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2 Brief description

The main scientific activities of our group are focused on X-ray and gamma-
ray Astrophysics, as well as Astroparticle Physics. We use the results from
data analysis conducted with the Swift UVOT/XRT, NuStar, Chandra, and
Fermi LAT telescopes to investigate particle acceleration and emission pro-
cesses in various classes of active galactic nuclei. This analysis of available
data enables us to explore emission processes and relativistic outflows in the
most extreme regimes, ranging from keV to TeV.

Below, we present several abstracts from papers published in 2023, which
also include collaborations with MAGIC.

¢ Origin of multiwavelength emission from flaring high redshift blazar
PKS 0537-286

The high redhsift blazars powered by supermassive black holes with masses
exceeding 10° M, have the highest jet power and luminosity and are impor-
tant probes to test the physics of relativistic jets at the early epochs of the
Universe. We present a multi-frequency spectral and temporal study of high
redshift blazar PKS 0537-286 by analyzing data from Fermi LAT, NuSTAR
Swift XRT and UVOT. Although the time averaged <-ray spectrum of the
source is relatively soft (indicating the high-energy emission peak is below
the GeV range), several prominent flares were observed when the spectrum
hardened and the luminosity increased above 10* ergs~!. The X-ray emis-
sion of the source varies in different observations and is characterised by a
hard spectrum < 1.38 with a luminosity of > 10* ergs~1. The broadband
spectral energy distribution in the quiescent and flaring periods was mod-
eled within a one-zone leptonic scenario assuming different locations of the
emission region and considering both internal (synchrotron radiation) and
external (from the disk, broad-line region and dusty torus) photon fields for
the inverse Compton scattering. The modeling shows that the most opti-
mistic scenario, from the energy requirement point of view, is when the jet
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energy dissipation occurs within the broad-line region. The comparison of
the model parameters obtained for the quiescent and flaring periods sug-
gests that the flaring activities are most likely caused by the hardening of the
emitting electron spectral index and shifting of the cut-off energy to higher
values.

* A multi-messenger study of the blazar PKS 0735+178: a new major neu-
trino source candidate

The blazar PKS 0735+178 is possibly associated with multiple neutrino events
observed by the IceCube, Baikal, Baksan, and KM3NeT neutrino telescopes
while it was flaring in the -ray, X-ray, ultraviolet and optical bands. We
present a detailed study of this peculiar blazar to investigate the temporal
and spectral changes in the multi-wavelength emission when the neutrino
events were observed. The analysis of Swift-XRT snapshots reveal a flux vari-
ability of more than a factor 2 in about 5 x 103 seconds during the observation
on December 17, 2021. In the y-ray band, the source was in its historical high-
est flux level at the time of the arrival of the neutrinos. The observational
comparison between PKS 0735+178 and other neutrino source candidates,
such as TXS 0506+056, PKS 1424+240, and GB6 J1542+6129, shows that all
these sources share similar spectral energy distributions, very high radio and
y-ray powers, and parsec scale jet properties. Moreover, we present strong
supporting evidence for PKS 0735+178 to be, like all the others, a masquerad-
ing BL Lac. We perform comprehensive modelling of the multiwavelength
emission from PKS 0735+178 within one-zone lepto-hadronic models con-
sidering both internal and external photon fields and estimate the expected
accompanying neutrino flux. The most optimistic scenario invokes a jet with
luminosity close to the Eddington value and the interactions of ~ PeV pro-
tons with an external UV photon field. This scenario predicts ~ 0.067 muon
and antimuon neutrinos over the observed 3-week flare. Our results are
consistent with the detection of one very-high-energy neutrino like IceCube-
211208A.

* Quasi-periodic oscillations in the 7y-ray light curves of bright active galac-
tic nuclei

The detection of quasi-periodic oscillations (QPOs) in the light curves of ac-
tive galactic nuclei (AGNs) can provide insights on the physics of the super-
massive black holes (SMBHs) powering these systems, and could represent a




signature of the existence of SMBH binaries, setting fundamental constraints
on SMBH evolution in the Universe. Identification of long term QPOs, with
periods of the order of months to years, is particularly challenging and can
only be achieved via all-sky monitoring instruments that can provide unbi-
ased, continuous light curves of astrophysical objects. The Fermi LAT satel-
lite, thanks to its monitoring observing strategy, is an ideal instrument to
reach such a goal, and we aim to identify QPOs in the <-ray light curves
of the brightest AGNs within the Fermi LAT catalog. We analyze the light
curves of the thirty-five brightest Fermi LAT AGNSs, including data from the
beginning of the Fermi mission (August 2008) to April 2021, and energies
from 100 MeV to 300 GeV. Two time binnings are investigated, 7 and 30 days.
The search for quasi-periodic features is then performed using the contin-
uous wavelet transform. The significance of the result is tested via Monte
Carlo simulations of artificial light curves with the same power spectral den-
sity and probability distribution function as the original light curves. The
significances are then corrected for the look-elsewhere effect and provided as
post-trials. We identify twenty-four quasars with candidate QPOs. Several of
our candidates coincide with previous claims in the literature: PKS 0537-441,
S5 0716+714, Mrk 421, B2 1520+31, and PKS 2247-131. All our candidates are
transient. The most significant multi-year QPO, with a period of about 1100
days, is observed in the quasar S5 1044+71, and is reported here for the first
time.

¢ Gradient boosting decision trees classification of blazars of uncertain
type in the fourth Fermi-LAT catalog

The deepest all-sky survey available in the y-ray band - the last release of the
Fermi-LAT catalogue (4FGL-DR3) based on the data accumulated in 12 years,
contains more than 6600 sources. The largest population among the sources
is blazar subclass - 3743, 60.1% of which are classified as BL Lacertae objects
(BL Lacs) or Flat Spectrum Radio Quasars (FSRQs), while the rest are listed as
blazar candidates of uncertain type (BCU) as their firm optical classification
is lacking. The goal of this study is to classify BCUs using different machine
learning algorithms which are trained on the spectral and temporal proper-
ties of already classified BL Lacs and FSRQs. Artificial Neural Networks, XG-
Boost and LightGBM algorithms are employed to construct predictive models
for BCU classification. Using 18 input parameters of 2219 BL Lacs and FS-
RQs, we train (80% of the sample) and test (20%) these algorithms and find
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that LightGBM model, state-of-the-art classification algorithm based on gradi-
ent boosting decision trees, provides the highest performance. Based on our
best model, we classify 825 BCUs as BL Lac candidates and 405 as FSRQ can-
didates, however, 190 remain without a clear prediction but the percentage
of BCUs in 4FGL is reduced to 5.1%. The 7y-ray photon index, synchrotron
peak frequency, and high energy peak frequency of a large sample are used
to investigate the relationship between FSRQs and BL Lacs (LBLs, IBLs, and
HBLs).

¢ Multi-messenger characterization of Mrk 501 during historically low X-
ray and ‘y-ray activity

We study the broadband emission of Mrk 501 using multi-wavelength ob-
servations from 2017 to 2020 performed with a multitude of instruments, in-
volving, among others, MAGIC, Fermi-LAT, NuSTAR, Swift, GASP-WEBT,
and OVRO. Mrk501 showed an extremely low broadband activity, which
may help to unravel its baseline emission. Nonetheless, significant flux varia-
tions are detected at all wavebands, with the highest occurring at X-rays and
very-high-energy (VHE) y-rays. A significant correlation (>3c) between X-
rays and VHE <-rays is measured, supporting leptonic scenarios to explain
the variable parts of the emission, also during low activity. This is further
supported when we extend our data from 2008 to 2020, and identify, for the
first time, significant correlations between Swift-XRT and Fermi-LAT. We ad-
ditionally find correlations between high-energy y-rays and radio, with the
radio lagging by more than 100 days, placing the y-ray emission zone up-
stream of the radio-bright regions in the jet. Furthermore, Mrk 501 showed
a historically low activity in X-rays and VHE v-rays from mid-2017 to mid-
2019 with a stable VHE flux (>0.2 TeV) of 5% the emission of the Crab Neb-
ula. The broadband spectral energy distribution (SED) of this 2-year-long
low-state, the potential baseline emission of Mrk 501, can be characterized
with one-zone leptonic models, and with (lepto)-hadronic models fulfilling
neutrino flux constraints from IceCube. We explore the time evolution of the
SED towards the low-state, revealing that the stable baseline emission may
be ascribed to a standing shock, and the variable emission to an additional
expanding or traveling shock.

* Alower bound on intergalactic magnetic fields from time variability of
1ES 0229+200 from MAGIC and Fermi/LAT observations

10



Extended and delayed emission around distant TeV sources induced by
the effects of propagation of y ray s through the intergalactic medium can
be used for the measurement of the intergalactic magnetic field (IGMF). We
search for delayed GeV emission from the hard-spectrum TeV -ray emit-
ting blazar 1ES 02294200, with the goal to detect or constrain the IGMF-
dependent secondary flux generated during the propagation of TeV v ray
s through the intergalactic medium. We analyze the most recent MAGIC
observations over a 5 year time span, and complement them with historic
data of the H.E.S.S. and VERITAS telescopes along with a 12-year long expo-
sure of the Fermi/LAT telescope. We use them to trace source evolution in
the GeV-TeV band over one-and-a-half decade in time. We use Monte Carlo
simulations to predict the delayed secondary 7-ray flux, modulated by the
source variability, as revealed by TeV-band observations. We then compare
these predictions for various assumed IGMF strengths to all available mea-
surements of the -ray flux evolution. We find that the source flux in the
energy range above 200 GeV experiences variations around its average on
the 14 years time span of observations. No evidence for the flux variability is
found in 1 — 100 GeV energy range accessible to Fermi/LAT. Non-detection of
variability due to delayed emission from electromagnetic cascade developing
in the intergalactic medium imposes a lower bound of B > 1.8 x 10~17 G for
long correlation length IGMF and B > 10~ G for an IGMF of the cosmologi-
cal origin. Though weaker than the one previously derived from the analysis
of Fermi/LAT data, this bound is more robust, being based on a conservative
intrinsic source spectrum estimate and accounting for the details of source
variability in the TeV energy band. We discuss implications of this bound for
cosmological magnetic fields which might explain the baryon asymmetry of
the Universe.
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4 Origin of multiwavelength

emission from flaring high
redshift blazar PKS 0537-286

4.1 Introduction

Blazars are radio-loud quasars with powerful relativistic jets that make a
small angle to the observer’s line of sight [160]. They are among the most en-
ergetic sources in the Universe and a dominant class of extragalactic sources
in the high energy (HE; > 100 MeV) «y-ray sky [e.g.,6]. The new possibility of
extensive multiwavelength observations coupled with multi-messenger ob-
servations have the potential to widen our understanding of blazars.

Historically, blazars are sub-grouped in two large sub-classes: BL Lacs and
flat-spectrum radio quasars (FSRQs) [160]. BL Lacs have nearly featureless
optical spectra (very weak or no lines are observed) while the FSRQs have
bright and broad lines with equivalent widths of [EM| > 5 A. One of the most
distinguishable features of blazars is the very strong variability of their emis-
sion in almost all the observed bands in various times scales, from minute to
week or month scales; [e.g.,[19, (16| 11} 148, [105]. This variability is stochastic
in nature but a recent detection of quasi-periodic oscillations was reported
[e.g., seell17,[127].

Being powerful emitters, blazars are frequently monitored in all the acces-
sible wavelengths which resulted in accumulation of a substantial amount
of data. The emission from blazars, predominantly of a nonthermal nature
[e.g., 111], is dominated by Doppler-amplified emission from the jet, typi-
cally showing two broad peaks: the first at radio to X-ray bands, and the sec-
ond at y-rays. The low-energy component peak (vfyn) is used to further clas-
sify blazars as low- (LBL/LSP), intermediate- (IBL/ISP) or high- (HBL /HSP)
peaked sources when nyn < 10 Hz, 10 Hz < vfyn < 10" and nyn > 101

Hz, respectively [112, 2]. However, nyn can be well above 2.4 x 10! in ex-
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treme blazars [e.g.,[73, 50,31} 121} [132] which are interesting as they challenge
our current understanding of particle acceleration and emission processes. In
addition, the remarkable y-ray blazar 4FGL J1544.3-0649, which was unde-
tected in the X-ray and <-rays until May 2017, showed a transient-like be-
haviour, becoming a very bright source for a few months and detected by
Fermi Large Area telescope (Fermi-LAT) and MAXI X-ray sky monitor [136].
This suggests the existence of an undiscovered blazar population which may
occasionally flare.

The broadband spectral energy distribution (SED) of blazars can be mod-
eled within different scenarios involving the interaction of electrons and pro-
tons in a single or multiple zone. Although, there is a consensus that the
low-energy component is due to the synchrotron emission of ultra-relativistic
charged electrons in the blazar jet, the origin of the second component is
highly debated. In the leptonic scenarios, this component is due to inverse
Compton scattering of low-energy photons which might be the produced
synchrotron photons [synchrotron-self Compton model, SSC; 169, 99, 34] or
be of an external origin [e.g.,[150], such as photons directly emitted from the
accretion disk [53,54] or reflected from the broad-line region [150] or emitted
from the dusty torus [33]. Alternatively, the second component can be due
to either the synchrotron emission of the energetic protons inside the jet [107]
or due to the secondaries generated in photo-pion and photo-pair interac-
tions [97, 98, 107, 108, 36, 120, |63]. These hadronic models [especially lepto-
hadronic models, e.g., 2186, 109? , 130, 129, 41}, 131,62, 63] have become more
attractive after the observations of IceCube-170922A neutrino event from the
direction of TXS 0506+056 [82,81? ] as well as after the observations of mul-
tiple neutrino events from the direction of PKS 0735+178 when it was bright
in the optical /UV, X-ray and <y-ray bands [138].

Due to the extreme luminosities of blazars, even very high redshift ones can
be observed [e.g., see[10]. The observation of distant blazars is of particular
interest as they allow i) to study the relativistic jets as well as their connec-
tion with accretion disk/black hole in the early epochs of the Universe, ii) to
measure the suppression of the -ray flux which can be used to estimate or
constraint the density of the extragalactic background light (EBL) [88,[103, 61]
and understand its cosmological evolution, iii) to investigate, in general, the
properties of y-ray emitting active galactic nuclei (AGN), which is important
for the understanding of the cosmological evolution of the -ray background
[4].

Due to their faintness, high redshift blazars are rather difficult to observe
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and identify, limiting the number of already associated high redshift blazars.
For example, in the fourth catalog of AGNs detected by Fermi-LAT [data
release 3 (DR3); 6] only 110 blazars are observed beyond z = 2.0 and only
10 beyond z = 3.0. The most distant blazar observed in the 7-ray band is
GB1508+5714 at z = 4.31. The physical properties of these high redshift
blazars have been frequently investigated using multi-frequency data [e.g.,
68, 70, 113, 116, [100, 10, 94, [115]. For example, in (author?) [114] by study-
ing nine <y-ray emitting blazars and 133 candidate blazars with soft X-ray
spectra it is shown that these high redshift blazars host massive black holes
(Mpy > 10° M) and have an accretion disk luminosity of > 10% erg s, Or,
in (author?) [141], by studying the spectral and temporal properties of thirty-
three distant blazars (z > 2.5) and modeling their SEDs, it is found that the
emission region size is < 0.05 pc, while the magnetic field and the Doppler
factor are correspondingly within 0.10 — 1.74 G and 10.0 — 27 4.

Although the number of observed high redshift blazars is not high enough
to perform statistically sound population studies, the investigation of the
properties of individual objects provides interesting peaces to understand the
general physics of high redshift blazars. The multiwavelength monitoring of
several high redshift blazars opens wide opportunities for investigation of
their multiwavelength spectral and temporal properties as well as for per-
forming detailed theoretical modeling and interpretation of the results. For
example, the continuous monitoring of these sources in the HE <y-ray band
by Fermi-LAT [22] allows to select various emission states, or their observa-
tions in the X-ray band with Neil Gehrels Swift Observatory [65, hereafter
Swift], and Nuclear Spectroscopic Telescope Array [NuSTAR; 78] combined
with the y-ray data allows a precise estimation of the second emission com-
ponent peak, or the data in the optical/UV bands can be used to constrain
the high energy tail of the synchrotron component and/or the direct thermal
emission from the accretion disk [Z0]. Therefore, the data available in differ-
ent bands can be used to put tighter constraints on the physics of individual
high redshift blazars.

Here we present a broadband study of PKS 0537-286; at z = 3.10 [165] it is
one of the brightest high redshift blazars. It was observed in the X-ray band
with various instruments (e.g., Einstein observatory [170], ASCA [39 149],
ROSAT [59], etc.) showing a particularly hard X-ray spectrum (~ 1.2). In the
v-ray band, with an energy flux of (1.44 4 0.006) x 10~ erg cm =2 s~ ! in the
fourth catalog of Fermi-LAT AGNs [DR3;6]], it is the brightest blazar beyond
z = 3.0. Moreover, in several occasions <y-ray flares were observed when

29



4 Origin of multiwavelength emission from flaring high redshift blazar PKS
0537-286

the daily flux was above 10 photon cm—2 571 [163] [18, 45] which makes PKS
0537-286 the most distant y-ray flaring blazar [94} 139]. The broadband emis-
sion from PKS 0537-286 was successfully modeled within a one-zone syn-
chrotron and external inverse Compton scenario where the excess in opti-
cal/UV band was interpreted as emission from bright thermal accretion disk
[35].

In general, the peak of the second component in the SED of high redshift
blazars is at MeV energies, which implies their HE <-ray spectrum is soft,
so they are not ideal sources for y-ray observations. Therefore, the observa-
tion of the y-ray flaring activity of distant blazars, which is crucial for test-
ing different emission scenarios of relativistic jets, is even more interesting
as compared with that of the nearby sources. Motivated i) by the availabil-
ity of multiwavelength data from PKS 0537-286 observations - since 2008 in
the HE y-ray band by Fermi-LAT, multiple observations of PKS 0537-286 by
Swift X-Ray Telescope (XRT) and Ultra-violet Optical Telescope (UVOT) in-
struments and two observations of PKS 0537-286 with NuSTAR, and ii) by
the observed multiple flaring activities of PKS 0537-286, we decided to inves-
tigate the spectral and temporal properties of PKS 0537-286 by analyzing the
data accumulated in the optical /UV, X-ray and -y-ray bands and put, through
theoretical modeling, a constraint on the physical processes responsible for
the PKS 0537-286 emission in the quiescent and flaring states.

The paper is structured as follows. The data extraction and analysis in
the y-ray, X-ray and optical /UV bands are presented correspondingly in Sec-
tions and The SED of PKS 0537-286 and its evolution in time is
presented in Section[4.5, and the origin of the emission is discussed in Section
The results are presented and discussed in section 6.4 while the summary

is given in Section

4.2 Fermi-LAT observations and data analyses

Fermi satellite launched in 2008 carries two instruments- the Large Area Tele-
scope (LAT) is the main instrument on board designed to scan the entire sky
in y-ray band, and the Gamma-ray Burst Monitor (GBM) is designed to study
gamma-ray bursts. LAT is a pair-conversion 7y-ray telescope sensitive in the
energy range from 20 MeV to 300 GeV with a field of view of ~ 2.4 sr. It is
by default in the all sky scanning mode which allows to study the HE prop-
erties of various sources, including blazars. For more details on the LAT see
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(author?) [22].

We have analyzed the 7-ray data collected between August 4 2008 and
September 9 2022 (MET=239557417-686130659). The data was reduced and
analyzed following the standard procedures described in the Fermi-LAT doc-
umentation with fermitools version 2.0.8 using PSBR3_SOURCE_V3 instrument
response functions. The events in the energy range from 100 MeV to 300 GeV
are selected from a circular region of interest (ROI) of 12° radius centered
at the y-ray location of PKS 0537-286 (RA= 89.99, Dec= —28.65), retrieving
only events classified as evclass=128 and evtype= 3. A zenith angle cut less
than 90° was introduced to remove the secondary y-rays from the earth limb.
The model file that includes point-like sources and background models was
created based on the Fermi-LAT fourth source catalog (4FGL) incremental
version [DR 3;6], which is based on 12 years of initial Fermi-LAT operation
and includes best-fit spectral parameters of all known 4FGL <y-ray sources in
the ROI. The sources which are within 17° from the PKS 0537-286 location
were included in the model file; the spectral parameters of the sources within
12° — 17° are fixed to their values reported in 4FGL while they are left free
for the sources falling within < 12° radius. The galactic background and
isotropic galactic emissions were modeled with the latest version available
tiles, gll_iem_v07 and iso- PSR3_.SOURCE_V3_v1, respectively.

The <y-ray analysis is performed with gtlike tool, following the binned like-
lihood method. Initially, the spectrum of PKS 0537-286 was modeled with a
log-parabolic model as in 4FGL. However, the fit was also performed when
assuming a power-law model for PKS 0537-286 y-ray emission and the result-
ing model file was used in the light-curve calculations, because for shorter
periods a power-law can be a good approximation of the spectrum. The sig-
nificance of the source emission is estimated using test statistic (TS), which is
defined by TS = 2(InL; — InLg) where L and Ly are maximum likelihoods
with and without the source, respectively [102].

In order to investigate the variability pattern of the source, the light curves
were generated by two different methods. Initially, the whole time interval
was divided into 5-day intervals and the photon index and flux of PKS 0537-
286 were estimated by the unbinned analysis method from gtlike tool. Next,
in order to obtain a deeper insight into the y-ray flux evolution in time, the
adaptively binned light curve was computed [95]. In this method, the bin
widths above the optimal energy (E,,;) are adjusted to have fixed uncertainty,
so in the case of flux increase shorter intervals are estimated, whereas in the
quiescent/normal states time bins are wider. This method has been proven
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to be a powerful tool in finding flaring periods in blazars [e.g., see 125, 37,
135,171} 25, 64, 134, 133, 140, [137].

The adaptively binned light curve (> E,yr = 168.19 MeV) is shown in
Fig. upper panel. Up to MJD 57740 the <-ray flux was in its average
level of (1 —3) x 1078 photon cm~2s~1 with no significant changes, while
then, in several occasions, the y-ray flux increased substantially. The light
curve with 5-day (> 100 MeV) and adaptive bins (> E,p; = 168.19 MeV)
for the period when the source was active in the y-ray band are shown cor-
respondingly in Fig. panels a) and b). The first flaring period was be-
tween MJD 57876-57883 when the flux increased with a maximum of (5.26 +
1.13) x 1077 photon cm~2 s~ 1. Starting from MJD 59170, the source entered an
active emission state with several bright flaring periods between MJD 59204-
59233, MJD 59301-59411 and MJD 59721-59738. The maximum <y-ray flux of
the source, (6.32 4 1.11) x 107 photon cm~2 s~ was also observed in these
y-ray flaring periods.

Fig. panel ¢ shows the y-ray photon index estimated for the adap-
tively binned periods; it varies in time as well. In the non-flaring periods,
the y-ray spectrum is characterised by a soft spectrum with a mean of I' ~
2.83 but the photon index hardens during the bright periods as can be seen
from Fig. panel c. For example, during the first flare between MJD
57876-57883 the hardest index of 2.49 + 0.23 was observed on MJD 57879.9
or during the second flare between MJD 59204-59233 the hardest index was
2.25+0.21 when the source was in an active state with a flux of (6.12 +1.22) x
10~7 photon cm~2 s~ 1. During the hardest y-ray emission period, 2.23 4- 0.18
was detected on MJD 59322 which is unusual for this source.

4.3 NuSTAR data analysis

NuSTAR is a hard X-ray telescope sensitive in the 3-79 keV energy range [78].
NuSTAR with two focal plane modules (FPMs), FPMA and FPMB, observed
PKS 0537-286 on 28 December 2020 (M]JD 59211.99) and on 24 October 2020
(MJD 59146.17) for 97.1 ks and 24.3 ks, respectively. It should be noted that
around these observations PKS 0537-286 was also monitored with Swift (see
dashed blue lines in Fig. 4.I|panel d), so the X-ray spectrum of the source can
be obtained in a large range of 0.3-79 keV.

The NuSTAR data was analyzed applying the standard procedure and us-
ing NuSTAR _Spectra tool developed in (author?) [106]. NuSTAR_Spectra script
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Figure 4.1: Multiwavelength light curve of PKS 0537-286. Top panel shows
the long-term adaptively binned v-ray light curve above 168.19 MeV. The
other panels show the light curves after MJD 57800 (16 February 2017) when
the source was active in the 7y-ray band. a) adaptively binned <y-ray light
curve, b) 5- day binned - ray hght curve (> 100 MeV), c) - ray photon in-

photon 1ndex in dlfferent Sw1ft observatlons The dashed blue lmes show tﬁg
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downloads calibrated and filtered event files from the SSDC repository, uses
XIMAGE package to precisely locate the source’s coordinate then extracts
high-level scientific products for the detected sources using nuproducts rou-
tine. The script automatically sets the source extraction region radius de-
pending on the source counts (usually in the range of 30-70 arcsec). The back-
ground is computed in an annulus centered on the source with a minimum
separation of 50 arcsec between the inner and outer radii. Then, a spectral
analysis is performed using the XSPEC package [20] adopting Cash statistics
[40]. More details on NuSTAR _Spectra are available in (author?) [106].

The analysis shows that the X-ray photon index of PKS 0537-286 is the
same in both observations - 1.26 + 0.06 and 1.26 + 0.02 on MJD 59146.17 and
MJD 59211.99, respectively. The X-ray flux between 3-10 keV measured on
MJD 59146.17 is F3_1gkey = (2.72 4 0.06) x 1072 ergcm=2s~! and on MJD
59211.99, it increased by about a factor of two, F3_1gry = (5.10 £ 0.04) x
10712 ergcm=2s~1. Similarly, the flux between 10-30 keV also increased in
these two observations, being correspondingly Fig_3ory = (5.79 4 0.20) x
1072 ergcm=2s71 and Fig_3grey = (1.08 £0.01) x 10~ ergcm=2s~1. This
shows that the source in the 3.0-30 keV range was in an enhanced state on 28
December 2020.

4.4 Swift data analysis

Swift is a space-based observatory with three main instruments onboard,
namely burst alert telescope (BAT) sensitive in the energy range of 3.0-150.0
keV, XRT sensitive in the energy range of 0.3-10.0 keV, and UVOT sensitive
in the optical/UV band 170 - 650 nm [65]. Swift performed 29 observations
of PKS 0537-286 among which nine observations were performed before the
lunch of Fermi-LAT. However, in order to investigate the flux changes in dif-
ferent years, we have analyzed all the data from Swift observations of PKS
0537-286.

4.4.1 Swift XRT

All the XRT observations were processed with Swift xrtproc tool applying
standard analysis procedure [74]. Swift xrtproc downloads the raw data for
each snapshot and for the whole observation, generates exposure maps and
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4.4 Swift data analysis

calibrated data product using the XRTPIPELINE task adopting standard pa-
rameters and filtering criteria. The source region counts are estimated from
a circle of a radius of 20 pixels while the background counts from an annular
region centred around the source with a radius sufficiently large to avoid con-
tamination from source photons. The resultant ungrouped data is loaded in
XSPEC [20] for spectral fitting using Cash statistics [40], modeling the source
spectrum as power-law and log-parabola. As a result, the X-ray photon index
in the energy range 0.3-10 keV and the flux in various bands are estimated.

The 2-10 keV X-ray flux variation is shown in Fig. 4.1 panel d). Although
in the X-ray band there is a limited number of observations, the flux vari-
ation is evident. The X-ray emission of the source in the 2.0-10 keV band
was at the level of ~ 3.0 x 1072 ergcm=2s~! but during the bright peri-
ods itis > 5.0 x 10712 erg cm=2 s~1. The highest X-ray flux of (8.34 4 3.59) x
10712 erg cm=2 s~! was observed on MJD 59213.18. The X-ray spectrum of the
source is hard (Fig. f.T|panel e) and during all the observations T'x sy < 1.38.
Therefore, as it is typical for FSRQs, the X-ray band defines the rising part of
the second component in the SED.

4.4.2 Swift UVOT

In the same periods, UVOT observed PKS 0537-286 in V (500-600 nm), B
(380- 500 nm), U (300- 400 nm), W1 (220-400 nm), M2 (200-280 nm) and W2
(180-260 nm) filters. All the available 28 observations were downloaded and
reduced using HEAsoft version 6.29 with the latest release of HEASARC
CALDB. Photometry was computed using a five-arcsecond source region
centered on the sky position of PKS 0537-286 and the background counts are
estimated from a twenty-arcsecond region away from the source. The magni-
tudes were derived using uvotsource tool, then the fluxes were obtained us-
ing the conversion factors provided by (author?) [123] which were corrected
for extinction using the reddening coefficient E(B — V') from the Infrared Sci-
ence Archive

Fig. panel f) shows the light curve of PKS 0537-286 in optical/UV
bands. The source is relatively faint in all the filters with the flux around
~ 10~ B ergcm=2 s71. In some cases, coinciding with the flares in the 7-ray
band, the flux increased several times. The highest flux of the source was ob-
served in V-band; on MJD 59213.18 and MJD 59732.67 it was (1.08 & 0.37) x

http:/ /irsa.ipac.caltech.edu/applications/DUST/
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1012 ergcm=2 s71and (1.384-0.26) x 10~ 2 erg cm =2 s~1, respectively. In ad-
dition, VOU-Blazar tool, which allows to search and collect all spectral infor-
mation accessible through virtual observatory services and build the multi-
wavelength SEDs of blazars [43] was used to investigate the source emission
properties in the infrared band. In particular, data extracted from the Wide-
field Infrared Survey Explorer (WISE) and NEOWISE surveys [96] show that
the source emission at 3.4 and 4.6 ym wavelengths (infrared) was at the level
of several times 1012 erg cm=2 s~ 1.

4.5 Multiwavelength SEDs

The data analyzed in this paper allows to build the SEDs of PKS 0537-286
in different periods. The single snapshot SED provides substantial informa-
tion on the source emission properties whereas the variation of these SEDs
in time is crucial for understanding the dynamical changes in the emission
components. For this purpose, we generated SED/Light curve animation of
PKS 0537-286 by showing the <y-ray spectra with all available data sets. For
each adaptively binned interval we performed y-ray spectral analysis using
the unbinned likelihood method implemented in gtlike tool. Then, for each
y-ray period, together with the y-ray data we plotted the Swift XRT, NuSTAR
and Swift UVOT data as well as archival data extracted with VOU-blazar tool.
By going from one to another y-ray period we can investigate the changes in
the multiwavelength SED of PKS 0537-286.

The SED/light curve animation is available here youtube . com/4UPqf-C7EWc
. As theblazar is at z = 3.10 the UVOT flux could be affected by absorption of
neutral hydrogen in intervening Lyman-« absorption systems [e.g.,[70] which
was corrected using the attenuation calculated in (author?) [67] for the UVOT
filters. The SED/light curve animation shows the high amplitude changes
observed in the y-ray band; the gray background data points show the y-ray
flux estimated in different periods. Also, the spectral hardening in several
bright y-ray periods can be seen.

4.6 Origin of broadband emission

In the previous section, the generated multiwavelength SEDs show the fea-
tures of PKS 0537-286 emission in different periods. It is especially important
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Figure 4.2: The luminosity versus the spectral index in the y-ray (left panel)
and X-ray bands (right panel).

to investigate the processes taking place in the jet of high redshift blazars as
they could provide information on the jet plasma state in the early Universe.
For this reason, the following periods were considered for modeling:

¢ The SED between MJD 55150-55330 when the source was in the qui-
escent state, i.e., the y-ray flux above 100 MeV was (2.77 + 0.84) x
1078 photon cm™2 s~ ! and the 2-10 keV X-ray flux was (3.29 4+ 1.11) x
1072 ergem=2s7 1.

¢ The SED between MJD 59208-59212 when the source was bright in the
v-ray and X-ray (2-10 keV) bands with corresponding fluxes of (5.46 +
0.83) x 1078 photon cm=2 s~ and (7.47 £ 1.18) x 10~ ergcm=2s~1. This
period coincides with the NuSTAR observation on MJD 59211.99 which
showed that the source was in an elevated X-ray emission state also in
the 3-30 keV range.

The broadband SEDs were modeled using a one-zone leptonic scenario. In
this model, it is assumed that the emission originates from a spherical blob of
radius R moving with a bulk Lorentz factor of I at a small inclination angle
of 6 with respect to the observer. Due to the relativistic motion and small 8
the radiation will be Doppler amplified by a factor of § ~ I'. The emission
region magnetized with a field strength of B is filled with relativistic electrons
whose energy distribution is given by

Y > Ymin (4.6.1)

T

N, = Noy Pexp(—
Yeut
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where v = E,/ m,c? is the electron Lorentz factor, p is the power-law index,
Ymin @and Yyt are the minimum and cut-off energy, respectively. The parame-
ter Ny defines the electron energy density through U, = mec? [ yN,(7y)d7.

The electrons with energy distribution given by Eq. undergo syn-
chrotron losses under the magnetic field, producing the data observed be-
tween radio to X-ray bands. Instead, the second component in the SED, from
X-rays to y-rays, is from the inverse Compton scattering of internal and ex-
ternal photons on the same population of the electrons. When the electrons
upscatter the synchrotron photons, the second component is explained by
the SSC component [69,99,34]. Alternatively, if the emission region is within
the BLR, the second component can be due to external Compton scattering
of direct disk radiation [EIC-disk; 53, [54] and/or due to external Compton
scattering of photon reflected from BLR clouds [EIC-BLR; [150]. Instead, if
the jet energy dissipation occurs at larger distances it can be due to external
Compton scattering of dusty torus photons [EIC-torus; 33].

In this paper, for a general view we consider three different scenarios: i) the
broadband emission from PKS 0537-286 is entirely due to synchrotron/SSC
radiation, ii) the jet dissipation region is close to the central black hole, and
SSC, EIC-disk and EIC-BLR are contributing to the HE component and iii)
the emission region is beyond the BLR and the HE component is due to EIC-
torus. It is assumed that BLR is a spherical shell [e.g., 56] with lower and
upper boundaries of 0.9 x Rprr and 1.2 X Rprr, respectively. Rprr is as-
sumed to scale as Rg g = 10V LS%’ECAS cm where Ljjs 45 = Lyisc/10% ergs™1
is the accretion disk luminosity [71]. Similarly, we assume that the distance

of dusty torus is 2 x 1018 Lg'fs’ a5 [Z1] which emits 7 = 0.5 fraction of disk

luminosity in the IR range for which we adopted Tiorus = 103 K effective tem-
perature. The disk luminosity and effective temperature are correspondingly
8.7 x 10% ergs=! and Ty = 1.9 x 10* K estimated by fitting the thermal
blue-bump component in the SED with a black-body component.

The remaining free model parameters are p, vin, Yeut, Ue, B and R which
should be constrained during the fitting. The SED fitting is performed us-
ing publicly available code JetSet which is a numerical code allowing to fit
the radiative models to data and obtain the parameters statistically better ex-
plaining them [101} [157| 158} [159]. These parameters are initially constrained
by using the Minuit optimizer and then improved by Markov Chain Monte
Carlo (MCMC) sampling of their distributions. We applied the EBL model
from (author?) [61] to correct the attenuation in the HE y-ray band, but as the
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-ray data extends to several tens of GeV it affects only the model extrapola-
tion to higher energies.

4.7 Results and Discussions

At z = 3.10, PKS 0537-286 is one of the most powerful FSRQs in the ex-
tragalactic y-ray sky; the time-averaged <-ray luminosity of the source is
1.90 x 10¥ ergs—! (assuming a distance of 27.08 Gpc). However, in several
occasions, the source shows bright -ray flares when the flux substantially
increases and the spectrum hardens. Fig. left panel shows the y-ray lu-
minosity of PKS 0537-286 versus the photon index. During the bright pe-
riods, the luminosity increases, being above 10*° erg s~1; the maximum -
ray luminosity corresponds to 6.14 x 10* ergs~!. It should be noted that
among 113 adaptively binned intervals, the source luminosity was above
10% erg s~! in 25 intervals amounting 61.8 days when extreme y-ray luminos-
ity was observed. Photon index hardening with increasing luminosity /flux
can be noticed in Fig. 4.2|1eft panel. In order to test possible correlation/anti-
correlation between the luminosity and photon index, a Pearson correlation
test was applied which yielded —0.39 with a probability of P = 1.2 x 107°.
This indicates moderate anti-correlation between the luminosity and photon
index, that is when the source emission becomes brighter the photon index
hardens (harder-when-brighter trend). It should be noted that for blazars
such trend is frequently observed in different bands [e.g., 3] [1} 25} [136] 133
64, 137] which can be interpreted as interplay between acceleration and cool-
ing of the electrons [87].

PKS 0537-286 shows also interesting features in the X-ray band. The X-
ray photon index versus the 0.3 — 10 keV X-ray luminosity is shown in Fig.
right panel. The X-ray emission is characterized by a hard spectrum
(I'x—ray < 1.38) with a high luminosity (> 10 erg s~1). It should be noted
that XMM-Newton observations of PKS 0537-286 also showed a high lumi-
nosity of 2 x 104 erg s~! with a spectral index of 1.27 4- 0.02 [126]. There is
no evidence of softening or hardening when the source gets brighter in the
X-ray band; the highest luminosity in the X-ray band is 8.74 x 104 ergs—!
observed on MJD 59213.18. Similarly, the 3 — 30 keV X-ray luminosity was
1.40 x 108 ergs~! on MJD 59211.99 and 7.47 x 10*” erg s—! on MJD 59146.17.

The SED of PKS 0537-286 was assembled in the flaring and quiescent pe-
riods (see Fig. £.3). Comparing and contrasting the jet parameters obtained
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through modeling of the SED in different periods is crucial, allowing to un-
derstand the processes at work in the jet of PKS 0537-286.

4.7.1 Synchrotron/SSC emission from the jet

Fig. panels a and b show the results of the modeling when the entire
emission is due to synchrotron/SSC emission from a compact region of the
jet when the source is in a quiescent and flaring state, respectively. The cor-
responding model parameters are given in Table In the quiescent state,
the SED modeling shows that the spectral slope of the emitting particle dis-
tribution is 1.8 £ 0.1 and their distribution extends up to (1.2 & 0.1) x 10%.
The strength of the magnetic field is found to be (9.3 0.8) x 1073 G. The
emission region size is (2.0 £ 0.1) x 10 cm, which is consistent with the flux
variability of tysr = (1+2z) X R/cé =~ 18.7 days. The Doppler boosting fac-
tor is 16.8 &= 1.2 which is not different from the values usually estimated for
FSRQs [e.g., see [71]. In this case, the synchrotron component decreases at
< 10" Hz and it does not take into account the observed optical/UV data
which are interpreted as thermal emission from the accretion disk (see the
next subsection).

In the flaring period (Fig. panel b), the SED modeling shows that the
emitting electrons have a harder spectrum with p = 1.6 = 0.03 as compared
with that in the quiescent state. The electrons are accelerated up to e =
(1.140.1) x 10* which is not significantly different from that in the quiescent
state. In the flaring state, the magnetic field also increased, B = (1.7 £ 0.1) x
10~2 G, which is caused by the increase of the synchrotron flux. Also, the
Doppler boosting factor increased from 16.8 + 1.2 to 24.9 £ 1.1 in order to
explain the slight shift of the HE peak towards higher energies; above 100
MeV the 7y-ray spectrum in the flaring period has a photon index of I'y, =
2.73 £0.17 as compared with that of I, = 2.91 4- 0.16 is the quiescent state.
The modeling shows that during the flare, the emission is produced from a
smaller region with a radius of (1.6 4 0.1) x 10'7 cm corresponding to t;,, ~
10.0 days, which indicates that the flaring emission is from a compact and
faster moving region.
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Figure 4.3: The broadband SEDs of PKS 0537-286 in the quiescent (left panels)
and flaring (right panels) states. Panels a and b correspond to SED modeling
when the emission is entirely due to synchrotron/SSC radiation. The SED
modeling when the emission region is within the BLR is shown in panels ¢
and d, while in panels e and f it is outside the BLR. The blue solid curve
shows the sum of all components and the gray shaded area is the uncertainty
region from MCMC sampling of the parameters. The color code of the other
components is given in the legends. In panels a and b, the observed and
absorption-corrected Swift UVOT fluxes are shown with empty and filled
light blue circles, respectively.
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Table 4.1: Parameters best describing the PKS 0537-286 multiwavelength

emission in the scenarios shown in Fig.
SSC EIC-BLR EIC Torus

quiescent  flare = quiescent flare  quiescent flare

p 1.8£0.1 1.6 £ 23+02 22+01 24+£01 24=+0.1

0.03
Yeut /10> 11.8 & 115+ 03+£01 25+02 13£01 67+£0.7
0.8 0.6
Ymin 95+£10 13+£01 261=£ 30.1 & 657+ 1039 &
3.8 2.5 34 9.0
o 16.8 £ 249 £+ 13.4 + 114+ 153 + 14.2 +
1.2 1.1 1.3 0.7 0.7 1.0
B[G] (9.3+ (1.7+ 35+£04 3.0+02 02+ 02+
0.8) x 0.1) x 0.01 0.02
103 102
R[cm]/102.0£0.1 16401 024+ 014+ 20401 14+0.1
0.02 0.01
Lelergs™! 1.2 x 1.2 x 1.3 x 2.0 x 1.1 x 1.3 x
1047 1047 1045 1045 1046 1046
Lplergs™!] 3.5 x 1.8 x 22 % 5.3 x 1.3 x 7.9 x
1 042 1 043 1 045 1 044 1 045 1 044
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4.7.2 Emitting region within the BLR

Fig. 4.3/ panels c and d show the SED modeling assuming the jet dissipation
occurred close to the central source. In this case, the density of disk-emitted
and BLR-reflected photons in the jet frame (taking into account Doppler am-
plification) is comparable with or larger than that of synchrotron photons, so
their inverse Compton scattering has a non-negligible contribution. The ther-
mal emission from the accretion disk, modeled as a black body, is shown with
a pink dashed line. In the quiescent state (Fig. panel c), the low-energy
component of the spectrum (up to 10'® Hz) can be reasonably well explained
by combined synchrotron and black body components. The data in the X-
ray band is mostly dominated by the EIC-disk component (blue dashed line
in Fig. with SSC contributing in the soft X-ray band, whereas the emis-
sion in the -ray band is due to EIC-disk and EIC-BLR components (blue
dashed and purple dot-dot-dashed lines in Fig. respectively). As com-
pared with the synchrotron/SSC model, the distribution of the electrons is
narrower with p = 2.3 £0.2 and ye = (0.3 £0.1) x 10%, because the aver-
age energy of the external photons is larger than that of the synchrotron one.
The Doppler boosting factor is 6 = 13.4 4= 1.3 but the magnetic field is sig-
nificantly larger, B = 3.5 & 0.4 G. Since the flux in the HE band depends on
the photon and particle density and the content of external photons is higher
(inferred from the observed high Compton dominance, i.e., the ratio between
the peak flux of inverse Compton and synchrotron components), the number
of emitting electrons is reduced; to produce the synchrotron emission at the
same level higher magnetic field is required. The emission is produced in a
more compact region with a radius of (0.2 £ 0.02) x 10!7 cm, smaller than
Rprr = 9.3 x 107 cm.

During the flaring period, in the optical/UV band, the synchrotron emis-
sion from the jet dominates over the thermal emission from the accretion disk
(Fig. .3 panel d). As the synchrotron emission extends to higher frequencies,
the SSC component makes a non-negligible contribution in the X-ray band
(orange dot-dashed line in Fig. panel d). The 7y-ray emission is mostly
due to the EIC-disk component (blue dashed line in Fig. panel d) and
EIC-BLR contributes at higher y-ray energies (purple dot-dot-dashed line in
Fig. panel d). In this case, the electron distribution is nearly flat with
p = 224 0.1 and extends up to (2.5 4 0.2) x 10%. The increase of the energy
up to which the electrons are effectively accelerated (7y,¢) resulted in the shift
of the synchrotron component to higher frequencies and domination over the
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disk thermal emission. The Doppler boosting is 6 = 11.4 & 0.7, the magnetic
field is B = 3.0 + 0.2 G and the emission region radius is (0.1 4-0.01) x 10'7
cm. This is smaller than that estimated in the quiescent state and corresponds
to 1.5 days variability.

4.7.3 Emitting region outside BLR

Fig. 4.3 panels e and f show PKS 0537-286 SED modeling assuming the emis-
sion region is beyond the BLR. In the quiescent state, the HE component
is entirely dominated by EIC-torus (yellow dot-dot-dashed line in Fig.
panel e) and SSC contributing in the soft X-ray band (orange dot-dashed line
in Fig. panel e). In the flaring state, the peak of the SSC component is
around ~ 10?> Hz (orange dot-dashed line in Fig. 4.3/ panel f) making a non-
negligible contribution to the X-ray band, but again, the HE y-ray data is
solely explained by the EIC-torus component (yellow dot-dot-dashed line in
Fig. panel f). The model parameters given in Table show that in the
quiescent and flaring states the electron distribution has a similar power-law
index p ~ 2.4, but in the flaring state the cut-off energy is larger, ycur =
(6.7 +0.7) x 103 as compared to v = (1.3 +£0.1) x 10%. This is because i)
the synchrotron component should extend beyond the optical/UV band and
ii) during the flare the 7y-ray spectrum is harder, shifting this component to-
wards higher frequencies. Also, the modeling shows that the Doppler boost-
ing and magnetic field do not substantially change, correspondingly being
0 =153+07and B=02£001Gand é = 142+ 1.0and B = 0.2 +0.02
G for the flaring and quiescent states. However, again in the flaring state, the
emission region has a slightly smaller radius (1.4 4 0.1) x 10!” ¢cm as com-
pared with (2.0 +0.1) x 10" cm.

4.7.4 Jet luminosity

The parameters estimated during the modeling are used to compute the jet
luminosity. The jet power carried by the electrons, calculated as L, = nch%FZ u.,
and by magnetic field, calculated as Ly = ﬂcRil"zUB, are given in Table
In the case of synchrotron/SSC scenario (Fig. panels a and b), the
jet should be strongly particle dominated with a luminosity of the order of
~ 10% ergs—! where the magnetic luminosity has a marginal contribution
(L./Lp =~ 3 x 10%). This is natural, given the SED of PKS 0537-286 in both
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quiescent and flaring periods shows strong Compton dominance. Relatively

high luminosity is also estimated in the modeling when the emitting region is

outside the BLR; L, + Lg = 1.2 x 10% erg s ! with L,/Lg = 8.1and L, + L = 1.4 x 10% erg s~
with L./Lp =~ 17 for the quiescent and flaring states, respectively. When

the emitting region is within the BLR, a lower jet luminosity is required,

L.+ Lg=63x10® ergstand L, + Lg = 2.5 x 10% erg s~! for the quiescent

and flaring states, respectively, and the system is close to equipartition with

L./Lg = 0.5 and L./Lg = 3.7 for the quiescent and flaring states, respec-

tively.

Also, the total kinetic energy of the jet, defined as Ly;, = Le + Lg + Ly cold,
can be evaluated. Assuming a proton-to-electron comoving number density
ratio of N, /N, =~ 0.1, in the most energy demanding model (synchrotron/SSC)
Liin = 32 x 107 ergs~! and Ly;,, = 4.4 x 10% ergs~! are estimated for the
quiescent and flaring states, respectively. In the most optimistic scenario
(EIC-BLR), Ly, = 1.1 x 10% erg s~ and Ly;, = 6.0 x 10¥ erg s~! for the quies-
cent and flaring states, respectively. In this case, even if assuming N,/ N, ~ 1,
one would obtain L, = 4.8 x 10% erg s~land Ly, = 3.8 x 10% erg s~ for
the quiescent and flaring states, respectively. It is interesting that this lumi-
nosity is still lower than the disk luminosity estimated from the optical/UV
data fitting. However, considering that the presence of the pairs can reduce
the jet power [e.g.,[122], the estimated jet luminosity will be by several factors
lower than the accretion disk luminosity.

In (author?) [35], the broadband SED of PKS 0537-286 was modeled assum-
ing the particles are injected into the emitting region, which is inside the BLR,
and interact with the internal and external photon fields. The disk luminosity
was estimated to be 1.7 x 10¥ erg s~ and 8.4 x 10% erg s~1 by fitting the data
observed in 2008 and 2006, respectively; the latter value is similar to the disk
luminosity estimated in the current study. Their modeling showed that L. is
in the range of (2.5 —4.0) x 10* erg s~ and Lp in (1.0 — 2.0) x 10¥ergs~1. L,
is slightly larger than that estimated in the current study (see Table[4.1) which
is related with different assumptions made in the modelings (e.g., emitting
region radius, Doppler boosting factor, etc.).

4.8 Summary

In this work, we have performed a broadband study of the high redshift
blazar PKS 0537-286. The main findings are summarized as follows:
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4 Origin of multiwavelength emission from flaring high redshift blazar PKS
0537-286

PKS 0537-286 is among the highest redshift blazars detected by Fermi-
LAT. Its y-ray emission, monitored since 2008, appeared relatively con-
stant until 2017, then multiple powerful y-ray flares were observed.
Starting from MJD 59170, the source was in an enhanced ‘y-ray emission
state when the y-ray luminosity reached 6.14 x 10* erg s~!. During the
considered fourteen years, the y-ray luminosity of the source exceeded
10% erg s~ for 61.8 days in total.

The y-ray photon index of the source varies as well. The mean of the
-ray photon index during non flaring periods is ~ 2.83 which substan-
tially hardens during the flares: the hardest index of 2.23 + 0.18 was ob-
served on MJD 59322. There is a moderate anti-correlation between the
v-ray photon index and luminosity.

The source is very luminous in the X-ray band with a 0.3 — 10 keV lumi-
nosity between 10*” — 10%8 erg s~! and with a hard spectrum (Tx—ray <
1.38). The available NuSTAR observations show that the hard X-ray
spectrum extends up to 30 keV with I'x_;4, = 1.26 with a luminosity

between (0.75 — 1.40) x 10%¥ ergs—1.

In order to understand the underlying physical processes at work in
the jet of PKS 0537-286, the SEDs during the quiescent and flaring states
were reproduced using a simple one-zone leptonic emission model con-
sidering different locations of the emission region. In the quiescent
state, the combined synchrotron and thermal accretion disk compo-
nents can explain the IR-optical-UV data, whereas X-ray to HE y-ray
data are due to inverse-Compton scattering of the disk and BLR-reflected
photons. Instead, in the flaring state, the jet synchrotron emission dom-
inates in the optical/UV band and the X-ray to HE <-ray emission is
due to combination of SSC, EIC-disk and EIC-BLR components. The
modeling in the quiescent to flaring states showed that the flare was
caused by the electron distribution changes, i.e., the electron power-
law index hardened to p = 2.2 + 0.1 and the cut-off energy was eyt =
(2.5+£0.2) x 10°.

From the required jet energy point of view, the model with the emis-
sion region within the BLR is preferred. During the flaring event, the
emitting region is nearly in equipartition with L./Lp = 3.7 and the jet
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4.8 Summary

total luminosity is Lyt = 3.8 x 10% ergs~! when assuming a proton-
to-electron comoving number density ratio of N, /N, ~ 1. This lumi-
nosity is slightly lower than the accretion disk luminosity of Ly, =
8.7 x 100 erg s~! estimated through fitting of UV /optical data.

Among the high red-shift blazars, PKS 0537-286 is exceptional, having a
reach multiwavelength data set (especially in the X-ray and <y-ray bands)
which allows to investigate the processes taking place in the jet. Further mul-
tiwavelength monitoring of such distant and powerful sources will improve
our understanding of the radiative processes at work in the relativistic jets in
the early Universe.
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5 Quasi-periodic oscillations in the
v-ray light curves of bright
active galactic nuclei

5.1 Introduction

Super-massive black holes (SMBHs) dwell at the center of all galaxies, and
when accreting material they are observed from Earth as active galactic nu-
clei (AGNs). In a minority of AGNs the accretion of matter onto the black
hole is associated with the launching of a pair of relativistic jets of plasma
along the polar axis [see 32, for a recent review]. Studying the inflows and
outflows of matter on and from black holes provides an indirect access to the
physics of these compact objects.

SMBHs have their low-mass analog in stellar-mass black holes produced
in star collapses. These low-mass black holes, when in binary systems, have
also been observed accreting surrounding matter and launching plasma jets.
These systems are observationally classified as X-ray binaries and microquasars.
A peculiar characteristic of X-ray binaries is the presence of quasi-periodic
oscillations (QPOs) in their X-ray light curves, with periods of the order of
0.1-10 Hz [see e.g. the review by 83} and references therein]. Such a period is
consistent with the innermost stable orbit of the black hole and suggests that
QPOs can be used to access the region closest to the horizon and to study
the physics of black hole accretion. Given the analogy between stellar-mass
black holes and SMBHs, QPOs are also expected in the latter, although with
much longer periods due to the larger size of the Schwarzschild radius that
scales linearly with the mass of the compact object. Several observational
claims have been made for QPOs in the X-ray light curves of Seyfert galaxies
(radio-quiet AGNs), with periods of the order of hours [72} [17]. The much
longer periods in AGNs make it difficult to unequivocally measure QPOs in
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their light curves: an uninterrupted sampling over several periods is needed
in order to have a statistically significant measurement.

In the last decade the Fermi-LAT instrument [22] has revolutionized our
view of the y-ray sky in the 100 MeV-100 GeV band thanks to its unprece-
dented sensitivity and all-sky monitoring observing strategy. Fourteen years
after its launch we have now access to continuous light curves on hundreds
of AGNs. In the GeV band the extra-galactic sky is dominated by a peculiar
AGN class: blazars. Blazars are AGNs whose relativistic jet is closely aligned
with our line of sight. The relativistic Doppler effect boosts the emission and
makes these type of AGNs among the brightest sources in the Universe. From
an observational point of view, blazars are divided into two sub-classes: BL
Lacertae objects (BL Lacs for short), with weak or absent broad emission lines
in their optical/UV spectrum; and Flat Spectrum Radio Quasars (FSRQs),
with strong broad emission lines [161].

Searches for periodicities in the light curves of Fermi-LAT blazars have been
an active research topic since the beginning of the mission but the first claim
had to wait six years of data taking: (author?) [7] presented the first evidence
(at about 30) for a periodic 2-years modulation in the light curve of the blazar
PG 1553+113, coincident in period with a QPO seen at longer wavelengths.
Interestingly, this first hint for a QPO in a blazar v-ray light curve is at fre-
quencies much lower than the ones detected in X-rays in Seyfert galaxies,
suggesting that its origin is intrinsically different. Since 2015, several research
groups have investigated QPOs in Fermi-LAT light curves resulting in several
positive claims. All y-ray QPO candidates in blazars shown a period of the
order of years. A notable exception is represented by the highly-significant
(5.20) QPO seen in PKS 2247-131 which has a period of about a month and,
most importantly, seems to be a transient phenomenon [176].

The details of the radiative mechanism(s) at the origin of the y-ray emission
in blazars are a subject of investigation, but there is consensus on the fact that
this high-energy emission is produced in the relativistic jet and far from the
SMBH [see 42| for a recent review on blazar emission models]. The physical
mechanisms for the production of QPOs in <y-ray blazars will thus be intrin-
sically different from the ones at work in radio-quiet AGNs, and linked to the
physics of jets. Several models have been developed to explain these quasi-
periodicities. They can be associated to the movement of plasmoids in the jet
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along helical paths [128], or related to precession of the jet itself. This pre-
cession could be driven by the gravitational perturbation of another SMBH
[26,152], meaning that QPOs will provide key constraints on SMBH binaries
in the Universe. SMBH binaries are expected to form during galaxy mergers,
and it is thus clear how important their detection is to understand galaxy and
SMBH evolution through the history of the Universe. Alternatively, the peri-
odicities could be related to a regular change in the accretion of matter onto
the SMBH that is then translated into a QPO in the y-ray emission in the jet.
In this case as well, SMBH binaries can be the source of this periodicity via
perturbation of the accretion flow [162]. The SMBH binary can also imprint
a QPO in the light curve via gravitational stresses by one of the black holes
on the jet of the other one [154]. The most promising SMBH binary candidate
identified thanks to a twelve-years QPO in its optical light curve is the blazar
OJ 287 [151]. The source is a known <y-ray emitter, but its famous 12-years
QPO has not been seen in its Fermi-LAT light curve due to the long period,
although claims of a y-ray QPO with a period of about 300 days have been
made [91]].

The goal of this work is to systematically study the light curves of bright
Fermi-LAT AGNs in order to identify QPO candidates. In order to get ac-
cess to transient QPOs, and QPOs with varying periods that could be hid-
den in a time-integrated power spectral density, we make use of the continu-
ous wavelet transform. The paper is organized as follows: in Section 5.2l we
discuss the selection of the targets; in Section [5.3) we provide the details of
the Fermi-LAT data analysis; in Section we describe the wavelet analysis,
whose results are presented in Section[5.5] the discussion and the conclusions
are in Sections[5.6land 5.71

5.2 Sources

The only selection criterion applied is for the source to be bright enough to
have continuous Fermi-LAT light curves with time bins of seven days or one
month. The main issue is to avoid the effect of large gaps in the continuous
wavelet transform (see Section [5.4). This aspect, together with the need to
limit the total computing time, drives the choice to limit the analysis to the
thirty-four brightest sources in the 4LAC catalog [data release 2,13} sorting
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them by integral energy flux above 100 MeV and removing sources with a
test significance lower than 100]. The least bright source has an integral flux
above 100 MeV equal to 8.95 x 10~ erg cm~2 s~1. The only exception in our
source selection is represented by PKS 2247-131, which is manually added
to our list due to the high significance QPO detected in this source by (au-
thor?) [176]. The source was not detected by Fermi-LAT before entering in
an active state in 2016, and thus its long-term average flux is biased towards
lower values. If we consider only its emission after 2016, this source is defi-
nitely among the brightest y-ray AGNs, and clearly fulfills our requirement
to have an uninterrupted light curve. This manual addition brings the total
of our sample to thirty-five AGNs. The sources we included in our analysis
are listed in Table[5.1|by their Right Ascension. The sample consists of 19 FS-
RQs, 15 BL Lacs, and 1 radio galaxy. For each source, together with the source
name and 4FGL name, we provide the source class, coordinates in J2000 and
the redshift (the three last quantities as provided in the 4LAC catalog).

5.3 Fermi/LAT Data Analysis

The Large Area Telescope (LAT) on board the Fermi Gamma-ray Space Tele-
scope is a pair conversion telescope sensitive to y-rays in the energy band
from 20 MeV to 500 GeV. Since its launch on June 11, 2008, Fermi-LAT scans
the sky every ~3 hours, regularly monitoring the y-ray emission from dif-
tferent sources. More details on the Fermi-LAT instrument are described in
(author?) [22] and references therein.

In the current study, y-ray data from the observation of the considered
sources from August 8, 2008 to April 4, 2021 (from MJD 54686 to MJD 59308)
were downloaded and analyzed using the standard analysis procedure pro-
vided by the Fermi-LAT collaboration. The data for each of the considered
sources are analyzed in an identical manner. The Pass 8 data in the en-
ergy range from 100 MeV to 500 GeV are analyzed using Fermi ScienceTools
(1.2.1) and the P8R3_SOURCE_V3 instrument response functions. We se-
lected only events within a maximum zenith angle of 90°, to reduce contam-
ination by photons from Earth’s atmosphere and used the filter expression
(DATAQUAL >0) and (LAT CONFIG==1) to select good time intervals. The
photons from a circular region with a radius of 12° around each source under
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consideration were selected. Then, the events are binned within a 16.9° x

16.9° square region of interest (ROI) into 0.1° x 0.1° pixels and into 37 equal
logarithmically spaced energy bins. The model for which the likelihood is
computed includes a combination of point-like and diffuse sources and stan-
dard templates describing the diffuse emission from the Galaxy (gll_iem_v07)

and the isotropic y-ray background (iso_.PS8R3_SOURCE_V3_v1). The model
tile for each source is created using the Fermi-LAT fourth source catalog [4FGL;
5] where all sources falling within ROI+5° were all included with the same
spectral models as in the catalog. The normalization parameters of the diffuse
Galactic and the isotropic component, and both the normalization and spec-
tral parameters of the point sources within the ROI were set as free param-
eters while that of the sources outside ROI were fixed to the catalog values.

The binned likelihood analysis implemented in gtlike tool is used to optimize
the parameters to best match the observations for the whole time period.

The model file obtained from the full time analysis is used to compute the
light curves. We produced the light curves binned into weekly and monthly
intervals by applying unbinned likelihood analysis in the 0.1-300 GeV energy
range with the appropriate quality cuts mentioned above.

5.4 Wavelet Analysis

5.4.1 Continuous Wavelet Transform

In this work we make use of the continuous wavelet transform (CWT) tech-
nique, which is the convolution of a time series with a dilated and translated
wavelet function, to analyse time-frequency properties of the light curves.
Acting as a band-pass filter, the CWT maps the power of any particular peri-
odic behaviour at different times in the time-frequency space. This is notably
useful, since the CWT technique not only gives access to the frequencies of
potential QPOs, but also when the periodicities appear and end, and how
they evolve in time.

We use the Python implementation PyCWT provided by (author?) [156] and
as mother wavelet the Morlet wavelet. This wavelet consists of a plane wave
modulated by a Gaussian and is shown in ??. The wavelet power spectrum is
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Source name 4FGL name Source class R.A. (J2000) Dec. (J2000) Redshift
4C +01.02 J0108.6+0134 FSRQ 01708™40.75 +01934"54.8°  2.099
3C 66A J0222.6+4302 BL Lac 02122m40.75  +43902M08.5°  (0.444
4C +28.07 ]J0237.8+2848 FSRQ 02137m53.75  +28748M15.8°  1.206
PKS 0235+164  J0238.6+1637 BL Lac 02/'38M40.3° +16937"04.45  0.94
NGC 1275 J0319.8+4130 RDGFR-I  03"19749.8° +41930"43.6° 0.018
PKS 0402-362 J0403.9-3605 FSRQ 04"03™M54.0° -36705"13.2°  1.417
PKS 0426-380 J0428.6-3756 BL Lac 04h28m41.55 -37956"25.1° 1.11
PKS 0447-439 ]0449.4-4350 BL Lac 04749M26.0°  -43950"06.0°  0.205
PKS 0454-234 J0457.0-2324 FSRQ 04"57m02.65  -23924M53.6°  1.003
PKS 0537-441 J0538.8-4405 BL Lac 05"38™50.15  -44905"10.3°  0.892
S5 0716+714 J0721.9+7120 BL Lac 07"21m57.25  +71920M25.8°  0.300
4C +55.17 J0957.6+5523 FSRQ 09"57M39.95  +55423m01.75  (0.896
1H 1013+498 J1015.0+4926 BL Lac 10M15™04.35  +49926™01.0°  0.212
S5 1044+71 J1048.4+7143 FSRQ 10"48™M25.6° +71943"46.9°5  1.15
Mrk 421 J1104.4+3812 BL Lac 11"04™28.55 +38412M2525 (.03
4C +21.35 J1224.9+2122 FSRQ 12h24m54. 65 +21922M53.0°  0.434
3C 273 J1229.0+0202 FSRQ 12h29™m04.25  +02902m43.45  0.158
3C 279 J1256.1-0547 FSRQ 12"56™10.0° -05747"19.3°  0.536
B3 1343+451 J1345.5+4453 FSRQ 13"45M34.65 +44953M03.8°5  2.534
PKS 1424+240  J1427.0+2348 BL Lac 14h27m0.45  +23948M0.6°  0.601
PKS 1424-418 J1427.9-4206 FSRQ 14h27m56.85  -42906M21.65  1.522
PKS 1502+106  J1504.4+1029 FSRQ 15"04™M24.85 +10729"52.15  1.839
PKS 1510-089 J1512.8-0906 FSRQ 15"12M51.55 -09906"23.0° 0.36
B2 1520+31 J1522.1+3144 FSRQ 15122m10.95 +31944™M22.25  1.489
PG 1553+113 J1555.7+1111 BL Lac 15"55"43.55 +11911"18.2°  0.36
4C +38.41 J1635.2+3808 FSRQ 16"35"16.0° +38708"24.4°5  1.814
Mrk 501 J1653.8+3945 BL Lac 16"53™53.75  +39945"34.25  0.033
1ES 1959+650 J2000.0+6508 BL Lac 20700™02.6° +65708"52.5°  0.047
PKS 2155-304 J2158.8-3013 BL Lac 21"58m51.45 -30913"30.4°5  0.116
BL Lac ]2202.7+4216 BL Lac 22m02m46. 75 +42916M55.6°  0.069
CTA 102 ]2232.6+1143 FSRQ 22M30m36 65 +11943M5025  1.037
PKS 2247-131 J2250.0-1250 BL Lac 22150m01.25  -12950"54.6° 0.22
3C 454.3 ]J2253.9+1609 FSRQ 2253m59 15 +16909™02.25  0.859
PKS 2326-502 ]2329.3-4955 FSRQ 23129™19.15  -49955"56.6°5  (0.518
PMN J2345-1555 ]J2345.2-1555 FSRQ 2345Mm12. 75 -15955™05.5°  0.621

coordinate in J2000 and redshift extracted from the Fermi-LAT 4FGL catalog.
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defined as the square of the amplitude of the wavelet coefficient. The global
wavelet spectrum can then be computed as the time-average of the wavelet
spectrum. The global wavelet spectrum provides an unbiased and consistent
estimation of the true power spectrum of a time series [119]. Because of the
tinite length of the time series, border effects occur at the edges of the wavelet
power spectrum. The cone of influence (COI) is defined as the region of the
wavelet power spectrum in which edge effects become important, and is cal-
culated as suggested by [156]].

In ?? we show the CWT map and global wavelet spectrum of a periodic
signal with two periods at 0.1 and 0.02 s (Fig. ??) and a Dirac delta signal
(Fig. ??). The CWT has an intrinsic resolution in reconstructing a periodic
signal, that can be visualized as broad bands in the CWT map. We estimate
this uncertainty as half of the full-width at half-maximum (FWHM) of the
global wavelet spectrum. For the Dirac delta function, a vertical feature ap-
pears in the wavelet power spectrum which reveals the response of this tech-
nique when a flare-like signal is present in the light curve. This response of
the CWT to flares is of particular relevance for our study. A high power in the
CWT by itself does not mean that a periodicity is present in the light curve:
all CWT maps have to be inspected to visually confirm that the power is dis-
tributed horizontally, and is not related to a flaring behaviour.

5.4.2 Significance Estimation

To determine the significance and confidence levels of the analysis, we sim-
ulated artificial light curves following the work by (author?) [57], using the
Python version provided by (author?) [48]. This algorithm generates artificial
light curves having the same power spectral density (PSD) and probability
distribution function (PDF) as the original light curve and represents an im-
provement of the procedure of [155], which produces normally distributed
time series from a given PSD. The algorithm of [57] is able to precisely repro-
duce light curves which match both the PSD and the PDF of a given observed
light curve or a theoretical model, where the PSD estimate is performed us-
ing a maximum likelihood methodology, and assuming a smoothly bending
power-law model plus a constant.
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For each Fermi-LAT light curve, we produced 10000 artificial light curves.
In ?? we show a comparison of the PDF and PSD of one of the simulated
light curve to the original one. The global wavelet spectrum is computed for
each simulated light curve, such that a histogram of the power spectrum can
be produced at every period, or scale. We then fit the histogram with a x>
distribution with k degrees of freedom

1
)((x, k)2 =

R T 7=
o 2k/2r(k/2)x exp(—x/2). (5.4.1)

The confidence levels are obtained by using the percentiles of the power for
each scale, which define the global significance of the results. An example of
the x? fitting to the histogram is included in ??, as well as the resulting confi-
dence levels for the AGN S5 0716+714.

When searching for significant results in physics, one needs to take into ac-
count the “look-elsewhere effect”, which can be quantified in term of number
of trials. We estimate the post-trial confidence levels of the global and local
wavelet spectrum following the work presented by [23]. Taking into account
the fact that the bins in the wavelet spectrum are not statistically indepen-
dent, they showed that the post-trial probability P; can be computed from
the pre-trial one Py as:

Pc=1-(1-P"", (5.4.2)

where a2 and n are empirically derived coefficients, which are relate to the
number of bins in the spectrum and the resolution of the CWT that we are
using Jj, and are specific for each mother wavelet. The resolution ¢;j in our
analysis is 1/12. Different parameterization for the global and local wavelet
spectrum are needed, since in the local one, trials are made in the time-period
bins of the power spectrum map, whereas after the time-average, only the
period bins accounts for the global wavelet spectrum. [23] parameterized
a = 0.810 (Noyut 67)%91 and n = 0.491 (N, 57)%92° for the local wavelet spec-
trum, and a = 0.805 + 0.45 x 2~ 5ut%] and n = 1.136 (Sout 5]')1'2 for the global
one, where N, and S, are the time-period bins and the period bins of the
wavelet spectrum outside the COI respectively. These coefficients are valid
for time series affected by power-law noise, but adequate only for wavelet
analysis using the Morlet wavelet [for more details see 23].
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Additionally, we are considering 35 sources in this work and 2 time-binnings
for each of them. Therefore, for each time-binning, we compute the number
of bins Ny, and Syyt, and we multiply them to the number of sources in or-
der to account the total number of trials made. One special case is the AGN
PKS 2247-131, whose light curve is cut at MJD 57427, since there was no de-
tection by Fermi-LAT before that date. Hence, the number of time-period
bins N,,; for this source is lower.

The total number of bins N, t and S, T are, thus, computed as:

— PKS 2247131
Nout,T — (34 X Nout,lmonth + Nout,lmonth )+

+ (34 X Nout 7days + Nogpyamgy 1) = 1698893,

— PKS 2247—-131
Sout,T - (34 X Sout,lmonth + Sout,lmonth )+

+ (34 X Sputzdays + ShEIAT131) = 4833,

out,7days (5.4.3)

5.5 Results

In this section we present the results for those light curves showing possi-
ble QPOs and we discuss in more details the five sources exhibiting the most
significant features: 4C +01.02, PKS 0537-441, S5 1044+71, B2 1520+31 and
PKS 2247-131. Furthermore, results consistent with previous QPO searches
are also found in several sources, although at lower significance: PKS 0426-
380, S5 0716+714, Mrk 421, PKS 1424-418, Mrk 501 and PKS 2155-304. These
results are also commented briefly in this Section, although their CWT maps
will be provided together with all the remaining sources in ??. Table [5.2|lists
the candidate QPOs found by CWT.

We identify a total of 36 QPO candidates in 24 out of the 35 selected sources.
We consider candidates that have a post-trial significance larger than 3¢ in
at least one of the two binnings, and that show at least three complete cy-
cles once fitted. Long term QPO candidates with periods longer than and

57



5 Quasi-periodic oscillations in the <y-ray light curves of bright active

galactic nuclei

Source Period(d) 30 d LC  Significance (¢) Period(d)7 d LC Significance () Nr. fitted cycles

268+55 >5 268+54 >5 4

4C +01.02 123426 4.7 122426 >5 5

PKS 0537-441 285167 >5 286+73 >5 4

1133+229 49 11274226 4.6 3

S51044+71 116433 >5 117438 >5 4

176148 >5 179+42 >5 6

B2 1520+31 71+15 >5 14

39+11 >5 17

217438 >5 214443 >5 6

PKS 2247-131 34413 >5 10

4C +28.07 230+90 >5 2441488 >5 3

282484 3.3 247463 >5 3

NGC 1275 92433 >5 4

221456 >5 221460 >5 3

PKS 0402-362 122442 S5 5

PKS 0426-380 85126 >5 8

PKS 0447-439 120+37 >b5 111+42 >5 7

PKS 0454-234 69421 >5 4

S5 0716+714 325475 24 324477 3.2 5

263152 >5 264459 4.9 4

1H 1013+498 10025 >5 4

52415 >5 12

Mrk 421 300+64 >5 300+£65 >5 3

4C +21.35 66+17 >5 6

177+36 >5 177438 >5 4

3C273 99426 >5 97425 >5 3

102+26 >b5 101+27 >5 6

3C279 4048 >5 4

PKS 1424-418 94425 >5 90422 >5 5

PKS 1510-089 119431 >5 120436 >5 3

Mrk 501 315498 29 326+76 >5 74

PKS 2155-304 334+107 2.2 341+106 3.5 4

370+85 >b5 366181 >5 3

CTA 102 179+40 >b5 178+40 >5 5

3C454.3 117+23 >5 120+27 >5 4

PMN J2345-1555 197450 >5 191+44 >5 4

Table 5.2: QPOs candidates identified by the CWT of the Fermi-LAT light curves in time bins of
30 days and 7 days.

@ Number fitted cycles observed only in the weekly binned light curve.
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Figure 5.1: Left: CWT map for the monthly binned (upper) and the weekly
binned light curve (bottom) for 4C +01.02. In each subplot, the panels rep-
resent a) Fermi/LAT light curve, b) wavelet power spectrum and c) global
wavelet power spectrum. The solid coloured contours in b) and the dashed
coloured lines in c) are the confidence levels (1 to 5 ¢ in black, blue, green,
violet, and red). Right: monthly binned and weekly binned light curves with
the fitted periodic signal in red dashed line in the upper panels and the rela-
tive error in the bottom panels.
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Figure 5.2: Same description as Fig. |5.1| for PKS 0537-441.
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Figure 5.3: Same description as Fig.|5.1|for S5 1044+71.
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Figure 5.5: Same description as Fig. [5.1| for PKS 2247-131. In the bottom fit-
ted light curve we show a possible reappearance of the candidate QPO with
~34 d period at MJD 58050 adding 3 more cycles to the series.
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around one year are observed at various significance levels in 5 sources:
S5 0716+714, S5 1044+71, Mrk 421, Mrk 501, PKS 2155-304 and CTA 102. On
the other hand, month-long QPO candidates with period less than ~300 d can
be identified in the following 20 sources: 4C +01.02, 4C +28.07, NGC 1275,
PKS 0402-362, PKS 0426-380, PKS 0447-439, PKS 0454-234, PKS 0537-441,
1H 1013+498, S5 1044+71, 4C +21.35, 3C 273, 3C 279, PKS 1424-418, PKS 1510-
089, B2 1520+31, CTA 102, PKS 2247-131, 3C 454.3 and PMN ]2345-1555. We
report no QPO detection in the y-ray emission of sources 3C 66A, PKS 0235+164,
4C +55.17, B3 1343+451, PKS 1424+240, PKS 1502+106, PG 1553+113, 4C +38.41,
1ES 1959+650, BL Lac and PKS 2326-502.

The wavelet power spectra of the five more significant sources are shown
in Figures andp.5|. Additionally, to help visualizing the QPO
candidates identified by the CWT, we fitted periodic functions with periods
equal to the ones computed via the CWT, to the Fermi-LAT light curves. Here
follows a detailed description of these results.

5.5.1 4C +01.02

The wavelet analysis shows two significant QPO candidates in the light curves
of 4C +01.02, a distant FSRQ at z=2.099 (see Fig. 5.1(A) and (C)). No previ-
ous report of QPO analysis is found for this source in the literature. Both
QPOs have month-long periods, with the longer one centered at 286 + 55 d
(268 £ 54 d), and the shorter one at 123 426 d (122 426 d), in the monthly
(weekly) binned light curves. The significance of the longer QPO is over 5¢ in
both time binnings, whereas the shorter QPO has a significance ~4.7¢ for the
monthly binned light curve, and larger than 5¢ for the weekly binned light
curve. The fitted light curves in Fig.[5.1(B) and (D) present four complete cy-
cles for the first QPO, starting from around MJD 56900 to MJD 58000 (August
2014 to September 2017), and five complete cycles for the second QPO, be-
tween MJD 57300 and MJD 57900 approximately (October 205 and May 2017).
Tinier structures also appear at lower periods, although with more vertical
and ambiguous shapes, which are inevitably produced by small flares (see
for example the signals found between MJD 57500 and MJD 58000 at periods
i50 d). We did not include these among our results due to their shortness and
unclear shape, but this is a very subjective criteria, and these features could
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be investigated further with finer time bins.

5.5.2 PKS 0537-441

We identify a significant QPO candidate in this BL Lac object at z=0.892 (see
Fig.[5.2(A) and (C)). The wavelet spectrum shows a clear horizontal feature
centered at period 285 + 67 d (286 + 73 d) in the monthly (weekly) binned
light curve, at a significance above 5¢ in the CWT map of both time binnings.
This result is consistent with [143], who claimed a candidate QPO at ~280 d
in the first few years of Fermi-LAT data, using the Lomb Scargle periodogram
(LSP) technique. We can see four complete cycles of oscillation during a pe-
riod of high 7y-ray flux starting from the beginning of Fermi-LAT observations
till around MJD 55700 (May 2011). The cycles are also shown in the fitted light
curves in Fig.[5.2(B) and (D)).

5.5.3 S5 1044471

We identity, for the first time, two highly significant QPO candidates in S5 1044+71,
a moderately distant (z=1.15) FSRQ. The two CWTs are shown in Fig. [5.3(A)
and (C). A very evident long term oscillation of period 1134 + 226 d (1127 +
224 d) at a conficence level ~4.9¢ (~4.60) for the monthly (weekly) binned
light curve appears in the wavelet map, emerging around MJD 56000 (March
2012). Secondly, a short month-long QPO emerged during the last flaring
state of the source, between MJD 58650 and MJD 59000 (June 2019 and Septem-
ber 2020), with a period estimated to be 116 +=33 d (117 £ 38 d) for the monthly
(weekly) binned light curve at a significance more than 5¢. Three complete
cycles of the year-long QPO can be observed also in the fitted light curve in
Fig.[5.3(B), which corresponds to the large flaring states of the FSRQ. The last
maximum occurred at around MJD 58800 (November 2019), so we expect the
next maximum to occur at approximately MJD 59900 (November 2022). The
absence of a clear fourth peak at around MJD 55500 might indicate additional
modulationﬂ Regarding the short period QPO, four cycles are indicated in

'During the writing of this manuscript, an analysis of S5 1044+71 has been presented in a
pre-print by [164], claiming a 3 years modulation (~3.06 & 0.43 yr) at a significance level
of ~3.60. This result is in total agreement with ours.
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the fitted light curve in Fig[5.3(D), which are the three narrower flares in the
last flaring state and a fourth more suppressed one after MJD 59000. This
kind of structured flares are not unique in this last flaring state, but could
also appear in the two previous maxima. These signals have however a more
complex and vertical shapes, which causes ambiguity. If real, they could also
suggest a trend towards longer periods. One can also notice in the weekly
CWT maps hints (2¢ at most) of several horizontal features at longer periods,
which remain however consistent with noise once corrected for trials.

5.5.4 B2 1520431

Three possible month-long QPOs are identified by the CWT of the light curves
of this distant (z=1.489) FSRQ, as shown in Fig.[5.4A), (C) and (E). The CWT
maps of this source are a good example of the inherent difficulty of this anal-
ysis technique when dealing with blazar light curves: rapid flares result in
vertical structures in the map that overlap with the horizontal bands we are
interested into, and require visual inspection of all peaks that appear in the
global wavelet spectrum. The first QPO candidate is found in both light
curves at around 174 £ 48 d (179 42 d) for the monthly (weekly) binned
light curve with a significance above 5¢ in both cases. This QPO candidate
is of particular interest because its period seems to increase with time. The
second and third candidate QPOs can be better identified in the CWT map
of the weekly binned light curve, with periods of 71 & 15 d and 39 £ 11 d,
both exceeding 5¢ significance. A zoomed-in CWT is shown in Fig. (E),
which allows us to visualize better the signal of the two very short period
QPO candidates. The 71 £ 15 d period is compatible with the one reported
by [77] with a period of ~71 d, by analysing the first 4 years of Fermi-LAT
data of B2 1520+31 using the LSP and weighted wavelet z-transform (WWZ)
techniques. The source has also been studied by (author?) [153]: although
some signal can be seen in their analysis at around ~70 d, it remains below
the 3¢ interval they compute.

Fitted light curves are presented in the right hand side of Fig. Fig.
(B) shows a periodic function of ~176 d with six cycles between MJD 54900
and MJD 56000 (March 2009 and March 2012); in Fig. (D) we can see 14
oscillations of ~71 d spanning from MJD 55000 to MJD 56000 (June 2009 to
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March 2012), and Fig. (E) shows a fit with 17 cycles of period ~39 d be-
tween MJD 55300 and 55970 (April 2010 and February 2012). A forth QPO
could be also considered at a period halfway between ~71 d and ~176 d,
which is visible in both the CWT map and the global wavelet spectrum of the
weekly binned light curve. Furthermore, the ~39 d period seems to also be
present before the above mentioned time span, between around MJD 54800
and MJD 55000.

5.5.5 PKS 2247-131

The wavelet analysis of PKS 2247-131, a BL Lac object at z=0.22, shows two
QPO candidates (see Fig. A) and (C)). The first of the QPO candidates is
found to be at around 217 + 38 d (214 + 43 d), at above 50 confidence level
in the CWT of monthly (weekly) binned light curves. This QPO candidate
seems to span at least from MJD 57600 to MJD 58500 approximately (July
2016 to January 2019) in the CWT map. Just by looking at the light curve
one can notice the tentative periodic oscillations of this source. And this can
be confirmed by the fitted function shown in Fig. [5.5(B), presenting 6 peaks
including the one at around MJD 58750.

More interestingly, we identify a QPO candidate in the time interval around
MJD 57600 to MJD 57900 approximately (July 2016 to May 2017) with much
shorter period. We can appreciate it in Fig.[5.5(C) which shows the QPO cen-
tered around 34 £ 14 d, with a significance larger than 50, and only noticeable
in the full-range weekly binned light curve. Tentative oscillations can also be
seen, with at least 7 full cycles, shown in Fig.[5.5(D) with the fitted periodic
function. In addition, with a more detailed evaluation one can notice that
the ~34 d period reappears after MJD 58000 (September 2017). This is also
shown in the fitted light curve in (D), with 3 more cycles spanning MJD 58050
to MJD 58170 approximately.

In November 2018, two years after the Fermi-LAT announcement of detec-
tion of this BL Lac type blazar, [176] presented the first claim of a month-
scale QPO in the y-emission of PKS 2247-131. They found a relatively short,
month-scale oscillation at period 34.5 £ 1.5 d, which can be indicative of the
presence of an SMBH binary in the center of this blazar. This discovery con-
ducted us to explore the CWT of PKS 2247-131 more deeply. Small features
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like this one also appear in several other sources which are included in ??, but
we do not systematically inspect all of them. The short QPO candidate in our
analysis is compatible with the aforementioned one proposed by [176]. On
the other hand, no previous claims for the longer QPO candidates at periods
of around 220 d have been reported in the literature.

5.5.6 Other sources

In the remaining 27 sources showing QPO candidates, we found several can-
didates compatible with previously reported claims in the literature. The
CWT maps and fitted light curves of these AGNs can be found in ??.

e S5 0716+714: We found a QPO candidate in both the 1-month and 7-

days binned light curves of this BL Lac object, centered at 325 75 d
(324 £77 d), at ~2.40 (~3.20) in the wavelet spectrum of the monthly
(weekly) binned light curve. This feature only appears in the time in-
terval between MJD 56000 and MJD 57500 approximately (March 2012
to April 2016). Our result is compatible with the analyses by several au-
thors: [124] reported a QPO evidence at ~346 d, [93] detected a periodic
feature at ~344 d, [29] found a QPO candidate at around 340 d and [118]]
identified a period at ~0.9 yr. However, [51] and [178] claim the absence
of any periodic emission in this object. [29] and [118] also reported a
possible QPO at longer period around 1000 d. In our CWT analysis, a
high power spectrum feature does appear and it is centered at around
1000 d, spanning almost the full time series. However, this result is only
significant before applying the trial correction, and is compatible with
noise once the “look-elsewhere effect” is taken into account.

Mrk 421: [29] reported an oscillating y-ray emission at ~280 d, compat-
ible with our QPO candidate at 300 & 64 d (300 £ 65 d) with significance
exceeding 50 in both time binnings. This QPO candidate is also not a
persistent one, being seen between MJD 55800 and MJD 57000 approx-
imately (August 2011 to December 2014). In our analysis, both maps
show a complex structure, with a possible period change at the end.
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e Mrk 501: [28] found a candidate QPO at period ~230 d, compatible
with the one we identify at 315 £ 98 d (326 4= 76 d) with a significance
~2.90 in the monthly binned light curve, but high significance above
50 in the weekly binned one. This QPO candidate is also temporary,
emerging from MJD 55800 to MJD 57000 approximately, and reappear-
ing between ~M]JD 57800 to ~M]JD 58700.

We want to remark the following three sources which also present hints of
QPOs compatible with some claims in the literature, although only significant
before trial corrections.

o PKS 1424-418: [29] and [167] claimed a flux oscillation at period ~353 d
and ~355 d respectively in the light curve of this FSRQ. The wavelet
analysis, however, shows that this QPO candidate is compatible with
noise, with a post-trial significance at ~1c for both monthly and weekly
binned light curves. On the other hand, we detect a much shorter QPO
candidate centered at ~94+25 d (90 & 22 d) in the CWT of the monthly
(weekly) binned light curve, at above 5¢ significance. This month-long
QPO candidate emerged from MJD 56100 to MJD 56500 approximately
(June 2012 to August 2013), showing five complete oscillations in the
titted light curve.

* PG 1553+113: The first detection of a periodic behaviour in the y-emission
of this high-synchrotron-peak BL Lac object was claimed by [7], with a
period of ~798 d. Some more recent studies found a periodic feature at
similar values: [144] reported two peaks at same frequency ~780—810d,
[52] detected a period of ~790 d, [168] claimed a possible evidence at
period ~800 d, and [118] found high significance level at period ~803 d.
Our results show that this QPO candidate is significant in pre-trial sig-
nificance (at a confidence level of ~3¢ (~20¢) for the monthly (weekly)
binned light curve), but becomes less than 1c after trial correction [con-
sistent with the results by [12].

¢ PKS 2155-304: We identify a low-significance QPO candidate for this BL
Lac object centered at around 334 + 107 d (341 & 106 d), with a signif-
icance ~2.2¢0 (~3.5¢) in the monthly (weekly) binned light curve. The
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QPO candidate clearly shows a time-dependent behaviour, with de-
creasing frequency in time. This source has been extensively studied in
the past and several QPO claims have been made: [173] who detected a
possible QPO at period ~640 d, [29] who found two quasi-periodic fea-
tures, one at 610+51 d and the other at ~260 d, [52] who found a QPO
at ~610 d although not significant enough, [118] who claim a QPO at
~1.7 y1, (author?) [153] who found a QPO at 610+42 d, and [178] who
detected a QPO at ~612 d. With respect to the results of our analysis,
the QPO found by CWT technique is close to the short QPO candidate
presented by [29], whereas the long-term feature at ~600 d, also no-
ticeable in the CWT maps, is not significant after the trial correction,
likewise the long ~1000 d QPO candidate in S5 0716+714.

5.6 Discussion

We identify a total of 36 QPO candidates in 24 sources, with the longest one
found in the light curve of S5 1044+71 at ~1130 d and the shortest in the
light curve of PKS 2247-131 at ~34 d. Many of the candidates have a period
between one month and one year. This is a new result since not many month-
year-long QPOs have been reported in the literature, and might be revealing
that middle-term QPOs are actually frequent in nature. On the other hand,
only four candidate QPOs with period of around one month are detected in
our results. This can be explained by the fact that this kind of short periods,
if not lasting continuously in time, would appear in the CWT map as small
structures, being difficult to recognize, and to be disentangled from vertical
structures produced by flares. A good example is PKS 2247-131, whose anal-
ysis was inspired by the work published by [176]. More example of short-
leaving features with periods of the order of one month can be seen in the
CWT maps of B2 1520+31, 1H 1013+498, and 3C 279 (see section and
??). We remind the reader that our threshold to select candidates is for them
to have a post-trial significance > 3¢ in at least one of the time-bins, and
showing more than three cycles. We cannot exclude then, that some of the
candidates are spurious, and coming from the analysis itself.

Quasi-periodic modulations observed in the high-energy y-ray fluxes of
AGNSs should be related to the relativistic jets launched by these objects or
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to the process feeding the jet itself. Two main subgroups of QPOs were of-
ten discussed in the literature by considering the oscillation period: short
intra-day and year-long QPOs. The former are though to be associated to
pulsational accretion flow instabilities [80], despite that longer periods are
observed in magneto-hydrodynamical simulations for slow-spinning SMBH
[104]. The origin of long-period QPOs, on the other hand, could be related
to jet precession, geometry and possibly to the presence of a binary SMBH
system [see [7, and references therein]. In simple SMBH systems, jet preces-
sion, rotation and helical structure, in the presence of a sufficiently strong
magnetic field, yield to observable periodicity from the change of the line of
sight. Moreover, these variabilities could also appear in binary SMBH sys-
tems due to periodic perturbation of the secondary compact object to the ac-
cretion disk and jet. The orbital period of the binary systems is in the range
of several years, being compatible with the year-long period QPOs. The most
significant, multi-year, QPO candidate in our analysis, seen at more than 4c¢
in the blazar S5 1044+71, has a period of about 1100 d (3.5 y), and thus makes
this y-ray source a high-significance SMBH binary candidate in the Universe.

No QPOs at an intermediate time scale were reported until the publica-
tion of [176], who claimed the detection of ~34.5 d QPO in the light curve
of PKS 2247-131. This monthly modulation suggested a helical jet structure
due to the short period. However, they also noted that the helical structure
could be driven by the orbital period of a secondary SMBH. By considering
the time compression due to the high Doppler factor of the emitting region,
the observed period will be shortened with respect to the physical period in
the host galaxy reference frame, and can still be of the order of orbital peri-
ods for close binary SMBHs. In our analysis of PKS 2247-131, an additional
QPO (~200 d) seems to be existing in the form of large y-ray flares during the
last few years, and could be used to provide further constraints on the model.

We highlight here three important findings that emerged from our analysis
that might be used as key observables to understand the origin of QPOs in
blazar y-ray light curves:

¢ We do not detect persistent QPOs, that last for the whole observing pe-
riod. None of the global wavelet power spectra show significant fea-
tures after trial correction. S5 1044+71 might be considered a persistent
QPO candidate if we make the hypothesis that the first maximum is
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suppressed due to additional modulation. Despite this potential excep-
tion, all other QPO candidates in our analysis are transient ones.

* We identify some cases where the QPO candidate shows period shifts.
This can be seen in the CWT maps of B2 1520+31 and, at lower signifi-
cance, of PKS 2155-304, where one of the QPO candidates is decreasing
its frequency. Hunting for a possible explanation, we might consider
changes in the inclination angle of jet precession. But the reasonable
timescales involved should not produce a transition as fast as the ob-
served one. A much easier possibility is that we are observing the he-
lical geometry of a jet with an intrinsic opening angle, that naturally
leads to a slowdown of the QPO.

¢ Lastly, we see several occurrences of multiple QPO candidates occur-
ring simultaneously, and with harmonic periods. One of the examples
is 4C+01.02, where two QPOs with different frequencies overlap in a
specified time interval. The longer period is approximately two times
the shorter one, suggesting the presence of resonances in the emission.
Simultaneous QPO candidates at harmonic ratios (within errors) can be
seen in PKS 0402-362, 1H 1013+498, B2 1520+31, and CTA 102. Har-
monics are common in QPO analysis of X-ray binaries [83], so it is not
surprising to see them also in AGNs. They indicate that the various
QPOs share the same origin and are not due to independent physical
processes, each one imprinting its particular QPO on the light curve.
Theoretical models aimed at explaining QPOs in <y-ray light curves of
blazars can thus be further constrained by studying harmonics, and har-
monic ratios.

Furthermore, no QPO candidates are identified in the -ray emission of
3C 66A, PKS 0235+164, 4C +55.17, B3 1343+451, PKS 1424+240, PKS 1502+106,
PG 1553+113, 4C +38.41, 1ES 1959+650, BL Lac and PKS 2326-502. Three of
them, PG 1553+113, BL Lac and 3C 454.3, were previously reported showing
periodic oscillation.

* PG 1553+113: We discussed in the previous section that the wavelet
analysis do show a increase in power spectrum at a period similar to
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the one reported by [7, 144} 52, 168} 118] (~800 d), but with a very low
post-trial significance not reaching 1c. In order to check the consistency
of our result with the literature, we made a test with a reduced light-
curve (removing the last cycle). The result shows that although the sig-
nificance rises a bit, it still remains below 3¢ post-trial. The major effect
must come from the trial correction, which indeed, is not done when
analyzing a single source. And furthermore, when increasing the dura-
tion of the light curve, the number of trials also increases. Before trial
correction, we find a significance not much different compared to other
works in the literature.

e BL Lac: [145, 144] identified a candidate QPO with period of ~680 d
in BL Lac’s light curve. Nevertheless, our results show that this possi-
ble QPO is compatible with red noise, as was also found by (author?)
[51],118].

o 3C454.3: [146] claimed a > 40 QPO at period ~47 d analysing the 1-day
binned light curve of 3C 454.3, lasting from MJD 56800 to MJD 57250.
We can observe in our CWT maps of this source that there is a strong
vertical signal before MJD 56000 and no further significant feature ap-
pears afterwards. Thus, our CWT maps of 3C 454.3 show no evidence
of such a QPO even for the 7-days binned light curve.

Finally, some other y-ray AGN have been claimed to show QPOs with pe-
riods of the order of years, but were not included in our sample only be-
cause they did not pass our original cut on brightness. For completeness, we
mention here the cases of PKS 0301-243 [174], with a period of 2.1 £ 0.3 yr,
PKS 0521-36 [172], with a period of about 1.1 yr, PKS 0601-70 [175], with a
period of 1.22 + 0.06 yr, and OJ 287 with a period of about 314 d [91]].

We further remind the reader that our work is limited by two main choices:
the target list, and the time binning. Extending the target list towards less
bright objects is certainly possible, although with a major price: at some
point the Fermi-LAT light curves of these fainter AGNs will start to show
non-detections in individual bins, and the presence of these zeros is prob-
lematic for the CWT technique that is sensitive to discontinuities. A simple
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solution will then be to also investigate longer time bins. Finer time bins
could also be investigated for very bright 7y-ray flares, giving access to QPO
searches on time-scales of days. Both options have a price, that is an increase
in the number of trials. As a final caveat, our results and in particular the
determination of the significances depend on the Monte-Carlo simulations of
artificial light curves. In our study we work under the assumption that the
PSDs of the original light curves can be reconstructed by fitting them with a
smoothly bended powerlaw function but this choice is far from unique. For
a comprehensive study of Fermi-LAT PSD using different methods, see the
recent work by (author?) [153].

5.7 Conclusions

The search for QPOs in the light curves of AGNs is a major research topic
in astrophysics, providing us additional constraints on the physics of the
SMBHs that power these sytems. Long-term QPOs, with periods of the order
of months and beyond, are particularly difficult to identify due to the need
of highly-sampled and unbiased light curves over long periods of time. The
Fermi-LAT <y-ray telescope, thanks to its monitoring capabilities is an ideal
instrument to perform such a study.

We analysed 13-years long (from August 2008 to April 2021) Fermi-LAT -
ray light curve in two different time binnings (7 and 30 days) of 35 bright
r-ray AGNs. By using the CWT technique, we systematically searched for
QPO candidates in this data set. In order to compute the confidence levels of
the QPO candidates, 10000 simulated artificial light curves are generated for
each light curve, and the histograms of global power spectrum at each period
scale are fitted to a x? function. We correct for the trial effect in our analysis
by estimating the trial number due to the number of sources and the number
of time-period bins (in the wavelet power spectrum) or the number of period
bins (in the global wavelet spectrum), outside the COI, and following the pa-
rameterization given by [23].

In this way, 36 QPO candidates in 24 sources are identified (at various sig-
nificance levels) with periods ranging from one month to several years. Our
most significant, multi-year QPO candidate is in the blazar S5 1044+71, with
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a period of about 1100 d.

We confirm some previously claimed y-ray candidate QPOs in the sources
PKS 0537-441, B2 1520+31, PKS 2247-131, S5 0716+714, Mrk 421, Mrk 501 and
PKS 2155-304, while new possible QPO candidates are identified in 4C +01.02,
4C +28.07, NGC 1275, PKS 0402-362, PKS 0426-380, PKS 0447-439, PKS 0454-
234, 1H 1013+498, S5 1044+71, 4C +21.35, 3C 273, 3C 279, PKS 1424-418,
PKS 1510-089, B2 1520431, CTA 102, PKS 2247-131, 3C 454.3 and PMN ]2345-
1555.

Possible physical origins of these quasi-periodical emissions are the pre-
cession of the AGN jet, its helical structure, and changes in the accretion flow.
These scenarios can be due to the presence of a second SMBH in the sys-
tem, opening up the window to study SMBH binaries. Since the orbital peri-
ods of the SMBH binaries are of the order of several years, sources showing
long-term QPOs are naturally suspected as binary candidates. In particular,
we put forward the blazar S5 1044+71 as the most promising SMBH candi-
date in our sample, due to its high significance QPO candidate with a period
of about 1100 d. Shorter, month-long QPOs, could also be related to close
SMBH binaries, once the period is corrected for the Doppler factor of the jet.
In our analysis we identify a peculiar behaviour in some QPO candidates,
that might hint towards a QPO origin related to the jet geometry, that is a
varying (slowing-down) QPO frequency, seen in B2 1520+31. We also put
forward the possibility that some simultaneous QPO candidates, such as the
ones seen in 4C +01.02, are indeed harmonics, with a single physical mecha-
nism at the origin of them.

With this, we can conclude that the CWT technique is a very powerful tool
sensitive to any periodic oscillations in the light curves, considering an ap-
propriate time binning. It has the major advantage over other statistical tools
to be sensitive to transient QPO and period-shifting QPOs. However, it also
reacts strongly to flares, resulting in vertical features in the map, and is in-
fluenced notably by border effects at large periods. This leads to the require-
ment of a visual inspection of all CWT maps to avoid misleading results. A
major point to be highlighted is the trial-correction of significances. Due to
the large number of scales probed, the number of sources, and the number of
time binnings investigated, the number of trials is pretty large, and a careful
correction has to be implemented to avoid false positives. While this correc-
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tion is clearly mandatory for systematic studies as ours, it is necessary also
for studies that analyze a single source without justifying how a particular
target has been selected among the Fermi-LAT catalog.

A natural perspective for a future study would be a multi-wavelength anal-
ysis of quasi-periodic emissions from the selected interesting <y-ray sources.
First, the identification of QPOs at multiple wave bands with the same pe-
riodicity will automatically boost the significance of the detection, oz, if the
QPO is only seen in y-rays, help identify false positives. Second, and more
importantly, multi-wavelength observations will constrain the theoretical mod-
els that aim to explain these QPOs. Long-term, unbiased, multi-wavelength
monitoring campaigns over several years, as complex and expensive as they
might seem, are thus the key to identify AGN QPOs and understand their
origin.
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6 Gradient boosting decision trees
classification of blazars of
uncertain type in the fourth
Fermi-LAT catalog

6.1 Introduction

Fermi Gamma Ray Space Telescope (Fermi) launched in 2008 with improved
sensitivity, wide field of view, large energy range, and an all-sky-survey oper-
ation mode, provided an unprecedented detailed view of the -ray sky. The
primary instrument onboard the spacecraft, the Large Area Telescope (LAT),
performs all sky survey every three hours in the energy range from ~ 100
MeV to > 300 GeV providing continuous and deepest view of the y-ray sky.
Further details on Fermi-LAT are given in (author?) [22].

The Fermi-LAT observations resulted in detection of many galactic and ex-
tragalactic y-ray sources. For example, the most recent fourth Fermi-LAT
catalog of y-ray sources [4FGL Data Release 3 (DR 3) 6] based on the data
accumulated between 2008-2020 (12 years) contains 6659 Galactic and extra-
galactic source of different classes. Pulsars are the largest class of Galactic
y-ray emitters - 292, and other Galactic y-ray emitters are: globular clusters-
25, Supernova remnants - 43 and Pulsar wind nebulae - 19. The extragalac-
tic y-ray sky is largely dominated by active galactic nuclei, in particular by
blazars which also represent the largest fraction of the sources in 4FGL, 3743
out of 6659.

Blazars are a rare type of AGNs when one of the jets makes a small angle
(< 10°) to the line of sight of the observer [160]. The nonthermal emission
from blazars is characterized by rapid flux variability across the entire acces-
sible electromagnetic spectrum, the most extreme being at y-rays. Blazars
are sub-grouped in two large classes, Flat Spectrum Radio Quasars (FSRQs)
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and BL Lacertae objects (BL Lacs), based on the properties observed in the
optical spectrum, namely, in FSRQs strong and quasar-like emission lines are
observed, whereas in BL Lacs the emission lines are weak or absent [160].
Blazars are further classified using the observed frequency of the synchrotron
peak (vs ) as either low synchrotron peaked sources (LSPs or LBLs) when
vs,p < 10 Hz, intermediate synchrotron peaked sources (ISPs or IBLs) when
10 Hz < v, < 10" Hz and high synchrotron peaked sources (HSPs or
HBLs) when vs,, > 1015 Hz. In this classification FSRQs have Vs,p similar
to those of LBLs. Among the blazars included in 4FGL, 1456 are BL Lacs,
794 are FSRQs and 1493 are blazar candidates of uncertain type (BCU). BCUs
display properties similar to blazars (e.g., a flat radio spectrum and a typi-
cal two-humped blazar-like spectral energy distribution), but reliable optical
association is lacking.

BCUs corresponds to the 39.9% of all blazars included in the 4FGL and their
possible classification is very important for the scientific community, as it
can be useful for blazar population studies (i.e., properties of different blazar
sub-classes) or for planning observational campaigns on individual objects.
Moreover, possible classification of BCUs is also important, considering the
recent possible association of blazars and IceCube events that triggered inter-
est on possible multi-messenger observations of blazars [e.g., 81, 827 , [138].
Although various optical monitorings aim to classify BCUs, they are time
consuming and costly, given the large number of BCUs. However, in recent
years there is a growing interest in applying machine learning techniques
to different fields of science, including astronomy and astrophysics. Ma-
chine learning is a powerful tool in data science allowing machines to learn
from data, detect patterns, self-improve and make classifications. The dis-
tinct spectral properties of BL Lacs and FSRQs in the y-ray band can be used
to train models which then can classify BCUs by comparing their properties
with those of BL Lacs and FSRQs.

In fact, machine learning was already applied by (author?) [8} 46,147, 142,
92, 189, 21, 90, 1166, 58, 66, 47, 177, 60, 110, 27, 38, 27, 49] and other authors
to study the multiwavelength properties of blazars, or classify unassociated
y-ray sources, or classify BL Lacs and FSRQs among BCUs. The methods
used to identify or classify blazars include Artificial Neural Network (ANN)
[e.g., 146,142,189 90], multivariate classifiers - boosted decision trees and mul-
tilayer perceptron neural network [92]], Bayesian Neural Networks [38], Ran-
dom Forest [e.g., [147], CatBoost gradient boosting decision trees [49], and
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others. All the applied models with different performances produce satis-
factory results in classifying blazars based on different properties. It should
be noted that machine learning techniques are also used to estimate differ-
ent properties of blazars. For example, in (author?) [46] ANN was used to
identify high synchrotron peaked blazars or (author?) [75] developed BlaST
which uses machine learning methods to estimate the synchrotron peak di-
rectly from the blazar spectral energy distribution.

The goal of the current work is to perform a machine learning classifica-
tion of BCUs by training the models on the most up-to-date y-ray dataset
which contains spectral and temporal properties of BL Lacs and FSRQs. Us-
ing the most complete y-ray dataset based on 12 years of Fermi-LAT oper-
ation (4FGL) as well as state-of-the-art classification methods (eXtreme Gra-
dient Boost [44] and LightGBM [85]) will better identify common patterns in
y-ray properties of BL Lacs and FSRQs and will allow statistically better as-
sociation of BCUs.

The structure of the paper is as follows. In Section the source sample
and the properties of the used data are presented. The various algorithms
used in the current paper are discussed in Section In Section we
provide an overview of the obtained results and provide the conclusions in
Section[6.5]

6.2 The source sample from 4FGL-DR3

The incremental version of the fourth Fermi-LAT catalog (4FGL Data Release
3 [DR3]) contains 6659 sources and for each individual source together with
the coordinates, various spectral properties are provided, such as flux, detec-
tion significance, spectral parameters when fitting with different models, etc.
For our study, from 4FGL DR3 we selected all sources with BLL, FSRQ and
bll, fsrq designations where in capital letters are firm identifications whereas
lower case letters indicate associations [see6]. This amounted to 2250 sources
(1456 BL Lacs and 794 FSRQs) to train our models. Then those models are ap-
plied to classify 1493 blazar candidates.

Among the features and measurements presented in 4FGL, we are inter-
ested in the energy spectra and fluxes measured in different periods; the
tirst correspond to the sources’” fluxes measured in different energy bands
(nuFnu_band column) while the second one represent the sources’ flux as a
function of time (Flux_History column). These two measurements well char-
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Figure 6.1: Upper and middle panels: The distribution of yearly fluxes of FS-
RQs, BL Lacs and BCUs included in the 4FGL catalog. Lower panel: The light
curves of 4FGL J0538.8-4405 (BL Lac) and 4FGL J1048.4+7143 (FSRQ) mea-
sured during 12 years (2008-2020).
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acterize different blazar sub-classes and are used as input parameters for our
models.

6.2.1 -ray light curves

4FGL contains information on the «y-ray flux of the considered sources in dif-
ferent time bins (light curve) which is an essential information on the blazars
emission features observed in the initial 12 years of Fermi-LAT operation.
These light curves were computed by dividing the whole time period into
twelve intervals (one year each) and the fluxes in each sub-interval were
estimated by applying binned (up to 10 GeV) and unbinned (10-100 GeV)
likelihood analysis. These fluxes were estimated by freezing the spectral pa-
rameters to those obtained in the fit over the full range and by adjusting the
normalization. The photon fluxes estimated in the energy range 0.1-100 GeV
in the units of photon cm=2s~! are reported for each year.

For each selected source this creates twelve parameters that describe the -
ray flux evolution in different periods. One may speculate that the short time
flux variability will be smoothed out when measuring the flux in one-year
intervals. However, the goal is to identify common patterns in the change of
the y-ray flux of blazars in different sub-classes rather than to compare the
variability timescales. Moreover, by comparing the variability of blazars us-
ing 2-month and 1 year light curves, (author?) [5] showed that among 1173
sources identified as variable in 2-month intervals, 1057 show variability also
in yearly binned intervals. Therefore, the one-year-binned light curves con-
tain most of the variability information on the considered sources. Also,
when the flux is measured in shorter periods, it might result in many upper
limits which creates additional uncertainties for the models.

The distribution of the yearly measured fluxes of BL Lacs, FSRQs and BCUs
is shown in Fig[6.1| (upper and middle panels), highlighting the difference in
their 7-ray emission. For example, the mean of FSRQ <-ray fluxes distri-
bution is at 3.28 x 1078 photon cm=2s~! while that of BL Lacs is at 8.19 x
10~ photon cm~2 s~1. FSRQs are brighter with a highest yearly flux of 5.05 x
10 photon cm~2 s~ 1 observed for 4FGL J2253.9+1609 (3C 454.3) as compared
with the similar value of 5.2 x 10~ photon cm~2s~! observed for BL Lacs,
4FGL J2202.7+4216 (BL Lacertae). The BCU yearly fluxes distribution with a
mean of 6.72 x 1077 photon cm~2 s~1 is broader, mimicking the properties of
both FSRQs and BL Lacs. The distribution of yearly fluxes of FSRQs, BL Lacs
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Figure 6.2: Left panel: Distribution of the likelihood to be BL Lac (blue) or
FSRQ (orange) for the sources in the test sample. Right panel: Distribution of
the likelihood of 1420 BCUs to be BL Lac or FSRQ candidates.

and BCUs are shown together in Fig. [p.]|middle panel right side.

The fluxes estimated in each interval represent an independent state of
the sources and show their brightest and lowest emission states. The light
curves of the sources (FSRQ and BL Lac) shown in Fig. (lower panel)
clearly demonstrate their different emission states. For example, BL Lac 4FGL
J0538.8-4405 (orange circles in Fig. |6.1| lower panel) is initially in the high -
ray emission state while it is in a relatively faint state in 2014, but then bright-
ens again at the end of the considered period. Instead, the emission from
FSRQ 4FGL J1048.4+7143 (blue squares in Fig. lower panel) is initially in
a relatively faint state but then it is in repeatedly flaring and quiescent states.
Therefore, given that blazar emission is variable, a simple comparison of the
fluxes of different sources estimated in the same year does not have any phys-
ical motivation. On the other hand, the change in the flux is linked with the
source properties and it is meaningful to compare the fluxes when the sources
are in the lowest, average or brightest emission states. Thus, we have sorted
the early measured fluxes from the lowest to the highest and they are con-
sidered as twelve different input parameters. So, the network can compare
and contrast the fluxes of sources whether they are in low or bright emission
states. Some sources do not have the flux measured for all yearly bins, only
the upper limits are given, so these data are missing. For the periods with
no detection (upper limit) zero or NaN were set, depending on the method,
meaning that there is no information.
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6.2.2 <-ray spectra

It is known that the y-ray spectra of BL Lacs and FSRQs shown distinct dif-
ferences. For example, (author?) [5] have shown that 93% of FSRQs have
power-law photon indices > 2.2 while those of 81% of BL Lacs < 2.2. How-
ever, the photon index of BL Lacs varies also for LBLs, IBLs and HBLs; the
y-ray spectra of LBLs are softer than those of HBLs [see e.g.,[14]. In principle,
the difference between FSRQs and BL Lacs can be of a purely physical origin.
In BL Lacs jets the electrons can be accelerated to higher energies, having a
harder energy spectrum and hence producing photons with harder spectra.
Instead, in FSRQs where the electrons effectively interact with different pho-
ton fields and efficiently cool down, the produced photons will appear with
a soft y-ray spectrum. Therefore, the spectral difference between FSRQs and
BL Lacs can be used for BCU classification.

The 4FGL catalogue provides the sources fluxes (spectra) measured in eight
energy bands: 1) 50-100 MeV, 2) 100-300 MeV, 3) 300 MeV-1 GeV, 4) 1-3
GeV, 5) 3-10 GeV, 6) 10-30 GeV, 7) 30-100 GeV and 8) 100 GeV-1 TeV. We
excluded the first band, as at lower energies the fluxes could be affected by
contamination of other sources. Visually inspecting plots of spectral fits of all
sources, we decided to drop the last band as well because it is an upper limit
for many sources, and work with the remaining 6 bands. The fluxes in each
of these bands contain information of average spectra of the sources (e.g.,
spectral index, spectral curvature, spectral breaks, etc.) and can be used to
distinguish between different types of blazars. The fluxes measured in each
energy band were not sorted and provided as input according to the increase
of the energy because they are defined by the photon index which is different
for FSRQs and BL Lacs. There is already a physical interpretation for the
fluxes in the same input parameter, so their compression is meaningful.

6.3 Model construction

The aim of this work is to examine the nature of BCUs in 4FGL based on
their y-ray properties. The spectral and temporal properties discussed in the
previous section provide a framework for predicting the expected types of
unclassified blazars. This is done by defining models that find correlations
between measured y-ray properties of BL Lacs and FSRQs and then compare
them to the y-ray properties of BCUs. Here, we have implemented two differ-
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Figure 6.3: The confusion matrix of Light GBM_opt classifier on the test sample.
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Figure 6.4: Left panel: ROC curve for Light GBM _opt classifier. Right panel: Pre-
cision Recall curve.

ent machine learning techniques to classify BCUs: Artificial Neural Network
(ANN) and Gradient Boosted Decision Tree algorithm. Below we briefly in-
troduce the general features of the used techniques.

e Artificial Neural Network

Artificial Neural Networks (ANNSs) [30] are among the most power-
ful tools in pattern-recognition problems. ANNs have been used suc-
cessfully in various fields, including astrophysics and cosmology [e.g.,

24)55),179) 142, 46}, 189, 90].

ANN consists of input, hidden, and output layers with connected neu-
rons (nodes) representing a simplified model of the human brain func-
tioning and the nervous system. A standard neural network contains
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Table 6.1: The BCU classification performance of the models.

Model Recall of Minority | Recall Weighted | Precision Weighted | ROC-AUC Mac
ANN 0.81 0.88 0.88 0.86
XGBoost def 0.77 0.87 0.87 0.85
XGBoost_opt 0.80 0.87 0.87 0.86
LightGBM _def 0.81 0.87 0.87 0.86
LightGBM _opt 0.82 0.88 0.88 0.87

an input layer and an output layer but in most cases it can include
any number of hidden layers with any number of hidden nodes in each
layer. The input parameters, neurons in the input layer, are connected to
one or more neurons in the hidden layer (intermediate layer) and prop-
agate the data to the deeper layers and send the final output data to
the last output layer (prediction). Each neuron in the first hidden layer
is assigned weights associated to input parameters which indicates the
importance of each neuron in the network. The goal of ANN training
is to minimize the output error by finding the best set of weights for
each connection. Initially, the weights are assigned randomly and are
optimized during an ANN training. So, the ANN uses the input data to
produce an output data which is compared with the real data to calcu-
late the error (loss function). Then, ANN learns by adjusting its weights
such that in the next iteration the net error produced by the ANN is
generally smaller than that in the current iteration. So, it optimizes the
weight values to get the best result from the network.

In our case, when the classification is the goal, the input parameters
(fluxes in different years and fluxes in each energy bin) are values de-
scribing blazars while output layer is the number of classes (FSRQ or
BL Lac). The network is trained (i.e., to find a function which best sep-
arates objects belonging to different classes) on already classified BL
Lacs and FSRQs, tested on a selected sample of classified sources that
was not used in the training, and then the resultant model can be used
to classify BCUs.

o Gradient Boosted Decision Tree
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Gradient Boosted Decision Tree (GBDT) is a machine learning algorithm
used for both classification and regression problems. Boosting is one
technique which aims to build a strong classifier from a number of weak
classifiers, so it is forward-learning ensemble method that obtains re-
sults by gradually improving the estimations. Initially, a model (e.g., a
tree) is fitted to the data, and then a second model is constructed by im-
proving the cases where the accuracy of the first model was not good.
Then, these processes of boosting are repeated many times to create a
series of decision trees that produce an ensemble of weak prediction
models; each successive model attempts to correct for the weakness of
all the previous models and the combination of new models is better
than the previous ones alone. In the gradient boosting method the loss
function is minimized by adding trees in a gradient descent procedure.
Namely, the very first model is trained on the dataset, whereas the sec-
ond model is trained on the errors of the first model and added to the
first model and so on. GBDT algorithms have wide applications and
been used also in astronomy and astrophysics in a variety of problems
[e.g.,149,[76| 184, [169].

Here we use XGBoost and LightGBM methods based on gradient boost-
ing algorithm to classify BCUs. Extreme Gradient Boosting (XGBoost)
[44] is a scalable machine learning algorithm for tree boosting where
the best model is found by applying more accurate approximations.
Unlike GBDT, in XGBoost model the objective function is optimized us-
ing Newton-Raphson method, i.e., second-order partial derivatives are
used to gather more information about the direction of the gradient and
the way to get to the minimum of the loss function. LightGBM is an-
other implementation of GBDT [85]. LightGBM uses portion of the data
with low memory cost applying two novel approaches for sampling:
Gradient-based One-Side Sampling and Exclusive Feature Bundling. In
contrast to XGBoost where the trees are growth level-wise (horizontal),
in LightGBM, the decision trees are grown vertically, which can reduce
more loss and provide a more accurate result. The goal of both algo-
rithms, XGBoost and LightGBM, is the non-linear mapping from a set
of input parameters to an outcome, namely, a prediction whose possi-
ble numerical values are spanned by the set of leaves. As an output, it
provides a probability whether the source belongs to BL Lac or FSRQ
sub-classes.
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6.3 Model construction

Both methods apply conceptually different approaches in transferring the in-
put data into output models. The complex methods based on neural net-
works (like ANN) pose many challenges when applied to tabular data which
contains sparsity (missing values, e.g., yearly fluxes in our case). The simple
filling in of missing values with 0 or other constant might result in finding
biased patterns in the data training or might significantly affect the obtained
results. Instead, generally, the methods based on GBDT (like XGBoost and
LightGBM) dominate when used on tabular data, showing superior perfor-
mance. These algorithms can be trained on the data with missing values
without doing imputation first and the tree branch directions for missing val-
ues are learned during training, each time deciding the best way to handle
them. In addition, the algorithms based on decision trees are more applicable
on the comparably small data sets (as in our case), as the complex methods
based on neural networks tend to overfit the models. Thus, state-of-the-art al-
gorithms, XGBoost and LightGBM, are more powerful and preferable tools for
the classification of blazars. However, for a comparison we also performed
classification using ANNS.

6.3.1 Training and testing

The data presented in previous section are used to train models and predict
BCUs. Among the considered sources we dropped those which have three or
more energy intervals with upper limits; in total 104 sources were dropped
(73 BCUs and 31 FSRQs and BL Lacs). The entire dataset consists of 2219
rows from which 80% was selected as training set while 20% was the test
set. We have used a 15-fold cross-validation procedure to evaluate the per-
formance of the algorithms. In this procedure, the dataset is divided into
15 non-overlapping folds and the fitting is performed using 14 folds. Then,
the model is validated using the remaining 15th fold. This procedure is re-
peated until every 15 folds serve as a validation and the average is taken as
performance of the network. In this way, each of the 15 folds is given an
opportunity to be used as a held-back validation set.

In our dataset each blazar (whether FSRQ or BL Lac) is characterized by
18 parameters: 12 yearly sorted y-ray fluxes and 6 fluxes in each band. The
BL Lacs and FSRQs with evident differences (see Section and Fig.
occupy a different region in this parameter space and the goal is to quantify
and determine the differences. In the ANN, the input neurons are 18, equal
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to the number of the input parameters, and we used three hidden layers with
64, 128 and 64 neurons. To prevent overfitting, we added two dropout lay-
ers, between hidden layers, to randomly set units to 0 with a frequency of 0.4
and 0.5. The number of neurons in hidden layers was selected by reducing
the number of neurons but keeping the performance accuracy. The XGBoost
and LightGBM classifiers contain a set of important hyperparameters, among
which the most important are the number of leaf nodes, the learning rate,
and the number of iterations. Different values of these hyperparameters may
increase the model performance, so their best values were found by hyper-
parameter tuning, i.e., the best version of the models are found by running
many jobs that test a range of hyperparameters on the training and valida-
tion datasets. We used HyperOpt package E| which uses a form of Bayesian
optimization for parameter tuning. We found the following optimal parame-
ters for Light GBM model: the number of leaf nodes-31, learning rate-0.3, and
number of iterations - 400, etc. However, in order to compare the resultant
models, initially the model fitting was performed with the default parame-
ters (XGBoost_def and LightGBM _def) and then with the optimized parameters
(XGBoost_opt and LightGBM _opt). In all the trained models, the output was set
up to have two possibilities, i.e., it returns the likelihood of a source to belong
to either FSRQs (Lrsrg) or BL Lacs (L 14¢)- The likelihood is assigned such
that Ly 1oc = 1 — Lrsr; the larger Lpy 14c (closer to 1) the higher the likeli-
hood that the source is a BL Lac and vice-versa.

6.4 Results and Discussions

In this section, we discuss the results of classification of BCUs from 4FGL.
Table provides summary results of applied models, showing their per-
formance. To fully evaluate the effectiveness of the models, we compare the
precision and recall. The precision measures the model’s accuracy in classi-
tying a sample as positive, i.e., the ability not to misclassify a BL Lac (FSRQ)
as a FSRQ (BL Lac). Meanwhile, recall measures the model’s ability to de-
tect positive samples, i.e., the ability to identify all BL Lac (FSRQ) samples.
Considering our dataset is slightly imbalanced, i.e., there are a dispropor-
tionate ratio of BL Lac and FSRQ classes (65:35), minority class (FSRQs in
our case) has the highest interest from a learning point of view, as it can be

https:/ /github.com /hyperopt/hyperopt
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A BLlac B FSRQ A BL Lac candidates B FSRQ candidates ¢ BCU

Figure 6.5: Hammer-Aitoff projection of FSRQs, BL Lacs and BCUs. The lo-
cation of BL Lacs and FSRQs from 4FGL is shown with gray color while the
new BL Lac and FSRQ candidates are in blue and orange, respectively.
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under-classified. Therefore, we compare the models performance consider-
ing the recall of minority class (first column in Table which shows that
the Light GBM_opt model has the highest value for minority recall, 0.82, and a
satisfactory precision, 0.88. Therefore, it provides the best BCU classification
performance, so we report only the results obtained by this model.

In order to demonstrate the ability of LightGBM _opt to distinguish BL Lacs
and FSRQs, the likelihood distribution of test sample is shown in Fig.
left panel. The test sample contains 287 BL Lacs and 157 FSRQs, the ratio
of which 287/157~1.83 is the same as in the total sample (1436/783~1.83).
In the distribution, there are two evident and opposite peaks, BL Lacs (blue)
centralized towards Lpj 1, = 1 while opposite for FSRQs Ly 1, = 0, which
clearly shows the ability of our model to separate BL Lacs and FSRQs from
the test sample (not used during the training).

The performance of our applied model can be further examined from the
confusion matrix shown in Fig. which summarizes the number of true
and predicted classes. The comparison of the number of correct (129-FSRQs
and 261-BL Lacs) and incorrect (28-FSRQs and 26-BL Lacs) predictions shows
that the model classifies BL Lacs and FSRQs perfectly. Other ways to analyze
the effectiveness of the model are Receiver Operating Characteristic (ROC)
and Precision-Recall curves shown in Fig. The ROC curve (left panel in
Fig. represents the graph of the true positive rate versus the false positive
ones and shows the performance of the model at all classification thresholds.
The Area under the ROC Curve (AUC) is a measure of the model usefulness-
the higher the AUC the better the model can distinguish between BL Lacs and
FSRQs; in this case AUC=0.93. The Precision-Recall curve in Fig. (right
panel), the plot of the precision against the recall at a variety of thresholds,
shows the trendoff between the precision and recall.

The accuracy of the network defined as positive association rate, i.e., how
many BL Lacs (FSRQs) are correctly identified out of all BCUs, was optimized
by selecting different classification thresholds for BL Lacs and FSRQs. The
accuracy reaches 0.9 (90 %) when the classification threshold of Lgy 1, > 0.44
identifies BL Lac candidates, while threshold Lrsgrgs > 0.82 identifies FSRQ
candidates.

We applied the best model to the entire 1420 BCU sample in 4FGL. It is
found that 825 objects (58.1%) have likelihood above the threshold of Lpy 1, =
0.44 and are classified as BL Lacs, 405 (28.5%) are FSRQs having likelihood
above Lrsro = 0.82, and 190 (13.3%) remain unclassified. The sky distribu-
tion of blazars locations in Galactic coordinates and Hammer—Aitoff projec-
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Figure 6.6: The power-law photon index distribution of BL Lacs (left) and
FSRQs (right) in 4FGL. The distributions are compared with newly classified
BL Lac and FSRQ candidates (filled histograms).

tion is shown in Fig. The location of BL Lacs and FSRQs from 4FGL are
shown with gray triangles and squares, respectively, most likely BL Lacs and
FSRQs from BCUs are in blue triangles and orange squares, respectively, and
the remaining unclassified BCUs are in green diamonds.

The likelihood distribution of the model applied to BCU sample is shown
on the right panel of Fig. As expected, it mimics the same trend as seen
for BL Lacs and FSRQs in test sample (left panel of Fig. [6.2). The ratio of BL
Lacs to FSRQs identified from BCUs is 2.03, similar to the result obtained in
(author?) [90] which classified BCUs in Fermi-LAT 8-year source catalogue
using ANNSs. Table |6.2{shows the portion of the sources having higher prob-
ability of being BL Lacs and FSRQs; for each source the name in the cata-
logue, RA and Dec, detection significance (¢), energy flux and its uncertainty,
and the probabilities to be BL Lac or FSRQ are reported. As it can be seen
from the table, the used algorithm can classify BCUs as BL Lacs or FSRQs
with a high probability. However, there are also sources with intermediate
likelihoods falling in the region where the two sub-classes overlap, so they
cannot be classified by the model. The full BCUs classification table that in-
cludes also the sources which have lower association likelihood is available
in the online supplementary material and at the following github repository
https://github.com/mherkhachatryan/BCU-Classification.git.

The comparison of BL Lac and FSRQ candidate list presented here with the
previous studies is not straightforward and rather difficult as the number of
blazars and their classifications are changing in different versions of the cata-
logues. However, to show the accuracy of our method, we present a general
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Table 6.2: List of BCUs from 4FGL with the most significant association.

Source Name RA Dec Significance Energy Flux Lprrac Lrsro
4FGL J1925.0+2815 291.2683 28.2643 17.84 (6.8+£0.61) x 10712 0.9989 0.0011
4FGL J1958.1+2438 299.5284  24.6417 11.24 (6.6 £0.94) x 10712 0.9986 0.0014
4FGLJ0121.7+5153  20.4389  51.8947 5.90 (1.5+£0.37) x 10712 0.9983 0.0017
4FGL J0538.6+0443  84.6630  4.7262 4.51 (1.64+045) x 10712 0.9982 0.0018
4FGL J1401.1-3717  210.2971 -37.2975 10.62 (3.14+047) x 10712 0.9980  0.0020
4FGL J1846.7+7238 281.6849 72.6371 8.04 (1.44025) x 10712 0.9978  0.0022
4FGL J2142.1+4501 325.5291 45.0182 6.10 (1.840.39) x 10712 0.9976  0.0024
4FGL J0215.3+7555 33.8285  75.9190 7.26 (1.54£0.34) x 10712 0.9975  0.0025
4FGL J1535.3-3135  233.8391 -31.5907 6.59 (1.740.39) x 10712 0.9973  0.0027
4FGL J0606.5-4730  91.6416 -47.5038 13.57 (3.34£0.38) x 10712 0.9972  0.0028
4FGL J0507.4-3346  76.8591 -33.7813 13.88 (3.040.38) x 10712 0.9971  0.0029
4FGL J0954.2-2520 1485681 -25.3384 8.47 (2140.36) x 10712 0.9971  0.0029
4FGL J1943.6-0533  295.9249  -5.5665 4.86 (2240.53) x 10712 0.9971  0.0029
4FGL J1234.0-5735 188.5194 -57.5961 29.72 (13.5+0.99) x 10712 0.9970  0.0030
4FGLJ0213.8-6949  33.4704 -69.8311 8.96 (1.44027) x 10712 0.9970 0.0030
4FGL J1412.0+3836 213.0130  38.6102 8.30 (1.440.27) x 10712 0.9970  0.0030
4FGLJ0830.1-0946  127.5427  -9.7728 7.53 (1.8+0.36) x 10712 0.9970  0.0030
4FGLJ1537.9-1344 2344867 -13.7335 5.76 (1.64+0.40) x 10712 0.9969  0.0031
4FGL J2142.4+3659 325.6020  36.9856 9.83 (2.8+0.43) x 10712 0.9969  0.0031
4FGL J1240.4-7148 190.1160 -71.8156 21.15 (7.740.61) x 10712 0.9969 0.0031
4FGLJ0620.5-2512 951445 -25.2129 17.24 (7.840.70) x 10-12  0.0023 0.9977
4FGLJ0900.6-7408  135.1721 -74.1440 8.25 (3.6 +0.54) x 10712 0.0028 0.9972
4FGL J2057.4-0723  314.3535  -7.3901 8.64 (3.940.53) x 10712 0.0033  0.9967
4FGL J1830.2-4443 2775504 -44.7200 23.11 (10.0+£0.72) x 10712 0.0034  0.9966
4FGLJ0138.6+2923  24.6637  29.3855 7.20 (254+046) x 10712 0.0036  0.9964
4FGLJ0616.7-1049  94.1761  -10.8230 6.02 (5.14+1.11) x 1072 0.0037  0.9963
4FGLJ0732.7-4638 113.1774 -46.6488 11.17 (4940.97) x 10712 0.0037  0.9963
4FGL J0953.1-3005 1482779 -30.0979 10.08 (3.54+0.51) x 10712 0.0041  0.9959
4FGL J0841.0-2744 1302630 -27.7468 6.09 (2.64+0.54) x 10712 0.0043  0.9957
4FGL J0348.8+4610 572185  46.1695 6.51 (3.64+0.94) x 10712 0.0046  0.9954
4FGL J2139.9+3910 324.9929  39.1711 3.72 (2.6 £0.67) x 10712 0.0050  0.9950
4FGL J0008.0-3937  2.0048  -39.6320 5.44 (214+041) x 10712 0.0052  0.9948
4FGL J1437.3-3239  219.3259 -32.6569 5.17 (1.74+0.53) x 10712 0.0053  0.9947
4FGLJ0118.7-0848  19.6884  -8.8080 7.56 (2.74043) x 10712 0.0053 0.9947
4FGLJ2141.7-6410 325.4305 -64.1792 65.83 (25.04£0.78) x 10712 0.0054  0.9946
4FGL J1821.6+6819 275.4034  68.3242 34.47 (12.1+0.86) x 10712 0.0055 0.9945
4FGL J0429.0-0006  67.2549  -0.1006 3.39 (2340.63) x 10712 0.0055 0.9945
4FGL J0501.0-2423 752732  -24.3935 5.11 (3.54+0.72) x 10712 0.0059  0.9941
4FGL J2318.2+1915 349.5568  19.2560 13.17 (6.240.56) x 10712 0.0059  0.9941
4FGL J1421.6-4819 215.4125 -48.3317 6.61 (3.840.85) x 10712 0.0059 0.9941
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comparison of our results with those presented in (author?) [38] where the
BCUs from 4FGL DR2 (a catalogue version preceding 4FGL DR3) are classi-
tied using Bayesian neural networks. Applying tight selection criteria, their
list contains 429 BL Lacs and 178 FSRQs. Among their BL Lac candidates
355 (82.7%) objects are in agreement with our prediction and we found a dif-
ference in 74. Among those 74, in 4FGL DR3 53 objects have already been
classified as BL Lacs, 2 as FSRQs and 1 as normal galaxy; 13 objects were
dropped by us because of insufficient spectral data (see Section [6.3). So dis-
agreement is found only with 5 objects: all remained unclassified. Similarly,
out of 178 FSRQs in their list, 148 (83.1%) match with our results; from the re-
maining 31 sources in 4FGL DR3 4 have already been classified as FSRQs and
2 are missing, we excluded 6 objects, 13 objects remained unclassified with a
probability between Lp; 1, = 0.18 — 0.44 and we found disagreement for 5
objects. Similar picture can be drawn when comparing with the BL Lac and
FSRQ list by applying loose selection criteria. Thus, our results are in a good
agreement with those presented in (author?) [38] and obtained by a different
method.

6.4.1 BL Lac and FSRQ candidates versus BL Lacs and
FSRQs

The idea of the classification presented in the previous subsection is to iden-
tify new BL Lac and FSRQ candidates among the unclassified blazars. In this
subsection, we compare and contrast the properties of newly identified and
known sources.

The spectral difference between BL Lacs and FSRQs in 0.1-300 GeV band is
well known. The distribution of power-law photon indexes of BL Lacs and
FSRQs from 4FGL are shown in Fig. left and right panels, respectively
(blue and orange shaded areas). The mean and standard deviation of these
distributions is 2.03 £ 0.21 for BL Lacs and 2.47 + 0.20 for FSRQs; on the av-
erage, BL Lacs spectra are harder than those of FSRQs. The distribution of
newly classified BL Lac and FSRQ candidates is shown by filled blue and
orange areas in the left and right panels of Fig. respectively. The distribu-
tion of likely BL Lacs and FSRQs is centered on 2.09 +0.21 and 2.57 £ 0.14, re-
spectively, in an excellent agreement with the distributions of known BL Lacs
and FSRQs. Thus, BL Lacs and FSRQs classified from BCUs have similar
spectral characteristics as compared with those derived for known sources.
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Figure 6.7: Photon index versus the probability. The color bar shows the prob-
abilities of source associations: FSRQs are in dark red and BL Lacs in dark
blue.
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Figure 6.8: Photon index versus energy flux above 100 MeV. The curve repre-
sents the approximate boundary of two sub-classes separation.

As the power-law index was not considered in the model training, this com-
parison is an effective way to illustrate the power of our method.

Another way to visualize the power-law photon index difference between
BL Lacs and FSRQs is to plot the photon index versus Lp; 1,4, (Fig. . There
is a clear correlation between the photon index and probability; higher Lp; 1,4
corresponds to lower index and vice-versa. This very well follows the spec-
tral trend observed for BL Lacs and FSRQs, namely higher L 1, (more likely
BL Lacs) corresponds to harder spectra while FSRQs (lower Lpy 1,.) appear
with softer spectra.

Vertical blue and orange dashed lines show the classification threshold de-
fined for BL Lacs and FSRQs. 57.2 % of total BCUs are classified as BL Lacs
(right region from the blue dashed line in Fig. and 28.9 % are FSRQs
(left region from the orange dashed line in Fig. [6.7). The sources falling be-
tween the orange and blue dashed lines (13.9 %) remain unclassified, their
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power-law index is in the range defined for BL Lacs and FSRQs.

The increased number of BL Lacs and FSRQs (2261 and 1188, respectively)
allows to compare their properties with improved statistics. A convenient
way to compare the properties of different blazar classes is through plot-
ting the power-law photon index versus the flux (Fig. [6.8). Since the spec-
tra of some sources deviate from the simple power-law model, we computed
the energy flux between 100 MeV and 100 GeV using the power-law model
parameters given in 4FGL, namely, reported flux density, pivot energy and
power-law photon index. The BL Lacs and FSRQs both from 4FGL and clas-
sified from BCUs are shown in blue and orange, respectively and the remain-
ing unclassified BCUs are in green. The reported energy fluxes vary from
5.62 x 107 B ergem™2571t09.06 x 1071 erg cm™2 s~ while the photon index
is in the range from 1.42 to 3.08. A Kolmogorov-Smirnov test gives a prob-
ability of 0.31 that FSRQs and FSRQ candidates come from the same parent
population and the probability is 0.15 for the BL Lacs and BL Lac candidates.
From the distribution it is possible to quantify the space occupied by BL Lacs
and FSRQs in the photon index versus energy flux plane. The boundary be-
tween these two classes (decision boundary) was found by using Gaussian
naive Bayes classification. The black line in Fig. is the decision bound-
ary, which corresponds to the curve that optimally separates the two classes.
In other words, by computing the probabilities the algorithm optimally di-
vides the plane in a such way as to have the highest number of BL Lacs and
FSRQs below and above the line, respectively. The boundary line defines
~ 2.41, 2.31 and 2.15 indices at 10~ ergcm 2571, 107 ergcm=2s! and
10719 erg cm=2 s~ fluxes, respectively, well separating the two-classes: 91.2
% of BL Lacs occupy the region below the line while 86.1 % of FSRQs are
above. The remaining BCUs (green circles in Fig. are distributed above
and below the limit; 65.1% of BCUs occupy the space more characteristic for
FSRQs, while 34.9 % show properties more similar to BL Lacs. The limit pre-
sented in Fig. which is a physical distinction between the two classes of
blazars, BL Lacs and FSRQs, based on photon index and flux, was obtained
using a large number of BL Lacs and FSRQs, 3449 in total. The accuracy
of Gaussian naive Bayes classification is 90% implying the line satisfactorily
well separates the two classes of blazars. Even if this is not a strict limit, it
still can be used as a reference limit for BL Lac and FSRQ division.

It is also interesting to compare the photon index with the frequency of the
synchrotron peak (vs). In the previous studies, a strong anticorrelation be-
tween these two parameters was already reported [e.g., 9, 14]. Now, with up-
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Figure 6.9: Left panel: 7y-ray photon index versus the synchrotron peak fre-
quency. Right panel: 7-ray photon index versus the inverse Compton peak
frequency. The FSRQs, LBLs, IBLs and HBLs are in blue, green, red and pur-
ple, respectively. BL Lacs and FSRQs from 4FGL are shown with circles, while
BL Lac and FSRQ candidates are with squares.

dated number of BL Lacs and FSRQs tighter constraints on the photon index
distribution on different blazar types can be obtained H Fig. (left panel)
shows the photon index versus vs , where BL Lacs are separated into LBL,
IBL and HBL classes. We note that also FSRQs are mostly LBLs, but we show
and discuss their properties by separating them from BL Lacs that are classi-
tied as LBLs, IBLs and HBLs. For the FSRQs (blue), LBLs (green), IBLs (red)
and HBLs (purple) the mean and rms of the photon index are 2.49 + 0.18,
220+ 0.16, 2.06 £ 0.18 and 1.90 & 0.16, respectively. As expected, the distri-
butions of FSRQs and LBLs are similar but LBLs have a slightly harder -ray
photon index, but, clearly, as compared with them IBLs and HBLs occupy
a different region in the y-ray photon index vs ; plane; the y-ray photon in-
dex becomes smaller (harder) from FSRQs to HBLs, I'y rsros > T’y 1BLs >
L'y 1BLs > Ty HBLs-

The distribution of the high energy peak frequency (referred as inverse-
Compton peak vjc ) for the considered sources is shown in Fig. (right
panel). This is a new parameter available in the fourth catalog of AGNs de-
tected by Fermi LAT - Data Release 3 [15] which has been estimated by fitting
the significantly curved spectrum with a log-parabolic model. For the cur-
rent study, we excluded all the sources for which the uncertainty on the high
energy peak estimation is large (requiring the value to be larger than 1.5x
error) which resulted in 893 blazars with measured vic,p, among which 369

2We note that for a more meaningful comparison, vs, should be corrected by a factor of
1 + z but this will reduce the source sample size, as z is not measured for many sources.
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are FSRQs, 217 are LBLs, 143 are IBLs and 164 are HBLs. The distributions of
LBLs, IBLs and HBLs overlap and are slightly separated from FSRQs toward
higher frequencies. The fit of the linear function I'y = I'p + & X v|c, yields
« = —0.21 £0.02 and « = —0.31 = 0.01 for FSRQs and BL Lacs (consider-
ing all LBLs, IBLs and HBLs), respectively. This shows that Iy, of BL Lacs
becomes steeper with increasing vic p.

The comparison of synchrotron (vs ») and high energy (vic ) peak frequen-
cies estimated for different blazar sub-classes is shown in Fig. In gen-
eral, the vic,, of FSRQs is at lower frequencies than those of BL Lacs which
in their turn show different tendencies for LBLs, IBLs and HBLs. vic, in-
creases along with the increase of v; ,; the linear fit (vic, = vp + &k X vsp) for
BL Lacs shows a slope of ¥ = 0.33 & 0.01. Only 10.1% of LBLs have v/c,,
above 10** Hz, while the percentage is 41.2% for IBLs and 89.0% for HBLs.
The difference between the FSRQs and BL Lacs as well as between LBLs, IBLs
and HBLs is expected from simple theoretical considerations. Within a sim-
ple one-zone synchrotron/synchrotron-self Compton (5SC) model, which is
successfully applied to model the SEDs of BL Lacs [e.g., see 69], assuming
Thomson regime for the inverse Compton scattering, vs , and vjc, , are linked
by vic,p/vsp = 4/ 3(725(:)2. So, it is natural that for the sources with higher
synchrotron peak (HBLs) also vc , is at higher frequencies. However, the vs
and vjc , relation is not valid for the FSRQs, where the high energy emission
is most likely due to inverse Compton scattering of external photons (UV and
IR external radiation fields which usually dominate over the jet synchrotron
emission), so the vjc , scales with the average energy of up-scattered photons
and bulk Lorentz factor of the emitting region.

6.5 Conclusions

In this paper, we performed machine learning classification of blazar can-
didates of uncertain type. By training and constructing predictive models
which forecast the likelihood of a source to belong to a particular class of
blazars, the classification of BCUs based on their direct observable spectral
and temporal properties in the y-ray band is conducted.

The models were trained on the set of y-ray parameters (spectra and light
curves) of BL Lacs and FSRQs from the latest and most detailed y-ray cat-
alog (4FGL DR3) which is based on accumulation of data in twelve years
(2008-2022). Different machine learning algorithms were applied to classify

97



6 Gradient boosting decision trees classification of blazars of uncertain type
in the fourth Fermi-LAT catalog

Vic, p[HZ]

Figure 6.10: The synchrotron peak frequency (vs ;) as a function of the high
energy peak frequency (vicp). The same color code and plot markers as in

Fig. @

blazars by dividing the entire data set into 80% and 20% train and test subsets
and performing 15 fold cross validation. The algorithms based on gradient-
boosted decision trees are preferred and outperform the other models be-
cause the available data set is comparatively small and contains missing data
points. As a result, Light GBM- a state-of-the-art classification model based on
gradient boosted trees shows the highest performance with a weighted recall
of 0.88 and precision of 0.88.

The best model was applied to 1420 BCUs included in 4FGL to obtain the
probability of their association to one of the blazar sub-classes and address
the question of their nature. As a result, among the BCUs 825 (58.1%) are
BL Lac candidates, 405 (28.5%) are FSRQ candidates and only 190 (13.3%)
cannot be classified by our model. The y-ray spectral properties (e.g., power-
law photon index) of already classified and BL Lac and FSRQ candidates are
in an excellent agreement, showing the validity of our model.

The results of BCU classification reported here although cannot conclu-
sively give the type of a BCU but they can be useful for statistical popula-
tion studies or for planing optical monitoring of blazars. For example, the
distributions of BL Lacs and FSRQs from a more complete list show clus-
tering in the photon index and energy flux plane, clearly separating those
two sub-classes. According to this criteria, the majority of BCUs (65.1%) that
remained unclassified in our model show properties more similar to FSRQs.
For alarger blazar sample, the distribution of the synchrotron peak frequency
(vs,p) versus the y-ray photon index confirms the strong difference between
FSRQs and BL Lacs as well as between LBLs, IBLs and HBLs. In the distribu-
tion of the high energy peak frequency versus the y-ray photon index most
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6.5 Conclusions

of the FSRQs occupy the region of I', > 2.3 and vjc, < 10* Hz whereas
vic,p of BL Lacs can reach higher frequencies with harder y-ray photon index,
however no distinction between LBLs, IBLs and HBLs sublasses is possible.
Instead, the comparison of vs, and vic ), shows a remarkable difference be-
tween FSRQs and BL Lacs as well as between LBLs, IBLs and HBLs. The BL
Lacs have much larger vic,, with a mean of 1.6 x 10%* Hz as compared with

that of FSRQS with 1.1 x 10%3; 43.3% of BL Lacs have a peak above 10?* Hz.
Among BL Lacs, HBLs have higher vc , (for 89.0% of HBLs v|c , > 10%* Hz)
whereas it is lower for LBLs; the linear fit shows a slope of 0.33 £ 0.01, so ViCp
increases with v; ». Such a correlation is in agreement with expectations from
one-zone synchrotron-self-Compton scenarios.
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