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Abstract
Blazars are a rare subtype of active galactic nuclei (AGN) with a relativistic jet pointing
toward Earth. Powered by accretion onto a supermassive black hole, blazars emit high
fluxes of radiation across the entire electromagnetic spectrum. Due to their promin-
ence as gamma-ray sources and recent associations with high-energy neutrinos, they are
important objects for current research in high-energy astrophysics, multimessenger astro-
nomy, and cosmic ray physics. For this, a firm classification scheme is required by which
to distinguish different blazar populations. The most crucial classification criteria can
be found within the synchrotron emission of a blazar. Radiated by electrons spiraling
around the magnetic field lines within the jet, this type of emission carries informa-
tion about the acceleration capabilities of a blazar and describes the radiative power of
the source. These defining blazar properties can be summarized within two paramet-
ers, namely the peak frequency of the synchrotron emission �Speak and the corresponding
flux �F� . However, no catalog currently provides both parameters for a large fraction
of known blazars. While there are tools available to automatically classify blazars ac-
cording to their emission data, these classifiers suffer from at least one of the following
shortcomings:

1. Only the �Speak synchrotron peak frequency is provided, but not the corresponding
�F� flux.

2. Predictions are only reliable for a small subset of blazars where emission data from
specific frequency regions are available.

3. Additional features in the spectral energy distribution (SED) of a blazar, independ-
ent from the jet’s synchrotron emission, mislead the tool to a wrong classification.

In this thesis, I collected the multifrequency data for 6747 blazars and analyzed each
of them individually. By combining the results from current classifiers and manually
correcting them in cases of data contamination, I am able to provide reliable �Speak and
�F� classifications for 3344 of those sources. This result also formed the basis for an
improved blazar classification tool called BlaST V2, which overcomes the aforementioned
limitations.
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Chapter 1: Introduction

1.1 Active galactic nuclei (AGN)

1.1.1 The early history of AGN

Blazars belong to a special family of astronomical objects called active galactic nuclei
(AGN). These are among the most luminous objects in the universe, often outshining
entire galaxies. However, it took astronomers until well into the 20th century to shine
light on their existence. This chapter presents the milestones leading up to the discovery
of AGN and introduces some of their observational features along the way. These
features are important to provide an overview of the overwhelming number of AGN
subclasses and identify blazars among them. This section is based on "A Brief History
of Active Galactic Nuclei" by Shields [1999], to which I refer the interested reader for an
in-depth analysis.

By the beginning of the 20th century, astronomers were separated into two camps. Har-
low Shapley, leader of the �rst camp, believed in a universe that consisted entirely of
our Milky Way. So-called spiral nebulaethat could be seen in the night sky should thus
lie within the Milky Way and were postulated to be relatively nearby gaseous objects.
In contrast, the other camp theorized spiral nebulae as faraway collections of stars, only
appearing as a point-like shimmer on the night sky due to their distance. Led by Heber
Curtis, this camp claimed that these star collections were individual galaxies spread
throughout a universe much bigger than the Milky Way. This con�ict, today known as
The Great Debate1 of astronomy, would not only lead to a change in our worldview but
also produce the �rst hints towards the existence of AGN.
In the early 20th century, Edward Fath, a German astronomer at the Lick Observatory in
California, wanted to test whether the spectra of spiral nebulae were indeed continuous,
as expected for a distant galaxy in the model of Curtis. If he observed a line spectrum
instead, this would better �t Shapley's claim of it being a nearby gaseous nebula. Fath
constructed a new device for the spectroscopic analysis of spiral nebulae and found that
most of these objects showed a continuous spectrum with weak stellar absorption lines,
supporting Curtis' claim [Fath, 1909]. However, Fath also discovered six spectral lines
in one of the nebulae of theNew General Catalogue of Nebulae and Clusters of Stars
(NGC) . This object carries the name NGC 1068 and is one of today's best-studied AGN.

1The name comes from a public debate at the Smithsonian Museum of National History where Shapley
and Curtis faced o� in 1920.
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Chapter 1 Introduction

These additional emission lines appeared similar to nuclear lines produced in a gaseous
nebula. In 1917, Vesto Slipher con�rmed Fath's discovery. He was also the �rst to notice
a certain width to these usually thin lines. However, he explicitly dismissed the idea that
high radial velocities might cause the line broadening and commented that for him, it
was �not possible to decide to what extent the dark lines are broadened� [Slipher, 1917].
The next hint toward AGN came with the �Descriptions of 762 Nebulae and Clusters
Photographed with the Crossley Re�ector� by Curtis [1918], the second leader of the
Great Debate. For the nebula M87, he highlights �A curious straight ray [...] connected
with the nucleus2 by a thin line of matter�. Nowadays, this is called a jet, which is an
important feature for the classi�cation of AGN (see section 1.1.2). However, for this to
be recognized, we would have to wait a few more decades.
During the following years, astronomers discovered spectral lines in several nebulae other
than NGC 10683. By the mid-1920s, spiral nebulae were proven to be individual galax-
ies4 and this settled the Great Debate. However, the mystery of the rarely occurring
emission lines remained. Although Harlow Shapley's theory of spiral nebulae was proven
wrong, he himself remained interested in these nebulae and passed this on to one of
his young students at Harvard University, Carl Seyfert. After �nishing his Ph.D. un-
der Sharpley's supervision, Seyfert would go on to conduct the �rst systematic study of
these unexplained emission lines. While working at the Mount Wilson Observatory in
California, he took spectrograms of six galaxies that were known to show these lines5.
Seyfert [1943] notes that �their most consistent characteristic [is] an exceedingly lumin-
ous stellar or semistellar nucleus which contains a relatively large percentage of the total
light of the system�. He also found that the emission lines that originated from within
this central bright region were unexpectedly broad. Contrary to Slipher, he attributed
this broadening to a Doppler shift caused by radial velocities of up to8500 kms� 1. This
is far beyond the escape velocity in those regions and hints at extreme conditions inside
the bright nuclei of those galaxies.
Unfortunately, this discovery stayed largely unnoticed for over a decade until some ma-
jor breakthroughs in the new �eld of radio astronomy took place. Utilizing drastically
improved radio technology from the Second World War, radio telescopes could achieve a
much higher resolution, which enabled Baade and Minkowski [1954] to associate the radio
source Cygnus A with two colliding galaxies emitting lines similar to the ones described
in Seyfert's paper. This aroused interest in Seyfert's discovery, more than a decade after
its publishment, and added radio emission to a long list of unexplained features origin-
ating from speci�c spiral nebulae.
Maarten Schmidt took on the challenge of identifying the optical counterparts of multiple
other radio sources. Many of them appeared point-like and showed a spectrum similar to

2The nucleus refers to the very central region of the nebula.
3Most notably in NGC 1275 by Humason [1932], NGC 4051 by Hubble [1926] and NGC 4151 by

Campbell and Moore [1918].
4Hubble used cepheids to measure the distance to the spiral nebula Andromeda, which turned out to

be much larger than the size of the Milky Way. Therefore, Andromeda had to be its own galaxy,
proving Curtis right.

5These were NGC 1068, 1275, 3516, 4051, 4151, and 7469.

2



1.1 Active galactic nuclei (AGN)

stars but with additional broad emission lines. They were speculated to be very massive
nearby stars, but how they emitted a radio signal and broad emission lines was unknown.
These quasi-stellar radio sources came to be known as quasars. On February 5, 1963,
Schmidt [1963] examined the quasi-stellar radio source (quasar) 3C 273, which had a
weak jet pointing away from it, and emission lines appearing at unfamiliar wavelengths.
Four of these lines could be identi�ed by their spacing as hydrogen Balmer lines but
with a shift in wavelength. This was interpreted as a cosmological redshift ofz = 0 :158
due to the source's large distance. By combining this distance with the source's optical
brightness, its luminosity could be calculated. Surprisingly, this surpassed by an order
of magnitude the luminosity of even the brightest known galaxies, challenging the idea
that the source was a single star-like object. Additionally, the jet of 3C 273 had a �dis-
tance of 50 kpc [to the nucleus], implying a time-scale [of emission] in excess of105 yr�
[Schmidt, 1963]. Together with Greenstein, Schmidt proposed a model where this con-
tinuous out�ow of mass and energy was made possible by a central region containing a
mass of around109 M � [Greenstein and Schmidt, 1964]. This mass could also gravita-
tionally trap surrounding gas, moving at high velocities, which was necessary to explain
the broad emission lines. In their model, the radio-emitting region would be located
outside of this inner region and complete the nucleus. They also noted that this nucleus
could well be surrounded by a galaxy whose emission was being outshone.
Salpeter [1964] and Zel'dovich [1964] took this idea further and proposed a supermassive
black hole as the central object. The observed energy output would then be fueled by
mass slowly spiraling into the black hole, thereby e�ciently converting its gravitational
potential into heat and radiation. Although initially controversial, this model eventually
came to be accepted by the astronomical community, and observations have consist-
ently supported the idea that the accretion onto a supermassive black hole is indeed the
mechanism powering AGN emission.
Despite their common underlying mechanism, AGN display a surprising variety of ob-
servational and morphological features, including jets of di�erent sizes, varying levels of
radio emission, and the presence or absence of broad and narrow emission lines. The
origin of these features is discussed in the next section, where I introduce the uni�ed
model of AGN.

1.1.2 Uni�ed model of AGN

AGN can have very di�erent observational features, some of which I introduced in section
1.1.1. A long list of di�erent AGN classes emerged from this variety in appearance.
The most prominent ones are introduced in table 1.1, together with their distinguishing
features. Padovani et al. [2017] provide a more complete analysis of di�erent AGN classes.
AGN can be broadly split into two groups: jetted and non-jetted. Jetted AGN possess
a strong relativistic jet in which matter and radiation are ejected at nearly the speed of
light, whereas non-jetted AGN show comparably weak out�ows or none at all. Argued

6Although BL Lac objects are de�ned to show no emission lines except some very weak ones, some
objects commonly attributed to the class have shown broad emission lines. Most prominently, BL
Lacertae [Vermeulen et al., 1995], the object after which the whole class was named.
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Chapter 1 Introduction

class complete emission lines strong radio
acronym class name narrow broad emission

jetted AGN
BL Lac BL Lacertae object 7 76 3
FSRQ Flat-spectrum radio quasar 7 3 3
RLQ radio-loud quasar 3 3 3

BLRG broad line radio galaxy 3 3 3
NLRG narrow line radio galaxy 3 7 3

non-jetted
AGN

Sey2 Seyfert galaxy type 2 3 7 few
Sey1 Seyfert galaxy type 1 3 3 few
RQQ radio-quiet quasar 3 3 7

Table 1.1: List of major AGN classes, divided into jetted and non-jetted. The last
three columns provide information about the emission features and how the
di�erent classes can be distinguished.

by Padovani [2017], these two classes are often misleadingly termed radio-loud and
radio-quiet, as the presence of a jet usually entails signi�cant radio emission. Although
many of the �rst identi�ed AGN were discovered via radio emission from a jet, only a
minority of AGN are actually jetted. Depending on the type of measurement, they make
up a fraction of � 15 %[Kellermann et al., 1989], or even as low as1 % [Padovani, 2011],
of the total AGN population. The vast majority of AGN are therefore non-jetted.
Within these two broad categories, there is a considerable variety of �ner observational
di�erences, as listed in table 1.1. According to the uni�ed model of AGN introduced by
Antonucci [1993], most of these di�erences can be traced back to the angle at which we
view the AGN from Earth, as illustrated in �gure 1.1. At the center of the host galaxy
of an AGN is a supermassive black hole(& 106 M � ). Such a galactic nucleus turns
into an AGN when it rapidly accretes matter, forming a �at accretion disk around the
supermassive black hole. During the accretion, the gravitational energy of the infalling
matter is converted e�ectively into radiation and heat. In the case of jetted AGN, the
accretion also leads to the launching of a relativistic jet, which is a collimated out�ow
emerging from near the central engine. The core region, consisting of the supermassive
black hole and its accretion disk, can be surrounded by atorus of dust. This torus
obscures a fraction of the emission from the central engine by absorbing and reemitting
it in the infrared. Around the accretion disk, there are very dense molecular gas clouds
moving at high velocities. These gas clouds are irradiated by the disk, leading to the
emission of atomic lines. As a result of the high orbital velocity of the gas, the lines
become widened due to the Doppler e�ect. This zone is therefore called thebroad line
region (indigo clouds in �gure 1.1). Further out from the nucleus, this gas becomes
slower, less dense, and ionized. This region extends far beyond the obscuring region of
the torus. At this distance from the nucleus, the gas moves more slowly, and the emitted
lines are thus not widened substantially. For this reason, this zone is called thenarrow
line region (purple clouds in �gure 1.1).
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1.1 Active galactic nuclei (AGN)

Figure 1.1: Schematic representation of the uni�ed model of AGN. Descriptions of the
di�erent AGN components can be found on the left side. Di�erent viewing
angles onto an AGN are shown as arrows and labeled with the associated
AGN class (with the upper half of the graphic corresponding to jetted AGN
and the lower half to non-jetted AGN). Image credit: Alexander [2022]
(edited).

As the torus partially attenuates the central emission, the orientation at which we see an
AGN from Earth results in di�erent observational features. If the plane of the torus faces
Earth, the broad line region is, to a great extent, hidden behind the torus. Therefore, we
only observe narrow emission lines from the narrow line region. If, however, the plane
of the torus is facing Earth at an angle, the broad emission lines will be less attenuated
in the observer's direction. This explains the observational di�erences between, e.g.,
Seyfert 2 and Seyfert 1 galaxies7, where Seyfert 2 galaxies show only narrow emission
lines, but Seyfert 1 also show broad lines. These di�erences between their optical spectra
can be seen in the upper right panel of �gure 1.2. The same argument also holds for the
corresponding jetted AGN and can be traced back to the di�erent widths of emission
lines from the broad line radio galaxy (BLRG) and the narrow line radio galaxy (NLRG),
displayed in the lower right panel of �gure 1.2.

7These galaxy types were named after Carl Seyfert in honor of his pioneering work outlined in chapter
1.1.1.
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Chapter 1 Introduction

Figure 1.2: Optical spectra of di�erent kinds of active- and non-active galaxies. For each
type, the class name and the exemplary object belonging to this class are
noted. From top to bottom: BL Lacertae object (BL Lac) with featureless
spectrum; Typical quasar with broad and thin lines; low ionization nuclear
emission-line region (LINER)8 with weak broad and thin lines; Non-active
(normal) galaxy without emission lines; Seyfert 1 with broad and thin lines;
Seyfert 2 without broad but with thin lines; broad line radio galaxy (BLRG)
with broad and thin lines; narrow line radio galaxy (NLRG) without broad
but with thin lines. Image credit: Villicaña-Pedraza [2010].

Blazars are the class of jetted AGN that are observed along the jet direction or at a
small angle to it (� 15� � 20� ) [Giommi et al., 2013] and make up around10 % of the
total amount of jetted AGN [Padovani et al., 2017]. As the out�ow of their jet moves
in the direction of observation at close to the speed of light, the jet's emission will
appear greatly enhanced due to the e�ect of relativistic beaming. This makes blazars
the brightest class of AGN and explains why many of the early discovered AGN, such
as 3C 273, belong to this family of objects, although they are very rare. In the upper
left panel of �gure 1.2, the spectrum of a blazar belonging to the group of BL Lacs

8This is a class of galactic nuclei, where it is in doubt whether they are active, which means if they are
powered by accretion onto a supermassive black hole [see e.g. Bel�ore et al., 2016].
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1.2 Blazars

can be compared to one of a quasar, which shows both broad- and narrow emission
lines. In contrast, the BL Lac produces a featureless spectrum, lacking all signs of
emission lines. The reason for this is that, as BL Lacs belong to the family of blazars,
their relativistic enhanced radiation of the jet outshines the rest of the central emission,
including the narrow and broad line regions. Members of the second group of blazars
have an extremely bright accretion disk and broad line region, which makes it possible
to observe their emission lines in the optical spectrum despite the enhanced jet emission.
These are called �at spectrum radio quasar (FSRQ) and can be distinguished from BL
Lacs by these broad emission lines in the optical [see e.g. Falomo et al., 2014]. Together,
these two groups complete the family of blazars.
Lastly, the lower left panel of �gure 1.2 lets us compare the optical spectrum of a LINER
featuring some weak emission lines to the spectrum of a normal (non-active) galaxy.
The latter one shows no signi�cant emission lines, but is also not as featureless as the
spectrum of a BL Lac. The reason for this is that many absorption lines are created,
e.g., when the emitted light of the galaxy's stars escapes their outer shells and travels
through the interstellar medium �lled with gas.

As presented in this section, the classi�cation of di�erent types of AGN is complex.
Thus, I only gave an overview of the most important features in the uni�ed model of
AGN. This is radio emission from the jet, and di�erent kinds of emission lines, which
can be seen within an optical spectrum. Only relying on those two features it is possible
to distinguish AGN from normal galaxies and di�erentiate between some of the classes
(see �gure 1.2). More re�ned features within the uni�ed model of AGN, such as the
polarization of the emission and the relevance of the accretion rate, can be found in
[Heckman and Best, 2014; Netzer, 2015; Urry and Padovani, 1995]. The next section will
focus on blazars, which are the main objects of interest for this thesis.

1.2 Blazars

1.2.1 Blazar classi�cation by spectral energy distribution (SED)

In section 1.1.2, blazars have been introduced within the framework of the uni�ed model
of AGN as the special subgroup of AGN with a strong relativistic jet pointing towards
Earth. This fact leads to a relativistic enhancement of the jet's emission in our direction,
which lets the jet outshine the other AGN components. In contrast to other types of
AGN, a blazar's jet emission can be observed throughout the entire electromagnetic
spectrum, from radio waves up to gamma-radiation. As a result, other types of AGN
are often only examined in the small region of wavelengths in the optical spectrum, as
displayed in �gure 1.2, whereas blazars are analyzed throughout their entire spectral
energy distribution (SED). This allows an immediate examination of the two unique
properties belonging to a blazar's emission:
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Chapter 1 Introduction

1. A characteristic double hump shape extending over the whole electromagnetic spec-
trum when logarithmically plotting a blazar's emission in frequency� vs frequency
scaled �ux of emission�F � .

2. Large variability of the observed �ux in the time domain.

Examples of SEDs from the two blazar subclasses are shown in �gure 1.3. The upper
SED belongs to the BL Lac Mrk 421, and the lower one to the FSRQ 3C 273. For both,
I show the observed energy �ux as a function of the photon frequency on a double-
logarithmically scale. This is a standard convention in the �eld of blazar-astronomy,
which I will follow throughout this thesis. The plotted SED data have been collected
using the VOU-Blazars tool (see section 1.3.1). Both types of blazars clearly show the
characteristic double hump shape, extending from radio waves up to highly energetic
gamma-radiation. The high variability of the two sources can also be seen when examin-
ing the time of observation, indicated by the color of the data points. This is especially
prominent in X-rays and gamma-rays, where the observed �ux can vary by over two
orders of magnitude, depending on the year in which the measurement was conducted.
Comparing both SEDs, we see that the FSRQ's emission deviates from the expected
jet-dominated two hump shape in the optical. The reason for this is that the FSRQ's jet
is not dominant in this small frequency region. As introduced in section 1.1.2, FSRQs
can feature an extremely bright accretion disk. In the case of 3C 273, this is re�ected
by the presence of a so-calledblue bump, which outshines the jet in the optical. This
emission by the accretion disk peaks at blue wavelengths, giving the correspondent bump
in the SED its name.

The characteristic two-hump shape of a blazar's SED shown in �gure 1.3 is well mo-
tivated by theoretical models and simulation. Within the jet, electrons (and possibly
also protons) are accelerated to high energies and contribute to the relativistic out�ow
of the jet. Because of their charge, these particles will spiral around the strong magnetic
�eldlines within the jet, causing them to emit synchrotron radiation. The synchrotron
emission can be analytically described by parameters of the medium and the accelerated
particles [Blumenthal and Gould, 1970]. The �rst hump in a blazar's SED matches the
synchrotron emission pro�le for an expected parameter range very well and is, therefore,
commonly referred to as the synchrotron hump. Usually, the presence of accelerated
electrons su�ces to explain this synchrotron hump, and for simplicity, the emission from
accelerated protons is neglected. In this case, one speaks of leptonic modeling, as elec-
trons belong to the particle family of leptons. Taking also protons into consideration,
one speaks of leptohadronic modeling instead, as protons belong to the particle family
of hadrons.
In a simpli�ed leptonic scenario where all electrons are accelerated to the same energy
Ee, the frequency at which the synchrotron peak occurs depends then only on this energy
Ee, the magnetic �eld in the jet B , and the factor � b, which accounts for the relativistic
enhancement of the radiation. This synchrotron peak frequency� S

peak is de�ned as the
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1.2 Blazars

Figure 1.3: Examples of SEDs showing the characteristic two hump shape for both
blazar families (BL Lac and FSRQ). The strong variability of both objects
can be seen when examining the time of observation, indicated by the col-
orbar. Upper panel: SED of the BL Lac Mrk 421. Leptonic one-zone models
for the jet emission by Rodrigues et al. [2024] are shown in grey. Combining
them to form the black curve, they explain large parts of the total blazar's
emission. Lower panel: SED of the FSRQ 3C 273. Leptonic one-zone mod-
els for the jet emission by Rodrigues et al. [2024] are again shown in grey.
The grey-dotted model of the blue bump does not originate within the jet
and is, therefore, not included in the combined jet model in black.
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acronym full category name synchrotron peak frequency range
LBL low energy peaked blazar � S

peak < 1014 Hz
IBL intermediate energy peaked blazar 1014 Hz < � S

peak < 1015 Hz
HBL high energy peaked blazar 1015 Hz < � S

peak

Table 1.2: Classi�cation of blazars into low, intermediate, and high energy peaked
sources depending on their restframe synchrotron peak frequency.

position where the synchrotron hump reaches its maximum in the observer restframe and
is located at [Blumenthal and Gould, 1970]9:

� S
peak �

� b

10
B

10 G

�
Ee

10 GeV

� 2

� 1015 Hz: (1.1)

In reality, the electrons are of course not all accelerated to the same energy but follow
a certain energy distribution10. However, the important point for this thesis is that
information about the electron population, the medium, and thus the acceleration power
of a blazar can be obtained from the frequency position� S

peak of the synchrotron peak.
Therefore, blazars are classi�ed by their� S

peak value in the restframe of the blazar and
separated into low, intermediate, and high energy peaked sources [Abdo et al., 2010;
Padovani and Giommi, 1995] (see table 1.2).
The second hump in a blazar's SED does not a�ect the classi�cation process and will
thus only be brie�y discussed here. In the leptonic scenario, the accelerated electrons in
the jet are also directly responsible for the gamma-radiation, which makes up the second
hump. After being accelerated to high energies, the electrons scatter of photons and
transfer a fraction of their energy to them via inverse Compton scattering. Candidates
for these target photons come either from the electron's own synchrotron radiation of
the �rst hump (synchrotron self-Compton model) [see e.g. Bloom and Marscher, 1996;
Maraschi et al., 1992], or an external photon �eld boosted into the jet (external Compton
model), which can be provided by e.g. the broad line region or the torus [see e.g. Sikora
et al., 1994]. In the hadronic scenario, the gamma-ray emission within the second hump
can be explained as synchrotron emission of the accelerated protons or the decay of
mesons produced through photo-hadronic interactions within the jet. In the latter case,
blazars would also be a source of highly energetic neutrinos, which is one of many
motivations for studying blazars (see section 1.2.2).

To summarize, there are multiple ways of explaining the typical two-hump emission
of blazars. In �gure 1.3, I included the simplest scenario of a leptonic one-zone self-
Compton model for both exemplary blazar SEDs. The synchrotron emission of the
accelerated electrons is plotted as a grey dashed line. The radiation at higher frequencies

9The redshift of the source, which would have an in�uence on the observed � S
peak , is neglected in this

discussion.
10 This will, in general, be a power law of the form E 0

e / E � � , which will shift the peak frequency
depending on the spectral index � to � 0

peak = � � ( � � 1) =2
peak [Longair, 1994].
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1.2 Blazars

Figure 1.4: SED comparison between the modeled leptonic one zone emission of an LBL
(3C 273) and an HBL (Mrk 421) by Rodrigues et al. [2024]. The two hump
emission shape is shifted to higher energies/frequencies for the HBL. The
di�erent synchrotron peak positions from equation 1.2 are highlighted by
dotted lines in the corresponding color.

due to inverse Compton scattering of the electrons on their own synchrotron radiation
is plotted as a grey dash-dotted line. Combining them results in the total one-zone
emission model, displayed as a black line. As we can see, this simple one-zone model
can describe well the observed �uxes between optical and gamma rays. On the other
hand, at frequencies below the optical band, it undershoots the observed �uxes. That is
generally due to the fact that radio photons are absorbed inside these compact regions,
and the observed radio �uxes, therefore, originate in a larger, more optically thin region
of the jet. For 3C 273, the blue bump is independent of the synchrotron emission from
the jet, as the corresponding emission originates within the accretion disk. Since the
classi�cation of blazars is interested in the acceleration power of the jet, the dotted blue
bump emission was left out of the combined black curve of the modeled jet. These curves
for Mrk 421 and 3C 273 were part of an analysis by Rodrigues et al. [2024], who modeled
324 gamma-ray blazars, among which were these two prominent objects. The resulting
models can be used to estimate the peak frequency� S

peak by �nding the maximum of the
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synchrotron hump. This � S
peak estimate is marked for both blazar model emissions in

�gure 1.4 as a dotted vertical line and has values of:

Mrk 421: � S
peak = 4 :5 � 1017 Hz ; 3C 273: � S

peak = 4 :1 � 1013 Hz: (1.2)

According to table 1.2, Mrk 421 can thus be classi�ed as a high energy peaked blazar
(HBL) and 3C 273 as a low energy peaked blazar (LBL). From this, we can conclude
that Mrk 421 is the more e�cient accelerator, where electrons reach higher energies than
in 3C 273. By only plotting the model curves of our two exemple sources (�gure 1.4), we
can see how this di�erence in classi�cation corresponds to an overall shift in frequency
of the blazar emission in the SED, which is equivalent to a shift in energy. A blazar with
a � S

peak value between1014 Hz and 1015 Hz would have been classi�ed as intermediate
energy peaked blazar (IBL) and peak in-between the two shown blazars.

This was an example of the classi�cation of two well-studied blazars. In general, the
classi�cation process is often less straightforward. Further techniques for classifying a
blazar will be introduced in chapter 2. In the following section, I explain the importance
of blazar studies and how their classi�cation is crucial for our understanding of the physics
within the source.

1.2.2 Motivation behind blazar classi�cation

In the previous section, I introduced the classi�cation of blazars according to their syn-
chrotron peak and how this re�ects the properties of the underlying electron population.
In this section, I elaborate on why a �rm classi�cation system for blazars is important
and can contribute to multiple advances in the �eld of physics.

An example of an interesting blazar subsample obtained through blazar classi�cation is
the one considered by Giommi and Padovani [2021]. This consists of intermediate or
high energy peaked blazars (IHBLs), which they de�ne as blazars with� S

peak > 1013:5 Hz.
This subsample is particularly interesting in the context of high-energy astrophysics in
light of recent associations between high-energy neutrinos and the blazar TXS 0506+056
[Aartsen et al., 2018] and other IHBLs [Giommi et al., 2020; Padovani et al., 2022;
Sahakyan et al., 2023]. In the case of accelerated protons within the jet, such a neutrino
emission would be predicted by leptohadronic models, as noted in section 1.2.1. Neut-
rinos and protons from the cosmos constantly bombard the Earth's atmosphere and are
among the most energetic particles ever detected. Their origin is one of astrophysics'
great mysteries and is still debated long after the �rst discovery of cosmic rays by Victor
Hess in 1912. Blazars and their classi�cation might provide an important hint to make
advancements in this longstanding puzzle. However, this is only one of multiple examples
where blazar subsamples are used for statistical analyses, underlining the importance of
a �rm blazar classi�cation scheme.
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1.2 Blazars

Another application of blazar classi�cation can be found within the proposed existence of
the so-calledblazar sequenceby Fossati et al. [1998]. They looked at blazars discovered
in shallow radio surveys and additional BL Lacs from an X-ray �ux-limited survey.
For these sources, they found a strong correlation between their� S

peak value and their
intrinsical luminosity. The lower the � S

peak value of the blazar was, the more luminous
they could expect it to be. This inverse correlation can be seen as a downward-sloping
distribution of blazars plotted with low opacity in �gure 1.5. The top left corner is
mostly �lled by simulated radio-selected blazars in red (FSRQs as open squares and BL
Lacs as open circles), whereas the lower right corner is entirely populated by simulated
X-ray selected BL Lacs in green (open circles). This suggests an inverse correlation
between the luminosity in the 5 GHz band and the synchrotron peak frequency� S

peak.
However, this proposed blazar sequence has been widely discussed and questioned in
the scienti�c community throughout the years. One critical point raised by Giommi
et al. [2012] is that only displaying radio and X-ray selected sources due to the limited
available surveys causes a bias of the blazar distribution. Therefore, they also simulated
BL Lacs with an almost entirely featureless spectrum. For these, there are no spectral
lines available to estimate a redshift, which is needed to infer their intrinsic from their
observed luminosity. Including these blazars as �lled circles at full opacity in �gure 1.5,
the expected inverse correlation of the blazar sequence gets violated, as these objects
are mostly located within the forbidden top right region of high intrinsic luminosity and
high � S

peak value. Further criticism, but also arguments in defense of theblazar sequence
can be found in the review paper by Prandini and Ghisellini [2022]. However, all of
these argumentations have in common that they rely on the assumption of correct� S

peak
values obtained by blazar classi�cation. Re�ning the classi�cation process and making
it applicable to an unbiased set of blazars might thus provide a way to �nally settle this
ongoing debate.

The last application of blazar classi�cation I want to mention is one of several studies
that require an expansion from the typical � S

peak blazar classi�cation to a two-parameter
classi�cation scheme. To better understand the acceleration and emission mechanisms
within the jet, precise theoretical models are needed. These would allow researchers
to use blazars as a laboratory for high-energy physics. As these extragalactic sources
commonly accelerate particles to energies of up toPeV, they can be a thousand times
more powerful than the strongest particle accelerator on earth11, which would not be
feasible to reach with any human-made experiment. This requires a �rm understanding
and modeling of the jet as an accelerator, which again relies on an exact determination
of its synchrotron pro�le. This includes not only the corresponding � S

peak value but
also the intensity of received radiation, captured by the �F � peak value. Providing
both of these parameters in the process of classi�cation would simplify the tailoring of
synchrotron models to the jet emission signi�cantly. Furthermore, the �F � value could
be used to predict the detectability of a blazar for new telescopes and surveys, as it
is done by Giommi et al. [2024] for the planned extragalactic survey of the Cherenkov

11 This is the Large Hadron Collider at CERN which can accelerate protons to energies of up to 7 TeV.
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Figure 1.5: Examining a possible inverse correlation between the synchrotron peak po-
sition � S

peak of a blazar and its intrinsic luminosity �L � (in this case in
the 5 GHz band), as proposed by the so-calledblazar sequence. Simulated
blazars, as would have been included in the original study by Fossati et al.
[1998], are plotted as low opacity empty markers. For these, a downward-
sloping distribution, agreeing with the proposed inverse correlation, can be
seen. However, adding additional simulated BL Lacs as full opacity-�lled
markers, this correlation gets washed out. These samples would not have
been included in the original study due to selection e�ects. Radio-selected
blazars are displayed in red, and X-ray-selected ones in green. FSRQs have
a square- and BL Lacs a circle-marker. Image credit: Giommi et al. [2012].
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Telescope Array. While there already exists a blazar classi�cation tool that provides both
parameters, this tool is only applicable to a limited subset of blazars due to its reliance
on reliable jet infrared data (see section 1.3.3). This missing�F � blazar information
and an improvement upon already existent� S

peak classi�cation schemes formed the main
motivation for this thesis.

In the next section, I will give an overview of the capabilities and the limitations of
current blazar classi�cation tools. Furthermore, I will outline how to incorporate the
complementary advantages of the existing tools to form a novel blazar classi�cation tool,
overcoming current limitations.

1.3 Blazar classi�cation tools

1.3.1 VOU-Blazars

As we have seen in section 1.2.2, blazar classi�cation is important for multiple branches of
research in physics. However, classi�cation is only made possible by a su�cient amount
of data points populating the SED of a blazar. Luckily, the increasing adoption of open
data policies led to a drastic rise in publicly available data from ground-based telescopes,
observatories, and satellite experiments. Together, these provide measurements from a
vast range of frequencies, from radio to gamma rays. VOU-Blazars is a tool designed to
access this readily available photometric and spectral data through virtual observatory
services and combines them to build the blazar's SED [Chang et al., 2020]. In table 1.3, I
list the most important telescopes and surveys with public databases that VOU-Blazars
accesses for each spectral region. Additional information about the observatory type and
the publication corresponding to the data release are provided.
VOU-Blazars converts the public �ux measurements obtained from those surveys to�F �

�uxes and de-reddens them at frequencies where absorption within our galaxy needs to
be accounted for. The output is a text or CSV �le containing all available measurements
of �F � �uxes at di�erent frequencies. This includes the time of measurement, the source
catalog with corresponding references, and uncertainty regions of the �ux. An example of
such an output data-�le is shown in the appendix A.1. It presents the result from a VOU-
Blazars query at the source position of the previously introduced FSRQ 3C 273. Out of
the 25:9 thousand data points retrieved, I only included one for each catalog/observatory.
Plotting this �le in its entirety will return the SED shown in the lower panel of �gure
1.3. The VOU-Blazars output �le can also be directly handed to the blazar classi�cation
tool BlaST, which I will introduce in the next section.

1.3.2 BlaST

The blazar synchrotron tool (BlaST) was published by Glauch et al. [2022] to provide
a systematic and reliable way of determining a blazar's� S

peak value. Up to then, most
blazar catalogs had to determine the synchrotron peak manually, which is extremely
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spectral observatory / observatory publication to
region survey name type data release
radio ALMA ground-based telescope array Bonato et al. [2019]

VLSSR ground-based telescope array Lane et al. [2014]
microwave Planck space telescope Akrami et al. [2018]
infrared NEOWISE space telescope Mainzer et al. [2014]

WISE space telescope Wright et al. [2010]
IRAS space telescope Joint Iras Science [1994]

optical GAIA space telescope Brown et al. [2016]
Pan-STARRS ground-based telescope Flewelling et al. [2020]

SDSS ground-based telescope Abolfathi et al. [2018]
ultraviolet GALEX space telescope Morrissey et al. [2007]

X-ray Chandra space telescope Evans et al. [2010]
NuSTAR space telescope Middei et al. [2022]

gamma-ray Fermi LAT space telescope Ballet et al. [2023]

Table 1.3: List of most important publicly available databases for di�erent spectral
regions which VOU-Blazars accesses to build up an SED.

time-consuming and prone to errors. In contrast, BlaST only needs to be handed a SED-
data�le of a blazar as created by VOU-Blazars and promptly returns the determined
� S

peak value, together with an estimated uncertainty interval. An example for the SED
of Mrk 421 is shown in �gure 1.6, where the estimated� S

peak value is marked as an
orange dotted line and the 95 % uncertainty interval as an orange band. The BlaST
estimate is in agreement with the manually obtained synchrotron peak value of� S

peak =
4:5 � 1017 Hz from equation (1.2), which was obtained by �nding the maximum of the
modeled synchrotron hump.
The newest version of the BlaST tool is freely available on GitHub and can be installed as
a python package12. The original version of this tool implemented a single multilayered
neural network, which was trained on a dataset of3793pre-classi�ed blazars. The cor-
responding SED-data�les for the training have been augmented by Kerscher [2021]. This
included the oversampling of SEDs with underrepresented peak frequencies and the ran-
dom deletion of overrepresented frequency bins to reduce the bias of the dataset. This
allows BlaST to provide unbiased� S

peak predictions, even if speci�c frequency regions in
the SED are not populated because, for example, the corresponding telescope's data can
not be accessed at the moment, or the source has not been observed at this frequency
at all. The big disadvantage of the original version of BlaST is that it only provides an
estimation of the � S

peak value but not of the �ux at the synchrotron peak imprinted in
the corresponding�F � value. However, this missing parameter is crucial for the precise
modeling of the jet as described in section 1.2.2. Furthermore, BlaST does not take into

12 For installation reference, I refer to the o�cial BlaST GitHub page at the following link:
https://github.com/tkerscher/blast .
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Figure 1.6: BlaST estimate of the � S
peak value for the blazar Mrk 421. The estimated

peak frequency is highlighted by the orange dotted line and denoted in the
plot. The orange band depicts the95 % uncertainty interval.

account the time of emission from the di�erent SED-datapoints. As a result, the provided
classi�cation is a time-averaged estimation of the blazar synchrotron peak position for
the timeframe at which SED-data is provided. In contrast to BlaST, the classi�cation
tool W-peak will provide a more time-constrained classi�cation of the synchrotron peak,
as described in the next section.

1.3.3 W-peak

W-peak is a blazar classi�cation tool that takes advantage of correlations between the
infrared slope of the jet's synchrotron emission and the position of the synchrotron peak
[Giommi et al., 2024]. For this, it uses infrared data from the NEOWISE and WISE
surveys (introduced in table 1.3). The Wide-�eld Infrared Survey Explorer (WISE) is a
space telescope launched in December 2009 [Wright et al., 2010]. It observed the infrared
sky at the 3:4, 4:6, 12and 25µm bands. After �nishing its mission goal and running out of
solid hydrogen needed to cool the instruments, it was put into hibernation mode in 2011.
In 2013, it was reactivated under the name Near-Earth Object Wide-�eld Infrared Survey
Explorer (NEOWISE) to search for near-earth objects on potential collision courses with
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Earth [Mainzer et al., 2014]. For this, it continually observed the entire sky in the 3:4
and 4:6µm bands, returning to each individual point every six months. As of summer
2024, it has completed 21 all-sky surveys since its revival in 2013. Giommi et al. [2024]
used the measured �uxesf � to compute the spectral slope� IR of blazars in the � vs.
�F � space between the two measured wavelengths� in micrometer:

� IR =
log

� � 3:4 f 3:4
� 4:6 f 4:6

�

log
� � 3:4

� 4:6

� (1.3)

They then compared the calculated infrared slope to the synchrotron peak estimate of
multiple blazars, which was provided by BlaST. Their result can be seen in the left panel
of �gure 1.7. This shows a linear correlation betweenlog(� S

peak) and the infrared spectral
slope � IR of the jet. A regression line was �tted in red to the subsample of blazars
where the infrared emission was uncontaminated, which was controlled using Swift X-
ray observations. This uncontaminated subsample is plotted as red squares, whereas the
entire source population of blazars can be seen as grey circles. The regression line returns
the following correlation:

log(� S
peak) = 1 :56� � IR + 13:39 for: log(� S

peak) < 13:2; (1.4)

log(� S
peak) = 3 :78� � IR + 13:91 for: log(� S

peak) > 13:2: (1.5)

This correlation appears to describe the entire blazar population quite well, with the
exception of a few outliers (grey points) whose infrared �ux is probably contaminated
by emission originating outside of the jet. The infrared slope not only allows a reliable
peak frequency estimation, but it also predicts the synchrotron peak �ux �F � . This
relationship was found to be best expressed as:

log(�F � ) = log( F4:6) + (13 :8� log(� S
peak)) � tan(7:97� ) for: � S

peak < 6:3� 1013 Hz (1.6)

log(�F � ) = log( F4:6) � (13:8� log(� S
peak)) � tan(10:79� ) for: � S

peak > 6:3� 1013 Hz (1.7)

The predicted synchrotron peak �ux using this correlation is plotted against the expected
value in the right panel of �gure 1.7. The expected values were taken from Ajello et al.
[2022] where the synchrotron peak was �tted with a third-degree polynomial to extract
an estimate for the peak�F � value. The resulting distribution stays close to the diagonal,
which supports the established correlation from equations (1.6),(1.7). The inset graph
further illustrates this agreement by showing values close to one when dividing the real
�F � value by the predicted one.

W-peak is a tool that exploits these two relationships. By using the3:4 and 4:6µm
infrared measurements of the WISE and NEOWISE surveys, it can estimate not only
the peak frequency� S

peak of a blazar, but also its peak �ux �F � . This is a big advantage in
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Figure 1.7: Left panel: Relationship between the infrared slope and the synchrotron
peak frequency of blazars, �tted by two linear regression lines in red
(1.4)(1.5). Right panel: Predicted W-peak synchrotron peak �ux values
versus expected values. These are in good agreement, highlighted by the
inset graph showing ratios close to one. For both panels, the red data points
correspond to controlled blazars without infrared contamination used for
the analysis. The grey data points belong to an entire blazar source popu-
lation, which was not used in the �tting process but still matches the found
correlation well. Image credit: Giommi et al. [2024].

comparison to BlaST since this older tool can only provide� S
peak estimations. However,

W-peak's reliance on the3:4 and 4:6µm infrared data also brings a few disadvantages.
First of all, W-peak can only make a reliable prediction if the WISE and NEOWISE data
can be accessed. In the case of NEOWISE, this is a particulate challenge as VOU-Blazars
is unable to access this catalog's data during large timeframes when the online database
faces many requests. Furthermore, no prediction is possible if these surveys have not
measured an infrared �ux at the blazar's coordinates. Secondly, the correlation that is
used for the prediction only holds if the infrared emission is attributed to the synchrotron
emission of the jet. However, blazars and especially FSRQs sometimes show strong
contamination of their jet's infrared emission due to thermal radiation of the accretion
disk or the host galaxy. In these cases, the W-peak prediction will be inaccurate or not
provided at all. In contrast, BlaST provides a rough � S

peak estimate for every blazar,
regardless of the presence or reliability of the infrared data. This is possible because
BlaST uses the entire SED data to make its prediction. As already discussed in section
1.3.2, this results in the prediction being averaged over the entire timeframe of when
the data points were taken. In contrast, W-peak can make a prediction of the current
synchrotron peak state of the source, provided that there is up-to-date infrared data
available. This makes these two tools complementary to each other.

1.3.4 Firmamento

Firmamento is a web-based instrument by Tripathi et al. [2024] that combines the previ-
ously introduced tools and further software to provide a user-friendly environment for all
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Figure 1.8: Screenshot of the Firmamento data access page. Retrieving a blazar's SED
is as easy as typing in the name or coordinates and pressingGet SED Data.
Image credit: https://firmamento.hosting.nyu.edu/home , accessed
on 12 June 2024.

kinds of blazar analyses. Accessible at https://firmamento.hosting.nyu.edu/home ,
it uses VOU-Blazars V2.00 to retrieve multifrequency data for blazars. This is an im-
proved version of the introduced VOU-Blazar tool from section 1.3.1, because it has
access to more catalogs. Additionally, it calculates the hydrogen column densityNH ,
which the radiation of a blazar has to traverse on its way to Earth and corrects for the
corresponding attenuation13. Retrieving a blazar's SED data using Firmamento becomes
as easy as navigating to theDATA ACCESS page, typing in the name or coordinates of
a blazar, and clicking on theGet SED Data button (see �gure 1.8).
Once this is done, Firmamento will show the SED of the blazar and a skymap where
the user can select which survey out of di�erent frequency regions to display using the
Aladin Sky Atlas by Bonnarel et al. [2000]. Furthermore, it also incorporates the blazar
classi�cation tools BlaST and W-peak, displays their synchrotron peak estimate alongside
the SED, and returns their output below (see �gure 1.9). For Mrk 421, which I used as
an example query, only the BlaST result is displayed. Clicking onSee warning in the
window reserved for the W-peak results, it is explained that insu�cient infrared data
caused the unavailability of the W-peak estimate. However, the provided BlaST result
gives an estimation of both the synchrotron peak frequency� S

peak and the �ux �F � . This
is because, as of the time of writing, BlaST has been updated to version 2, which is
already implemented on the Firmamento webpage. This updated tool is based on the
work in this thesis, and the main vision behind it will be explained in the next section.

13 This is mostly relevant for the optical regime.
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Figure 1.9: Screenshot of the displayed SED data of Mrk 421 on the Firmamento
webpage. Information about the BlaST and W-peak classi�cation can be
found below the SED plot. On the right half, di�erent surveys of Mrk
421 can be viewed using the Aladin Sky Atlas. Image credit: https:
//firmamento.hosting.nyu.edu/home , accessed on 12 June 2024.

1.3.5 BlaST V2

The main goal of this thesis is to create a large dataset of blazars that is reliably classi�ed
by not only their synchrotron peak frequency � S

peak but also by their synchrotron peak
�ux �F � . This dataset can then be used to train an improved version of BlaST, which
incorporates the advantages of both existing classi�cation tools. On the one-hand side,
BlaST V2 will provide � S

peak and �F � values, including their respective uncertainties. On
the other hand, it will use the entire SED data to do so and thus does not have to rely
on the presence of uncontaminated infrared measurements as W-peak does. By the time
of writing, Tobias Kerscher has already �nished training a set of neural networks, using
as training data the classi�cation results from this work. This results in the improved
version of BlaST, which is made available on GitHub14. The classi�cation performance
of the new tool will be discussed in section 3.1.2.

14 https://github.com/tkerscher/blast
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Chapter 2: Methods

2.1 The blazar dataset

2.1.1 Re�ned blazar catalog

As described in section 1.3.5, this thesis aims to create a dataset of reliably classi�ed
blazars, which can then be used to train a machine learning-based classi�er. As the size
and quality of the used dataset will have a great in�uence on the performance of such
a classi�cation tool, I started o� with the largest possible list of known blazars. This
was provided to me by Paolo Giommi and contains 6759 blazars from the largest public
catalogs15. First of all, I ran a control on the listed sources, which checked for objects
lying close to each other in the sky. From this, I found 12 pairs of blazar duplicates. These
were listed at overlapping positions but with two di�erent names, as the corresponding
blazar was mistakenly included from two di�erent catalogs. I list these duplicates in
table A.1, in the appendix. To decide which of the two to keep, I went to Firmamento
and checked which set of coordinates better matched the center of the host galaxy. This
reduced the catalog by 12 objects to a count of 6747.
Examining the list of duplicates in table A.1, it can be seen that the coordinates of the
sources are given at varying precision. For the entire catalog, the minimum coordinate
precision was two digits, and the maximum was seven digits. Since most of the blazar
coordinates are given at �ve-digit precision, I settled for this as a uniform format and
cut o� additional digits. For sources given at less than 5 digits, I used Firmamento to
locate the center of the blazar's host galaxy more accurately. Another issue was that
some blazars were missing an identi�er and were only speci�ed by their coordinates. I
again used Firmamento, as well as other astronomical databases16 to �nd an identi�er
name for the blazar at the corresponding coordinates. The original list provided to me
by Paolo Giommi also included comments, which sometimes featured information about
the redshift or blazar class of the object. If available, I stored this information. Finishing
these proceedings, I ended up with a re�ned blazar catalog of 6747 objects, which lists
an identi�er name, the blazar type (if available), coordinates in right ascension and
declination, and the redshift of the object (if available). An excerpt of this catalog is
displayed in table 2.1, and the full one is available to the public on my GitHub17.

15 These are 5BZCAT [Massaro et al., 2015], 3HSP [Chang et al., 2019], and 4LACDR3 [Ajello et al.,
2022].

16 These were SIMBAD by Wenger et al. [2000] and the NASA/IPAC Extragalactic Database (NED).
17 https://github.com/NicoKrieger/BachelorsThesis/tree/main/InitialCatalog
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Nr identi�er type ra [°] dec [°] redshift z
1 2MASS J00000839-3738 - 0.03506 -37.63908 -
2 5BZQJ0000-3221 FSRQ 0.08495 -32.35028 1.275
3 5BZQJ0001-1551 FSRQ 0.27210 -15.85194 2.044
... ... ... ... ... ...

6745 5BZQJ2359-3133 FSRQ 359.89786 -31.56217 0.990
6746 4FGL J2359.7-5041 - 359.94836 -50.70928 -
6747 3HSPJ235955.3+314600 BL Lac 359.98041 31.76667 0.330

Table 2.1: Excerpt of the re�ned blazar catalog displaying the �rst and last three blazars
when sorted by right ascension (ra).

2.1.2 Loading blazar SED data

Once the re�ned source catalog was set, I retrieved the multifrequency SED data for all
objects using the VOU-Blazars tool. As outlined in section 1.3.4, an improved version of
this tool called VOU-Blazars V2.00 is already integrated into the Firmamento webpage,
which has access to more catalogs than the previous version and individually corrects
for attenuation due to hydrogen gas within the Milky Way. As this newer version is
not directly available to the public except via the Firmamento webpage, Paolo Giommi
provided me with the source code to run it on my local device. Unless trying to download
the SED data for multiple thousands of objects as I did, it is advisable to use VOU-
Blazars V2.00 via Firmamento, where a download option for the retrieved data �le is
given without having to undergo any installation processes. As I needed to download
the multifrequency data of 6747 objects, I ran VOU-Blazars locally and coded a queue
that automatically started the next query once the data of the previous blazar was
downloaded. This process still took multiple weeks as VOU-Blazars V2.00 needs to
individually access each of its over 90 catalogs and check for available data at the speci�ed
coordinates for each of the 6747 blazars. Querying the NEOWISE catalog slowed down
the process considerably, as it is very hard to access and often needs multiple connection
attempts before the data can be accessed and transferred. Depending on the occupancy
of the online connection to this catalog, the access will even fail completely at certain
times of the day during which the database gets many requests. However, the NEOWISE
data is indispensable for my analysis, as it provides the crucial infrared data required
by the W-peak tool to perform its classi�cation. Therefore, I had to modify my loading
queue to restart the query at a later time for sources where the NEOWISE data was
currently inaccessible. In the end, my loading queue was running continuously for over 2
weeks until all available multifrequency data, including the NEOWISE one, was retrieved
for all 6747 blazars.

2.1.3 Existing synchrotron peak estimates

The next step in my analysis was to run the existing blazar classi�cation tools on the
entire dataset. This was fairly easy in the case of BlaST. As outlined in section 1.3.2,
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BlaST bases its estimation on the entire SED data and thus returns an estimated� S
peak

value together with the 95 %uncertainty interval for every single blazar within the cata-
log, even when speci�c frequency measurements are missing. Depending on the amount
of multifrequency data to base the estimation on, the result will have varying reliability,
captured in the size of the prediction interval.
For W-peak, the analysis is more nuanced. As described in section 1.3.3, this tool re-
quires infrared measurements of the3:4 and 4:6µm belonging to the emission of the jet,
in order to provide a reliable � s

peak and �F � prediction. Enough infrared data to form
a prediction was only available for 4068 out of the 6747 investigated blazars. For the
remaining 2679 sources, the tool was not able to predict the synchrotron peak position
and �ux. Instead, it returned one of several error messages detailing why no W-peak
prediction was possible. The scenarios for these error messages are explained in table
A.2 in the appendix. Furthermore, W-peak can also issue warnings, as shown in table
A.3 in the appendix. They occur in cases where W-peak is able to provide a synchrotron
peak estimation, but there are hints that the host galaxy or the infrared torus might
contaminate the infrared �ux, leading to wrong peak predictions. Before trusting these
W-peak results, I have to check the infrared data for the hinted at contaminations.
The �rst check is done by looking at the NEOWISE infrared �ux in the 4:6µm band and
the infrared slope as de�ned in equation 1.3. Plotting these as a function of time, an
examination of the infrared variability and slope is possible. This can give information
about the origin of the radiation. One example of a blazar where a W-peak warning
was issued is 5BZGJ1516+0015. The infrared plots belonging to this blazar are shown
in �gure 2.1. In the upper panel, the 4:6µm �ux can be seen to display low variability,
leading to a �ux ratio 18 of 1:3. If this infrared data actually belonged to the jet, one
would expect at least a �ux ratio of around 1:7 due to the jet's high variability. Ex-
amining the lower panel where the infrared slope� IR is plotted, constantly high slope
values around0:9 to 1:2 can be seen. Such high� IR values are only observed for the
most energetic HBL sources with a synchrotron peak frequency of� S

peak > 1017 Hz. This
makes the infrared data highly unreliable, as the almost constant infrared �ux and the
high infrared slope can be easily explained by host galaxy contamination, dominating
the infrared data. This result will be further con�rmed in section 2.2.2, where the host
galaxy contamination can be directly seen in the SED of 5BZGJ1516+0015.
The second check that I performed for sources with W-peak warnings excludes the pos-
sibility of source confusion. Because of the angular resolution of infrared surveys such
as NEOWISE, other sources located within roughly 9 arcseconds of the examined blazar
can contribute to the measured infrared �ux. I therefore ran a script that used inform-
ation from VOU-Blazars about surrounding sources to return the angular distance to
the closest source of importance. In the case of 5BZGJ1516+0015, this closest source
is found at a distance of 14 arcseconds. This tells us that the infrared data, although
being contaminated by the host galaxy, at least belongs to the examined blazar and not
another nearby object.

18 This is de�ned as the maximum �ux divided by the minimum �ux measured in the 4:6µm band.
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