25 days. This error has
to be introduced as simulating a denser grid of fluxes would be too computationally
expensive. Finally, each data point is given a random Poisson error, which is drawn
from the Poisson errors of each FACT sample light curve and the LSP is calculated.
Figure 5.11 shows a random light curve generated for the samples of Mrk 501 and
Mrk 421 each.
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Figure 5.11 Simulated Light Curves Two random light curves simulated using the fitted PSD
and PDF of the FACT light curves.

Figure 5.12 shows a comparison between the power-law fits of the FACT periodograms which was used to simulate the light curves and the averaged periodogram of
all 10 000 surrogates. It is apparent that the mean simulated periodograms are flatter
than the power-law fits. This is a caveat in the simulation: The simulated light curves
approximate the power-law periodogram in the even sampling case. Applying the FACT
observation pattern to the simulated light curves effectively introduces the windowing
and aliasing effects of the uneven sampling for a second time into the periodogram
of the simulated light curves, as discussed above for the simulation of the spectral
indices in Figure 5.9 and also shown in Figure 5.4. The difference between the mean
simulated periodogram and the power-law fit will have to be regarded when evaluating
the periodogram, as they can lead to over- or underestimation of significances.
Using the percentiles of the distribution of the LS powers for each frequency bin
in the LSPs of the surrogate light curves, the confidence limits of the periodogram
peaks are calculated. Even though the average simulated periodograms overestimate
the variability at large frequencies and underestimate it at small frequencies, the significances are still calculated from the unevenly sampled surrogate light curves as the
distribution of the LS powers reflects the distribution for the FACT periodograms. Figure 5.13 depicts the FACT LSP, the averaged simulated LSP, and the 99% and 99.9%
tail probabilities for each trial frequency in the periodograms of both sources.
In both periodograms, the most prominent peaks around 100 and 300 days are
within the 99% confidence limit. However, the shown tail probabilities are single-trial
probabilities, meaning that the statistical penalty by the Look-elsewhere effect has not
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Figure 5.12 Comparison of Power-Law Fit of LSP and mean, simulated Periodogram The LSPs
of the FACT data are shown in grey with the corresponding power-law fits shown
in blue. These power-laws are passed to the simulation algorithm, which then
simulates evenly spaced light curves following this PSD. However, applying the
FACT sampling to the simulated light curves flattens the spectrum, shown by the
average of the 10 000 simulated periodograms (red line).

been applied yet. In order to account for the number of trial frequencies, the quantile
corresponding to X% confidence would be given by the (100 − X )/Nind quantile, where
Nind is the number of independent frequencies in the periodogram which is assumed
to be equal to the number of data points. The required number of simulations would
therefore increase by a factor of about 500 to 5 × 106 , which is outside the time frame
of this project but can be achieved in future work.
As accounting for the number of trial frequencies would increase the 99% significance
limit, the prominent peaks in both periodograms cannot be ruled significant. Furthermore, the long-term variability components around 1 000 days for both sources will
give rise to alias peaks in the region of 200 to 300 days in the periodogram, due to the
strong peak at one sidereal year in the respective spectral windows. This can be observed in the tail probabilities shown in Figure 5.13 as dashed, orange lines. Especially
the 99.9% limits have bumps in this region, showing that these frequencies have larger
outliers than the neighbouring frequencies.
At larger frequencies, there are no significant peaks observable, even accounting for
the fact that the averaged periodogram overestimates the fitted periodogram power
in this regime, refer to Figure 5.12. The periodograms are compatible with the null
hypothesis of a stochastic signal without underlying periodicity.
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Figure 5.13 Significance of LSP Peaks of Markarians The FACT LSP of the Mrk 501 (top) and
Mrk 421 (bottom) is shown in black. The red line is the averaged periodogram of
the 10 000 surrogate light curves. The dashed, orange lines show the 99% and 99.9%
significance lines using single-trial probabilities. Both periodograms are consistent
with stochastic processes without underlying periodicity.

5.5

conclusion

The LSPs of Mrk 501 and Mrk 421 have flat spectra, with spectral indices in the range
of α ∼ 0.5 − 0.7. These numbers are affected by the uneven sampling pattern, in a way
that they can be given as lower limits of the actual spectral index of the PSD. In order
to derive a more precise estimate, simulation studies can be performed, comparing the
periodograms of evenly- and unevenly sampled light curves. These simulations suggest

5.5 conclusion

that the underlying PSDs are flicker noise processes with α ≈ 1, in agreement with
observations of blazars by other experiments.
The LSPs of the Markarians’ data are consistent with stochastic processes without
underlying periodicity. Both periodograms hint more towards long-term periodicity
with periods between 100 an 300 days than short-term periodicity, but no conclusive
statement can be made on whether or not the sources are periodic. For the periodogram
of Mrk 501, there is no trace of a 23-day periodicity as has been claimed previously,
refer to Chapter 2. A binary black hole scenario is therefore not supported by the
FACT observations.
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6.1

conclusion

Active galactic nuclei are cosmic laboratories for high-energy physical phenomena.
Their spectral energy densities and variability on short and large time-scales underline
the complexity of the inherent processes. While theories predict periodic modulations
of the VHE γ-ray emission, e.g. for binary black hole scenarios, observations lack the
statistical significance to claim discoveries. The stochastic nature of the intrinsic source
mechanisms requires high confidence limits.
Long-term, frequent, and multi-wavelength observation campaigns of blazars are the
key to gain insights into the interplay of the black holes, radio jets, and accretion disks.
The First G-APD Cherenkov Telescope is dedicated to the long-term monitoring of
the brightest blazars in the night sky. The use of silicon photomultipliers allows for
observations even during a bright night-sky background. The location on La Palma
offers observations of Mrk 501, Mrk 421, and the Crab Nebula under low zenith angles,
ensuring that the observed Cherenkov light is only minimally affected by absorption
in the atmosphere.
The observed γ-ray rates show a large dependence on the zenith angle. Using basic
assumptions from the Heitler model, this dependency can be expressed in a heuristic
model function with three parameters. The application of this model to the proton rate
measured by FACT is used to identify bad-weather observation runs, which are then
excluded from the analysis. In addition, fitting the excess γ-ray rate in dependence
of the zenith angle of the Crab Nebula allows for the correction of the zenith angle
dependence in the data of the Markarians.
In order to characterise the variability of Mrk 501 and Mrk 421, a Lomb-Scargle
periodogram analysis is performed. Periodograms of stochastic processes are subject
to large scattering in their powers. Furthermore, the spectral window of the uneven
sampling affects both the peak heights and the overall shape of the periodogram. The
LSPs of Mrk 501 and Mrk 421 correspond to flicker noise processes (spectral index α ≈1)
after accounting for the uneven sampling. As the statistical behaviour of the LombScargle periodogram can only be derived analytically for white-noise processes, Monte
Carlo simulations are required to quantify the significance of peaks in the periodogram.
For both Mrk 501 and Mrk 421, no hint for a periodicity on time-scales of days to years
has been found in the 5-year light curves acquired with FACT.
6.1.1

Caveats and Pitfalls of the LSP Analysis

The Lomb-Scargle periodogram provides the mathematical framework for spectral analysis of unevenly sampled data required in many fields, such as astronomy and astrophysics. In the case of periodic variable stars, it has been applied with great success
(Kim et al. 2014). The simple statistical behaviour of the powers in case of white-noise
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processes and the equivalence of the least-square spectral analysis approach make it a
method which is easy to implement and apply.
However, the underlying white-noise assumption is a large restriction. Especially
complex source like AGN show red-noise behaviour, which has to be accounted for in
the periodogram by means of simulations. Sophisticated simulations require a model
function of the inherent processes. This increases the required workload and understanding of the sources significantly.
Even in the case of white-noise, the correlation of the powers at different frequencies
is complicated due to the uneven sampling. The spectral window has to be studied in
detail in order to identify alias peaks in the periodogram.
The periodic process has to be stable over range of observations in order to give
rise to a significant peak. This is another big restriction on the nature of the physical
processes that can be detected with the Lomb-Scargle periodogram. Dividing the light
curves into yearly, monthly, weekly components is a mean to identify periodicity on
shorter time scales and changes in the source. However, the inherent non-determinism
of the processes has to be kept in mind.
6.2
6.2.1

outlook
Improvements of Data Pipeline

Future improvements of this data selection pipeline could aim at the approximations
made by the Heitler model, which was used to derive the zenith angle model function.
Greisen (1960) derived a parametrization of CR showers which yields more accurate
results than the Heitler model. Furthermore, the approximation of an isothermal atmosphere has a large impact on the model function and could be more accurately treated
by e.g. including the dependency of the refractive index n on the height / density of
the atmosphere.
A more detailed treatment of the threshold dependence of the excess events rate
could further improve data quality.
6.2.2

Future Work using the LSP

In order to take full advantage of the rich data set that the FACT observations provide,
they can be split up into single years and months and searched for periodicity on smaller
time scales. Intrinsic changes of the sources over the observed periods could be revealed.
However, this analysis requires a thorough treatment of the changes in the telescope
system over the years. Any change in the system can reflect in the data and lead to
false conclusions. Nevertheless, it is an analysis which promises interesting results.
In addition, the analysis can be extended to other sources that FACT observes
regularly, such as 1ES 1959+650, 1ES 2344+51.4, and 1H0323+342. A combination with
(publicly available) data from other IACTs or multi-wavelength analysis with optical
or X-ray instruments can also yield highly interesting results and constraints on model
parameters.
Furthermore, simulation studies to investigate the effect of the spectral window on
the periodogram can be performed. By quantifying this effect, the spectral index of

6.2 outlook

the PSD of the sources can be recovered. This requires a model of the source PSD,
which is then used to simulate evenly spaced light curves. After applying the FACT
window function, the similarity between the simulated periodogram and the FACT
periodogram has to be quantified by a distance metric.
An essential condition for these analyses is the improvement of the simulation algorithm. Using the algorithm by Emmanoulopoulos et al. (2013), the fitted PSDs
and PDFs of the sample light curves can be reproduced with the surrogate data sets.
However, the application of the FACT window function on the simulated light curves
changes the slope of the mean simulated periodogram. Whether this second application of the uneven sampling is avoidable using the Emmanoulopoulos et al. (2013)
method will have to be investigated. Following an improvement of the simulations, a
next requirement is the computation of a large (≥ 106 ) sample of artificial light curves.
6.2.3

Towards continuous Coverage - M@TE Project

As outlined in Chapter 2, variability on short time scales implies that the emission
region is small. For AGN, short-term variability is generated in the jet or at the interface
of the black hole and the accretion disk. To observe these central regions, continuous
monitoring is essential. The M@TE1 project is a FACT-like telescope planned to be
built in San Pedro Matír, Mexico. Like FACT, it will be built using a former HEGRA
telescope mount. The design close to FACT’s will save development time and effort.
The camera is planned to contain the next generation silicon photomultipliers (Dorner
et al. 2016; Alfaro et al. 2017).
The location in San Pedro Matír is about 6 hours off-set from FACT on La Palma in
longitude. Figure 6.1 shows the combined field-of-view of both telescopes in right ascension and declination using the same Mollweide projection as in Figure 3.2. In principle,
sources like Mrk 501 and Mrk 421 will always be visible from either the FACT or the
M@TE site. In practice, limits on the zenith angle give a maximum of six hour observation time for one source from one site per night. The FACT and M@TE telescopes
can therefore combine the continuous coverage to 12 hours a day. The coordinates of
the zeniths of the telescopes are indicated by the dashed lines. As the telescopes are
within 4 degrees of latitude, sources will culminate at similar zenith angles, making
the measured rates comparable.

1 Monitoring at TeV energies
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Figure 6.1 The joint Sky Coverage of FACT and M@TE The night sky is shown using the
equal-area Mollweide projection. The black line marks the FACT field-of-view, the
blue line is the prospected field-of-view of the M@TE telescope. The telescopes
sites are within 4 degrees of latitude, which means that their zeniths cover similar
declinations (black and blue dashed lines respectively). The orange circles mark
sources that FACT observes frequently.

The combined light curves from FACT and M@TE promise great insights into the
inner workings of blazars.
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Table A.1 PDF Fit Parameters: Parameters of the FACT nightly light curves PDF fits with
function Equation 5.18.

Mrk 501

Mrk 421

κ

15.3

15.1

θ

9.63

9.3

wΓ

0.09

0.11

exp(ln µ)

1.25

1.0

ln σ

11.88

11.5

wln N

0.91

0.89
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The required python packages and the versions used:
python

3.6.2

astropy

2.0.2

scipy

0.19.1

pandas

0.20.3

numpy

1.13.1

peewee

2.10.1

matplotlib

2.0.2

stingray

0.1.dev

pyfact

0.12.1

astroML

0.3

astroML_addons

0.2.2

seaborn

0.8.1

ephem

3.7.6.0

The DELCgen module by Connolly (2016) for the simulation of the light curves can be
acquired from https://github.com/samconnolly/DELightcurveSimulation. Note
that the code is written in python 2 and will have to be ported to python 3. Furthermore, the EmmanLC() method has to be adapted to allow for variable output data
length when passing a light curve to the simulation method.
Table B.1 lists the python scripts used to create the figures for the different chapters.
The codes require scripts from the peripylib/ directory, which can be added to the
python path using
export PYTHONPATH="$PYTHONPATH:path/to/peripylib"
In principle, all code can be run using
python path/to/script.py
However, some scripts require access to the FACT database, which is granted if the
current FACT password is set as the FACT_PASSWORD shell environment variable.
The peripylib package provided in the repository provides the data pipeline described in Chapter 4. The query_fact module contains the query_fact()-method
which is meant as the only required interface for the following analyses. The method
returns both the nightly-binned and the run data of the requested source, after applying the cuts and corrections outlined in Chapter 4.
All figures are created using the peripylib/figures.py script for a uniform look.
This dependency can be removed by simply replacing the lines creating and saving the
figures with the corresponding matplotlib commands.
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Table B.1 Overview of archived code The code to reproduce the analysis of this thesis can be
found at https://git.rwth-aachen.de/tbretz/fact/tree/master/mahlke2017.
The directory column list the subdirectories starting at mahlke2017/. A check mark
in the FACT PW column means that the code will require the FACT_PASSWORD shell
environment variable to contain the current FACT password. The figures column
states the figures of this thesis created with this code.

Directory

Filename

FACT PW

Chapter2/

tev_sky.py

2.1

Chapter2/
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