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Abstract

Active galaxies have greater luminosity than anticipated based on their stellar population. Their
luminosity is due to non-thermal phenomena that occur in a compact region in the center of the galaxy,
known as Active Galactic Nucleus (AGN). A supermassive black hole (SMBH) exists in the center of
the AGN, surrounded by hot magnetized plasma that creates an accretion disk. AGNs are classified
in different subclasses based on their characteristics. The most energetic subclass of AGNs is blazars.
Their jets are aligned with the line of sight and they display variability of different timescales across the
electromagnetic spectrum. Although their signal seems non-periodic, quasi-periodic oscillations have
been reported in the recent years.

In this study, that was carried out in the frame of BOSS Project, Quasi-Periodic Oscillations (QPO)
of intra-day (IDV), short-term (STV) and long-term (LTV) timescales were sought in the light curves of
blazars. Time-domain analysis of multi-wavelength light curves of AGNs was conducted by combining
radio and optical wavelengths, and X-rays, in order to compare the results and find the correlation be-
tween the different wavelengths. A total of 21 targets were studied in 5 energy bands between 2013 and
2021. The data in optical wavelengths are from the University of Athens Observatory (UOAO), with
observations conducted in the frame of BOSS Project. In radio wavelengths data were provided by Met-
sdhovi Radio Observatory (37 GHz), Owens Valley Radio Observatory (OVRO) (15 GHz), and Xinjiang
Astronomical Observatory by the Nanshan Radio Telescope (NSRT) (4.8 GHz). Data in X-rays were ob-
tained from the Swift Space Telescope (Swift-XRT). The data were analyzed using the Discrete Fourier
Transform (DFT) and the Lomb-Scargle Periodogram (LSP) in order to find the timescales of QPOs.

The detected timescales of QPOs can provide information about the inner regions of the AGN, which
are difficult to observe directly with our current instruments. For example, the mass of the SMBH of
AGN:s is usually calculated using spectroscopic methods, but due to the featureless continuum of blazars,
such methods have several constraints. On the other hand, the detected QPOs are an important tool in
the estimation of the mass of the SMBH of blazars and AGNs in general, setting a limit to the value. The
detected timescales also place constraints on other parameters of AGNs such as the Eddington luminosity
and the accretion rate.

The comparison of the detected timescales of QPOs in different wavelengths provides insights about
the region of origin of the quasi-periodic signals of the AGNs, giving information on whether the signals
originate from the same region or not. This study indicates that the QPOs arise from the same region
regardless the energy band that were detected. This confirms the model that suggests that quasi-periodic
signals arise from instabilities in the inner region of the AGN that propagate along the jet.

Multi-wavelength time series analysis and the detection of QPOs can shed light in the mysterious
nature of AGNs, the processes that occur in their inner region, where direct observations are difficult to
be made, and the mechanisms that lead to quasi-periodic signals.

Keywords: BOSS Project, Active Galactic Nuclei, Blazars, Quasi-periodic Oscillations, photom-
etry, time-series analysis, Discrete Fourier Transform, Lomb-Scargle Periodogram, Multi-wavelength
Astronomy






IHepiinyn

Ot Evepyoi l'oko&ieg Egovv peyaddtepn @OTEVOTNTA OO (VTN TOL AVOUEVETOL LE fAoN TOV 00TPIKO
toug TAnBuopd. H potevotnta aut mpoépyetar amd pn Beppikd govopeve mov supfaivouv ce pia
GUUTOYT TEPLOYT OTO KEVTPO TOL Yoro&ia, yvooth o¢ Evepyog Iataliaxog Hvpnvag (EI'TD). Xto kévtpo
evog EI'TT vmapyer pio veepueyédng peiavn omm, yopo amnd tnv omoio vadpyel Oepud poyvnricpévo
TAAGO IOV dnpovpyel Evav dioko mpocavénone. Ot ET'TI ta&vopovvtol oe vrokatnyopieg pe Paon
Ta yopaKkplotikd Tovg. H mo evepyntikh katnyopio tov EI'TI givar o1 blazars. Ot widakeg twv blazars
Bpiockovtot oty id1a katehBvvon e v evbeia mapatipnong, evod ot blazars speaviCovv évrovn peTapin-
TOTNTA OTNV POTEWVOTNTA SLUPOPOV YPOVIKMDY KAUAK®OV GE OAO TO NAEKTPOLAYVITIKO GAGHA. AV Kol TO
GO TOVG QOIVETOL [T TEPLOOTKO, MU-TTEPLOOIKES TaAavTdoelg (QPOs) £xovv Ppebel Ta tedevtaio ypdvia.

Ye avtn) v peAétn, n onolo Tpaypatonomdnke ota mAaicia tov BOSS Project, nui-neplodikég
petaforéc nuepnotag (IDV), Bpayeiag (STV) ko paxpdg (LTV) kAipaxog avalnmonkay otig KopmoAeg
tov blazars. Xpoviki avaAvor TV TOAKVPATIKOV KapmOA®v Tov AGNs TpayuatonowOnike cuvovdalo-
VTOG TOPATIPNOELS OO PASIOPOVIKE KOl OTTTIKE HKT KOUOTOS, Kol aKTiveg X, e 0TOXO TNV cLYKPLIoN
TOV OTOTELECUATOV KOL TNV EVPECT] GVOYETIONG UETAED TOV SUPOPETIKMOV UNK®Y KOUOTOC. XVVOALKA
21 otoyor peketinkov oe 5 evepyelaxés pumavteg petasd 2013 kot 2021. To dedopéva oto OnTIKA
UnKn kopatog gival and to ['epoctabomovreio [avemotuokd Actepookoneio Abnvav (UOAO), and
TOPATNPTOELS TOL TPOYUaTOTOWONKav 6T0 TAaicla Tov BOSS Project. 1o, padlo@@VIKG KN KOUOTOG,
dedopéva mopacyEtnkay amd to Metsdhovi Radio Observatory (37 GHz), to Owens Valley Radio Obser-
vatory (OVRO) (15 GHz), ko o Xinjiang Astronomical Observatory omd to Nanshan Radio Telescope
(NSRT) (4.8 GHz). Ta dedopéva otig aktiveg X givat omd to dootnukd tnieokonio Swift (Swift-XRT).
H avéivon tov dedopévov mpaypatomomdnke pe v ypron g Discrete Fourier Transform (DFT) kot
tov meprodoypappatoc Lomb-Scargle (LSP), dote va fpebovv ot ypovikég khipakeg Tov QPOs.

O ypovikég KAMpokeg Tov Bpébnkov pmopodv va fog dOoouV TANPOPOPIES Y10 TIC ECMTEPIKES TEPLO-
yéc tv ET'TI, mov elvar 6hokoro va mapatnpnBodv dueca pe o Opyava mov Exovpe. o mapdderypa,
palo g vreppeyébovug peroving onng tov EIT cuvBwog vmoioyiletat pe v yp1on QACULOTOCKOTIKMY
pnebdov, oAl AOY®m Tov Pdcpatog TV blazar mov dev epupavilel Evtova yapokTNPoTIKA, ot péBodot
avtoi gueavifovv dvokoriec. Avtibeta, T QPOs amotelovv €va YpNGILO EPYOAEID GTOV VTOAOYIGLO
¢ palog g vrepueyébouvg pelovng omng tov blazars kot yevikotepa tov EITI, kabdg 0étovv éva
opto otV TN e EmmAéov ot ypovikég KApaKeS Tov £xovv evTomioTel 0ETOVY TEPLOPIGLOVG GE AAAES
napapétpovg Tov EIT, 0nmg n potewvotto Eddington kot o puOudc tpocavéneong.

H obykpion petald tov meptddmv mov £Yovv EVIOTIOTEL Yio SIOPOPETIKG UMK KOLOTOC UTOPOVY
Vo TAPEYOVY TANPOPOPIES Y10 TNV TPOEAELGT TOV MUL-TEPLOJIK®V onudtev otovg EI'TL, 6nmg t0 av
poépyovtar amd TNV 0o Tepoyn N 0yt H mapodoa perétn vrodeikviel mwg to. QPOs mpoépyoviat amd
mv 1 TEPLoyn aveEapTiTmOg 0md T0 UKOG KOULATOG 6To omoio evtomicOnkayv. Avtd emPefoidverl to
LOVTEAO TTOV TTPOTEIVEL WG TO NUL-TTEPLOSIKE GTULATO TPOEPYOVTUL A0 SLATAPOYEG TOL GLUPaivovY 6TV
ecmtepkn meployn Tov ELTT kot d1adidovial otov midaka.

H moAvkovpotikn avaivon xpovoselpadv Kot o eviomicdg twv QPOs umopovv va map€yovy mAnpopo-
pieg yo TNV puotnpiodn evon tov ELTL yia tig Stedikacieg mov cupfaivovy 6To E6MTEPTKO TOVE, OTOL 01
amevBeiag Tapatnpnoels eival SOGKOAES, KoL TOVG UNYOVIGLOVG TTOL 001 YOV GE NUL-TEPLOIKE GTILATA.

AéEeig khedrd: BOSS Project, Evepyoi IN'oAa&axoi TTuprveg, Blazars, Hut-meprodikég petaforéc,
ootouetpia, avdivon ypovocelpdv, Discrete Fourier Transform, meptodoypoppa Lomb-Scargle,
[MoAvkvpatikn Actpovopio
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Chapter 1

Active Galactic Nuclei

The term Active Galactic Nucleus (AGN) refers to a compact region in the center of a galaxy where
the luminosity is greater than anticipated based on the stellar population of the host galaxy. This is due to
non-thermal energetic phenomena in the nucleus of the galaxy, which cannot be attributed to the physical
processes that occur in the stars of the host galaxy (Peterson, 1997; Hayashida, 2008).

In general, there is an upper limit to the luminosity, which is known as Eddington luminosity. Ed-
dington luminosity is the maximum luminosity beyond which the radiation pressure will be greater than
gravity. It can be calculated by balancing the inward force of gravity against the outward pressure of
radiation, assuming spherical accretion. The equation for Eddington luminosity is:

4rGMmyc
Lp=—"——"%2 (1.1)
or
where G is the gravitational constant, m,, is the mass of a proton, ¢ is the speed of light in vacuum, and
o is Thomson cross-section (Longair, 2011).

1.1  Morphology of AGNs

It is widely accepted that supermassive black holes (SMBHs), with masses in the range of 106 —
109 M, exist at the center of AGNs (Lynden-Bell, 1969; Gupta, 2014). This theory is based on the
Doppler effect, because the motion of the stars near the nuclei of such galaxies indicates that they revolve
around great masses and very steep gravity gradients, which suggests the existence of SMBHs. The
area surrounding the Schwarzchild radius consists of hot magnetized plasma that is accelerated by the
gravitational force of the SMBH, creating a disk, which is known as accretion disk (AD) (Syunyaev &
Shakura, 1977). The energy source of AGNs is the accretion of gas onto the SMBHs. The radiation
is generated outside the Schwarzchild radius Rg, due to the friction created by the accreting gas. The
Schwarzschild radius and the gravitational radius R are given by the equations 1.2:

2GM

GM

Rg

c

where G is the gravitational constant, M is the mass of the black hole, and c is the speed of light in

vacuum. The accretion rate that is needed in order to power an AGN, if the accretion rate is greater than
0.01 of the Eddington accretion rate, is given by:

. L



where L is the luminosity of the AGN and 7 is the efficiency factor, which for AGNs is of the order of
n =~ 0.1. The upper limit of the accretion rate, considering a spherical accretion model, can be calculated
by using the Eddington luminosity, and thus is given by:
. L
Mp=-"2

” :>ME:2.2<

M
— ) Moyr ! 1.4

where M © is the mass of the Sun (Peterson, 1997).

The magnetic flux is frozen into the accreting material and the field near the horizon can become
quite large. Due to the rotation of the AD, the magnetic field lines are twisted, giving rise to an aligned
magnetic field, known as jet (Blandford & Znajek, 1977; Hayashida, 2008). The direction of the jet
depends on the angular velocity of the axis of rotation of its source. The jet consists of plasma that moves
with bulk velocities approaching the speed of light. The relativistic jets can be extended up to several
tens of megaparsecs from the central black hole. Inside the jet, high energy particles and photons interact
with one another and with the magnetic field (Begelman et al., 1984).

The accretion disk ionizes gas clouds that orbit the SMBH at a distance of about 100 light days, which
is known as Broad Line Region (BLR) (Kaspi et al., 2005; Hayashida, 2008). BLR is a region of rapid
gas clouds, with velocities that range from 103 to 10* Km/s, that produce the broad lines in the spectrum
of AGNs, due to Doppler effect. The BLR clouds are optically thick to the ionizing continuum. The
variability of the ionizing continuum that drives the emission lines is highly coupled with the variability
of the observable continuum (Peterson, 1993). The BLR radius can be calculated, using the Eddington
ratio A = L/ Lg, with the equation (Shen & Loeb, 2010):

1 1
_ )\E 2 M 2

The BLR is surrounded by a toroidal molecular cloud at a radius of 100 light years, which is known
as Obscuring torus. The torus is a region of colder gas, that is optically thick, thus shielding the central
region of AGN when viewed from the equatorial plane (Hayashida, 2008). Over a 1000 light years radius,
there is an extended region, known as Narrow Line Region (NLR), where the narrow lines in the spectrum
of AGNs are produced. The NLR consists of small cold gas clouds,that have lower density than the clouds
of the BLR (Osterbrock & Mathews, 1986; Filippenko, 1986).

A schematic drawing of the structure of an AGN as described above can be seen in Fig. 1.1.

1.2  Unified model of AGNs

Active Galactic Nuclei are classified in two main categories based on the ratio of radio to optical
flux, R, known as radio-loudness. They are classified as Radio-Loud AGNs, if R > 10, and as Radio-
Quiet AGNs, if R < 10 (Kellermann et al., 1989). Another classification is based on the morphology
of the host galaxy and emission characteristics. The subcategories of AGNs, based on this classification
can be seen in Fig. 1.2.

AGN:ss that are classified as Radio-Loud are Radio Galaxies, Fanaroff-Riley Galaxies, Radio-Loud
Quasars and Blazars, and as Radio-Quiet are Radio-Quiet Quasars and Seyfert Galaxies (Antonucci,
1993; Urry & Padovani, 1995).

A unified scheme proposed that the different characteristics of each subclass of AGNs is due to the
orientation of the source relative to the line of sight (Urry & Padovani, 1995). Based on this model, AGNs
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Figure 1.1: A schematic drawing of the structure of an AGN.
Credits: C.M. Urry P. Padovani
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Figure 1.2: Classification of Active Galactic Nuclei (Bottcher, 1997)

with narrow lines on their spectrum are observed from an equatorial view. In this category belong the
Fanaroff-Riley galaxies, which are also known as Narrow Line Radio Galaxies (NLRG), and the Seyfert
type II galaxies. AGNs with broad lines on their spectrum, such as Seyfert Type I galaxies and Steep
Spectrum Radio Quasars (SSRQ), are observed from an intermediate view. Lastly, blazars, which are BL
Lac objects or Flat Spectrum Radio Quasars (FSRQ), are AGNs that are observed from a polar view, thus
their jets are aligned with our line of sight. A schematic representation of the structure of an AGN and
the subclasses based on the line of sight of the observer can be seen in Fig. 1.3

The characteristics of each subclass are briefly described next.
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Figure 1.3: Schematic representation of the structure of an AGN and the subclasses based on the line of
sight of the observer.

1.2.1 Seyfert galaxies

Seyfert galaxies are lower-luminosity AGNs, that have a very bright nucleus, but the host galaxy
can still be observed (Maiolino & Rieke, 1995; Shu, 1982). Morphological studies suggest that their host
galaxies are mostly spiral galaxies (Peterson, 1997). Also, unlike typical galaxies that have a thermal
continuum with absorption lines, Seyfert galaxies consists of strong emission lines and a non-thermal
continuum (Shu, 1982).

The first definition of this subclass was based on morphological characteristics of the galaxy, i.e.
galaxies with high surface brightness nuclei (Seyfert, 1943). The identification of Seyfert galaxies now
uses not only the morphological characteristic, but also spectroscopic characteristics. Thus as Seyfert
galaxy is identified a galaxy that has high surface brightness nucleus and strong, high-ionized emission
lines (Peterson, 1997).

There are two distinct subclasses of Seyfert galaxies based on the relative width of the permitted
and the forbidden emission lines. Type I Seyfert galaxies have Balmer lines broader than the forbidden
lines and Type II Seyfert galaxies have Balmer lines and forbidden lines of the same width (Khachikian
& Weedman, 1974). Type I Seyfert galaxies have two set of emission lines, one set of narrow lines, both
in the permitted and forbidden lines, that correspond to low-density ionized gas with velocities of several
hundreds kilometers per second, and a set of broad lines, only in the permitted lines, that correspond
to high-density gas. On the other hand, type II Seyfert galaxies have only narrow lines in their spectra
(Peterson, 1997). This means that type II Seyfert galaxies have lower density emission regions and the
emitting gas has greater velocity than type I Seyfert galaxies (Weedman, 1972).

4



1.2.2 Narrow Line Radio Galaxies

Narrow line radio galaxies are the radio-loud analog of type Il Seyfert galaxies, in terms of phe-
nomenology. One of their main difference from Seyfert galaxies is that the host galaxy is elliptical and
not spiral (Peterson, 1997). Their main difference is that, as radio-loud galaxies, they have an extended
radio structure, which consists of two radio lobes. The radio lobes lie symmetrically to the nucleus and
extend for million of light years (Shu, 1982). A radio galaxy can be seen in Fig. 1.4.

Figure 1.4: The Fanaroff-Riley Type I radio galaxy IC 4296.
Credits: ARAO, SSS, S. Dagnello and W. Cotton (NRAO/AUI/NSF)

NLRGs can be divided in two subcategories, the Fanaroff-Riley type I (FN 1) and type Il (FN II)
galaxies. This classification is based on the ratio of the distance between the regions of highest brightness
on opposite sides of the nucleus, to the total extend of the source. The sources that have a ratio less than
0.5 are classified as type I, and those with ratio greater than 0.5 as type I (Fanaroff & Riley, 1974). FN 1
galaxies are weaker radio sources that their brightest regions are near the nucleus, whereas FN II galaxies
have high brightness at the edge of the radio structure (Peterson, 1997).

Based on this way of classification, a new way of distinction was proposed based on the Mach num-
ber of the sources jet. The FR type I galaxies have jets with low Mach number, thus the turbulence leads to
anomalously high surface brightness. The FR type II galaxies, have jets with high Mach number, which
means that the jets are supersonic, less turbulent, and terminate with a shock against the intergalactic
matter (IGM) (Bicknell, 1985).

1.2.3 Quasars

Quasars were detected as spatially unresolved radio sources, which means that they have angular
sizes smaller than ~ 7’ (Shu, 1982; Peterson, 1997). Due to their starlike appearance in optical images,
they were named Quasi-Stellar Radio Sources or Quasars (QSR) (Chiu, 1964). QSRs are 10% of quasars
and are radio-loud AGNs. The 90% of quasars is radio-quiet and are named Quasi-Stellar Objects (QSO)
(Shu, 1982). A useful criterion to classify a quasar as radio-loud or radio-quiet is the radio to optical ratio
R of specific fluxes, in mly, at 5GHz and 4400A. Radio-loud sources have a ratio in the range 10-1000,
whereas radio-quiet sources have a ratio in the range 0.1-1 (Kellermann et al., 1989).



Quasars have typical luminosities of 1047 erg/sec, or about 103 L, (Perkins, 2009). Those lumi-
nosities vary with time, on timescales of some days to several years (Peterson, 1997). The variability of
quasars was one of the first properties that was studied in detail, revealing, for the first time, variability
on timescales of several years (Smith & Hoffleit, 1963).

Quasars can be found in redshifts from z=0.026 to z=7.527 (Bafados et al., 2018). The majority of
quasars have redshift greater than 1, which means that they can be found at great distances, at an early
stage of the universe and the evolution of galaxies (Perkins, 2009).

The spectra of quasars have strong, broad emission lines. The strongest observed lines are the
hydrogen lines (Balmer-series and Lyman alpha) and the lines of ions in abundance, such as magnesium
(Mgy1) and carbon (Cyy7, Cry). Due to their redshift, those lines cannot always be observed, because
they fall outside of the spectral window of the detector (Peterson, 1997).

1.2.4 Blazars

Blazars are the most active subclass of AGNs. Their jets are aligned with the line of sight, and they
are characterized by rapid variability, high and variable polarization, and superluminal velocities (Urry
& Padovani, 1995). Those AGNs are named Optically Violently Variables (OVV) Quasars (Peterson,
1997). The term “blazar” is a contraction of BL Lacartaec Objects and OVV quasars, and it was proposed
by Edward Spiegel in 1978 (Angel & Stockman, 1980).

Blazars are divided in two subcategories, BL Lacartae Objects (BL Lacs) and Flat-spectrum radio
Quasars (FSRQs), based on their emission lines (Urry & Padovani, 1995). BL Lacs have weak or no
emission or absorption lines in their spectra, whereas FSRQs have strong optical emission lines (Peterson,
1997).

BL Lacs are named after the prototype of the class, BL Lacartae (BL Lac), which was originally
identified as an irregular variable star. BL Lac was later identified as a radio source, with high variability,
radio polarization and unusual microwave spectrum. Also optical images show marginal nebulosity about
the source (Schmitt, 1968). FSRQs are highly variable, show high polarization and have radio structures
that are dominated by compact radio cores (Fugmann, 1989; Impey et al., 1991; Valtaoja et al., 1992;
Wills et al., 1992).

Blazars have emission across the electromagnetic spectrum, from radio to y-rays. Their spectral
energy distributions (SEDs) has a two-bump structure, with one peak at the sub-millimeter to optical
wavelengths and one at UV to X-ray energies (Padovani & Giommi, 1995). The SED of a Blazar can be
seen in Fig. 1.5.

BL Lacs were mostly diskovered in radio and X-ray energies and thus were divided in two sub-
categories, Radio-selected BL Lacs (RBLs) and X-ray-selected BL Lacs (XBLs) (Giommi & Padovani,
1994). The spectra of RBLs shows a smooth rise from radio to optical wavelengths, followed by a sharp
cutoff, whereas XBLs are characterised by a smooth rise from radio to X-rays (Giommi et al., 1995).
This categorization is based on the selection band and not on an intrinsic physical characteristic of the
source and it is not very reliable (Giommi & Padovani, 1994). A new division was proposed based on the
shape of the SED. BL Lacs are divided into Low-frequency peaked BL Lacs (LBLs) and High-frequency
peaked BL Lacs (HBLs). BL Lacs are classified as LBLs if the lower peak of their SED is located at low
frequencies (infrared-optical wavelengths), and as HBLs if the lower peak is located at high frequencies
(UV, X-rays) (Padovani & Giommi, 1995). The peak frequency is anticorrelated to the X-ray to radio
flux ratio (Mao et al., 2005).
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Figure 1.5: Spectral energy distributions (SED) of the blazar PKS 2155-304 during its 2006 highly
active state. Red points show nightly average spectra from Chandra and H.E.S.S. data, while the grey
band indicates the varying Chandra and H.E.S.S. spectra. Thin and thick solid lines present time
dependent synchrotron-self-Compton models able to reproduce the SED (H. E. S. S. Collaboration
etal., 2012).

It has been proposed that the blazar subclasses are linked through an evolutionary scenario. This
scenario proposes that, due to the gradual depletion of the gas and dust around the SMBH, the accretion
power and the accretion-disk radiation declines. The optical emission lines are due to the accretion-
disk radiation, thus the declining radiation leads to weaker emission lines. The evolutionary sequence of
blazars is: F'SRQ)s — LBLs — H BLs (Bottcher & Dermer, 2002).

1.3 Variability of AGNs

The variability of AGNs is important in understanding their morphology and the processes that occur
in them. The variability of blazars can be divided in three classes:

» Intra-day variability (IDV), with timescales that range from a few minutes to several hours (Wagner
& Witzel, 1995).

» Short-term variability (STV), with timescales that range from several days to a few weeks.

» Long-term variability (LTV), with timescales that range from several months up to years (Gupta
et al., 2004).

The fluctuations of AGNs luminosity seems non-period, but quasi-periodic oscillations (QPOs), in
multiple frequencies, have been observed in the light curves of AGNs (Bhatta, 2017). QPOs have been
detected in multiple wavelengths, on different timescales. Some of the timescales of QPOs that have been
detected in different wavelengths are listed bellow.

» Inradio wavelengths, QPOs with timescales of a few years have been detected (Raiteri et al., 2001;
Hovatta et al., 2008; Wang et al., 2014). Also QPOs with periods of several days (Li et al., 2021)
and periods of few hours have been observed (Sandrinelli et al., 2016; Liu et al., 2021)



» In optical wavelengths, QPOs have been detected with timescales of few years (Bhatta et al., 2016;
Sandrinelli et al., 2016; Zhang et al., 2021), and of a few hours (Gupta et al., 2009).

» In X-rays, QPOs with periods of few seconds to several minutes (Espaillat et al., 2008a; Gierlinski
et al., 2008).

» In~y-rays, QPOs with periods of few years have been detected (Ackermann etal., 2015; Ait Benkhali
et al., 2020).

It is easily seen that QPOs can be detected in every possible class of variability (IDV, STV and LTV).
In this thesis, we aim to detect QPOs in different wavelengths, in intra-day and short-term timescales.

1.4 Quasi-periodic oscillations models

Many models have been proposed in order to explain the variability of blazars on different timescales.
The models can be divided in two categories, the AD models, that suggest that the fluctuations arise from
the AD, and the jet models that suggest that the fluctuations arise from the jet of the AGN.

For blazars, models for IDV involve fluctuations at their jets due to shocks (Wagner & Witzel,
1995) or the helical motion of relativistic blobs (Camenzind & Krockenberger, 1992). Another, more
likely model suggests that QPOs detected from the emission of the jet arise from quasi-periodic injection
of plasma into the jet from oscillations in the inner region of AD (Mangalam & Wiita, 1993a; Liu et al.,
2006; Bhatta, 2019).

In non-blazar AGNSs, fluctuations with periods less than a week or IDV may arise from the AD of
the AGN (Mangalam & Wiita, 1993b). In optical and UV wavelengths, variability could be a product
of processes that take place inside the AD. In X-rays, variability could be connected with the rotation of
the AD or other internal processes of the AD. Such fluctuation could happen due to hot-spots or spiral
shocks at the AD (Mangalam & Wiita, 1993b; Fukumura & Kazanas, 2008).

In timescales of years, the variability may arise from a binary black hole system. Such periodicities
could emanate from radiation that arises in two bubbles of matter that is torn from the AD, when the BH
passed through it (Lehto & Valtonen, 1996).

Assuming that the model that suggests that QPOs originate from the accretion disk near the SMBH,
the maximum radius of the emitting region can be calculated using the equation:

R< cAtyps
— 14z

(1.9)

where At is the timescale of the observed fluctuation, and z is the redshift of the source (Gupta et al.,
2012). If the emission comes from the jet of the blazar, it will be Doppler boosted, thus an additional
Doppler factor, o, should be considered in the calculation and equation 1.9 becomes:

R < 502 obs
- 14z

(1.10)

In case of a non-rotating BH, the emission originates outside the Schwarzchild radius, thus the radius
of the emitting region must be greater than the Schwarzchild radius. By comparing equation 1.2 and
equation 1.9, we can extract the limit for the mass of the SMBH (non-rotating) is given by the equation:

C3At0bs

<
Mpp < 3G+ 2) (1.11)
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If the fluctuation arise from the AD and then propagates along the jet, the emission is Doppler boosted
and the Doppler factor should be added in the calculations and the mass of the SMBH is given by (Dai
et al., 2007):
C3At b
Mpy(6) < §—— 2
5 0) < O5mm )
For a maximally spinning SMBH, equations 1.11 and 1.12 change accordingly based on the gravitational
radius.

(1.12)

A better estimation of the mass of the SMBH can be calculated in the case of dominant QPOs.
Due to the periodicity of the fluctuations, the period is assumed to be related to the orbital timescale of
a hot-spot or a shock in the AD (Mangalam & Wiita, 1993a). The minimum timescale of QPO likely
corresponds to the marginally stable orbit, R,,s, but fluctuations can occur from regions closer to the
SMBH (Abramowicz & Nobili, 1982). The radii of the marginally stable orbit, for a non-rotating (left)
and a maximally spinning (right) black holes, are (Espaillat et al., 2008b):

6GM
2

Rons = =6Re , Rms~1.2R¢ (1.13)

The mass of the SMBH can be calculated using the equation:

M 3.23 x 10*P
el . (1.14)
Mo (32 +a)(1+2)

where, r = R/Rp, P is the observed period in seconds, « is the angular momentum parameter and z
is the redshift. For a non-rotating black hole the angular momentum parameter is « = 0 and =6, and
for a maximally rotating black hole the angular momentum parameter is @ = 0.9982 and r=1.2 (Gupta
et al., 2009). In case that the QPOs that arise in the AD propagate along the relativistic jet, the emission
is Doppler boosted, thus the Doppler factor, §, should be added in the calculations and the mass of the
SMBH is given by:

M 3.23 x 10*P

M7®:5(r3/2+a)(1+z) (119

Equations 1.14 and 1.15 estimate a lower limit for the mass of the SMBH.

1.5 Correlation of flux variations from different wavelengths

The cross-correlation at the light curves of different wavelengths places some additional constrains
to the emission models. The flux variations of blazars shows strong correlation (Guise et al., 2022).
Many studies have shown correlation between different wavelengths, from microwaves to y-rays, with
lags shorter than a day or with no significant lag (D’Ammando et al., 2013; Zhang et al., 2013). This
implies that the sources of the emission of different wavelengths are located at the same region, or at
small distances (Guise et al., 2022).

More recent studies show correlation with lags with timescales from 10 to 100 days (Li et al., 2018;
Safna et al., 2020). These timescales could imply that there is a distance between the sources of emission
from different wavelengths (Guise et al., 2022). Another scenario suggests that if the emission is produced
from shocks in the jet of a blazar, the high energy component comes from a region near the shock front,
while the lower energy component comes from a further region, thus the delay in the emission (Li et al.,
2018).
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Chapter 2

Blazar Optical Sky Survey - BOSS Project

Blazar Optical Sky Survey (BOSS) Project is an international observing program, initiated in 2013 at
the Department of Physics, University of Athens. The purpose of the project is the monitoring of blazars,
in parallel with observations in different wavelengths from ground-based and space observatories, in
order to search for quasi-periodic oscillations in the light curves of AGNS.

00014

Figure 2.1: Multiwavelength light curves from high to very low energies of Mrk 421 (Gazeas et al.,
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This project aims to fill the gap in observations of AGNs in optical wavelengths. The combina-
tion of parallel observations from across the electromagnetic spectrum can provide valuable information
about the structure and the processes carried out in an AGN. By comparing signals from different wave-
lengths, we can find the time lag between them and study the mechanisms that cause them. Such a
multi-wavelength study was done, in the frame of BOSS Project, for Mrk 421, as shown in Fig. 2.1.

The project involves colleagues from institutes all over the world, such as the Jagiellonian University
in Poland, the Owens Valley Radio Observatory (OVRO) in USA, the Xinjiang Astronomical Observatory
(XAO) in China, the Aalto University in Finland and the Universitdt Wiirzburg in Germany.

2.1 BOSS Project targets

The targets that are being observed in the frame of BOSS Project are shown in Table 2.1.

Table 2.1: BOSS Project target list

Target Other Name RA (J2000) DEC (J2000) Mag. Comments
Mrk1018 PGC 8029 02:06:16 -00:17:29 10.3 mag Seyfert 1 Galaxy
1ES 0236+61 LST1+61 303 02:40:32 +61:13:42 10.2 mag HMXB (V615 Cas)

1H 0323+342 PGC 2045127 03:24:41 +34:10:46 13.1 mag Seyfert 1 Galaxy
PKS 0420-014 QSO B0420-0127  04:23:16 -01:20:33 17.0 mag Quasar (FSRQ)
PKS 0716+714 GSC 4368:0899 07:21:54 +71:19:21 14.3 mag Blazar (BL Lac Object)
1ES 0836+71 QSO B0836+71 08:41:24 +70:53:42 16.8 mag Quasar
0J 287 GSC 1400:0230 08:54:49 +20:06:30 14.1 mag Blazar (BL Lac Object)
Mrkl110 PGC 26709 09:25:13 +52:17:11 15.2 mag Seyfert 1 Galaxy
PKS 0925+504 QS0 J0929+5013 09:29:15 +50:13:36 159 mag Blazar (BL Lac Object)
PKS 0954+658 S4 0954+658 09:58:47 +65:33:55 15.8 mag Blazar (BL Lac Object)
Mrk421 PGC 33452 11:04:27 +38:12:31 8.3 mag Blazar (BL Lac Object)
Mrk180 PGC 35899 11:36:26 +70:09:28 14.5 mag Blazar (BL Lac Object)
3C273 PGC 41121 12:29:07 +02:03:09 14.1 mag Blazar (BL Lac Object)
3C279 PGC 2817645 12:56:11 -05:47:22 15.9mag Quasar (FSRQ)
PKS 1510-089 PGC 2828331 15:12:51 -09:06:00 16.5 mag Quasar (FSRQ)
PKS 1553+113 GSC 0947:1098 15:55:43 +11:11:24 14.6 mag Blazar (BL Lac Object)
Mrk501 PGC 59214 16:53:52 +39:45:36 13.3 mag Blazar (BL Lac Object)
1ES 1959+650 PGC 2674942 20:00:00 +65:08:55 11.2 mag Blazar (BL Lac Object)
BL Lac 1ES 2200+42.0 22:02:43 +42:16:40 14.7 mag Blazar (prototype)
CTA102 (4C 11.69) PGC 2819036 22:32:36 +11:43:51 16.7 mag Quasar (FSRQ)
3C 4543 PGC 2819327 22:53:58 +16:08:54 15.2 mag Quasar (FSRQ)
1ES 2344+514 QSO B2344+514 23:47:05 +51:42:18 15.5 mag Blazar (BL Lac Object)

Most of the BOSS Project targets are blazars, but targets from other subclasses of AGNs have been
observed due to their powerful emission in optical wavelengths. Some of the characteristics of each of
the targets are listed below.
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Mrk 1018

Mrk 1018 is a Seyfert Galaxy (Keel, 1980) at z=0.043(McElroy et al., 2016). It is a changing-
look AGN, because its high-amplitude continuum fluctuation is associated with the presence of
the optical broad emission lines (Miniutti et al., 2019). Around 1980 and in a course of less
than 5 years, observations show that Mrk 1018 brightened and displayed strong broad emission
lines, changing from Seyfert type 1.9 to Seyfert type 1 (Cohen et al., 1986). In 2010, the broad
emission lines almost disappeared and Mrk 1018 returned to its previous classification as a
Seyfert Type 1.9 Galaxy (McElroy et al., 2016).

1ES 0236+61

1ES 0236+61 is a High Mass X-ray Binary (HMXB) at a redshift of z=0.00014 (Taylor et al.,
1992). It was first detected as a gamma-ray source in 1977 (Hermsen et al., 1977), but later
a periodic signal of 26.52 days was detected in radio (Taylor & Gregory, 1982). Based on
the luminosity, the spectral slope and the detection of QPOs in X-rays and radio, it is believed
that 1ES 0236+61 is a microquasar (Chernyakova et al., 2019). Multiwavelength observation in
TeV energies, from MAGIC and VERITAS, and in X-rays, from XMM-Newton and Swift/XRT,
show a correlation between the data, but there is no correlation between emissions in TeV and
GeV energies (Anderhub et al., 2009; Aliu et al., 2013).

1H 0323+342
1H 0323+342 is a Seyfert Type I galaxy with narrow emission lines at a redshift of z=0.063
(Berton et al., 2019) with a mass of the order of 107 M, (Zhou et al., 2007). Images from the
VLBI, at 15GHz, has shown a strong radio core at the end of a one-sided jet (Lister & Homan,
2005). Observations in optical wavelengths have lead to the detection of intra-day variability of
the order of 30 minutes (Paliya et al., 2014).

PKS 0420-014
PKS 0420-014 is a flat spectrum radio quasar (Healey et al., 2008) at redshift of z=0.916 (Jones
et al., 2009), with a SMBH of 7.9 x 108M,, (Liang & Liu, 2003). In optical wavelengths a
two mode variability has been revealed, with a variability of 13 months with a flare lasting one
month, superimposed with a variability of shorter timescales from 1 to 10 days, also an IDV of
3 hours has been detected (Wagner et al., 1995). In radio wavenlengths, a similar variability of
13 months has been suggested using observations from VLBI (Britzen et al., 2000).

PKS 0716+714

PKS 0716+714 is a BL Lac object (Kiihr et al., 1981) at redshift of = = 0.314-0.08 (Nilsson et al.,
2008). Until 2009, five flares had been detected in optical wavelengths at the beginning of 1995,
the end of 1997, the autumn of 2001, on March 2004 and the beginning of 2007 (Raiteri et al.,
2003; Foschini et al., 2006; Gupta et al., 2008). These flares show that a long-term variability
(LTV) of 3 + 0.3 years exists in optical wavelengths. A short-term variability of 7 days, and
an intra-day variability of 25-73 minutes have also been detected (Gupta et al., 2009). In radio
wavelengths, a periodicity of 5.5-6 years has been found (Villata et al., 2008).

1ES 0836+71
1ES 0836+71 is a quasar (Kiihr et al., 1981) at a redshift of z=2.21, with a mass of (2.0 £0.7) X
109 M, (Raiteri et al., 2020). Until 2015, two flares had been observed in gamma rays, the first
one on April 2011, when the flux was 25 times greater than the mean flux (Ciprini & Dutka,
2011), and on March 2015, when the flux was 65 times greater than the mean flux (Ciprini &
Fermi Large Area Telescope Collaboration, 2015). Also a fast gamma ray flux rising time of
~ 3 hours has been detected (Paliya & Vaidehi, 2015).

0J287
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0J287 is a BL Lac object at a redshift z=0.306 (Sitko & Junkkarinen, 1985). In optical wave-
lenghts, double flares have been observed, that have a periodicity of about 12 years (Sillanpéa
et al., 1988). Periodicities of 40-50 days have been observed in optical and radio wavelengths
(Pihajoki et al., 2013; Wu et al., 2006). A long-term variability of 435 days has been detected
in the optical-near-infrared bands, and of 410 days in gamma rays (Sandrinelli et al., 2016).

Mrk 110
Mrk 110 is a Seyfert Type I galaxy (Adams & Weedman, 1975) at a redshift of z=0.035 (Boller
et al., 2007), with a mass of (1.4 4 0.3) x 108M,, (Kollatschny, 2003). One day observations
in 1996 detected an 0.07 mag rise in the lightcurve of Mrk 110 in 1.5 hours and then a decline
and rise of 0.05 mag in 1.7 hours (Jang & Miller, 1997). Fluctuations have also been observed
in the line profile of Mrk 110. The He I A4686 line follows the continuum variations with a lag
of 5 days, and the Balmer lines with a delay of 23 days (Kollatschny & Welsh, 2001).

PKS 0925+504
PKS 0925+504 is a BL Lac object (Nass et al., 1996) at a redshift of z=0.370 (Abazajian et al.,
2009).A rapid intra-day variability has been detected on 4.9 GHz, from VLA observation in
2002-2003 (Lovell et al., 2008). In radio wavelengths, IDVs with a timescale of 0.5 £ 0.1 days
have also been detected, and short term variability of 250-300 days (Liu & Liu, 2015). In optical
wavelengths, fluctuations with a period of 0.3 £ 0.1 days have been detected (Liu et al., 2017).

PKS 0954+658
PKS 0954+658 is a BL Lac objects at a redshift of z=0.367 (Stickel et al., 1993). A correlation
between the light curves of radio and optical wavelengths has been detected (Wagner et al.,
1993). In 2015, the magnitude of R-band rose from ~16-17 mag to ~13 mag (Spiridonova et al.,
2015). Also, in optical wavelengths, rapid fluctuations of 0.1 mag have been detected with a
period of the order of 10 minutes (Gaur et al., 2019).

Mrk 421

Mrk 421 is a BL Lac object (Ulrich, 1978) at a redshift of z=0.031 (Mao, 2011). The light
curves of radio and optical wavelengths are strongly correlated (Lindfors et al., 2016), also a
significant correlation has been detected between gamma rays and radio wavelengths, during a
flare in 2012 (Hovatta et al., 2015). Short term variability has been detected in different energy
bands. In gamma rays a period of 280 days has been detected (Bhatta & Dhital, 2020), in radio
wavelengths (15 GHz) a periodicity of 287.6 + 4.4 days has been found, and in X-rays an STV
of 309.5 £ 5.8 days has been detected (Li et al., 2016). In energies from 3 to 79 keV (X-rays),
intra-day variability with period of 14.01 4 5.03 minutes has been found (Paliya & Vaidehi,
2015).

Mrk 180
Mrk 180 is a BL Lac object at a redshift of z=0.046 (Ulrich, 1978). Between 2008 and 2009
it was on a high-flux state, with its peak luminosity changing between 10%3-° to 104 erg s=1
(Wangetal., 2019). The light curves of optical and radio wavelengths show increasing trends for
several years. The flares observed in optical wavelengths can be detected in radio light curves.
This means that a correlation exists between the two energy bands and also that the fluctuations
originate from the same region (Lindfors et al., 2016).

3C 273
3C 273 is a BL Lac object at a redshift of z=0.158 (Strauss et al., 1992). It has been ob-
served across the spectrum, from radio to gamma rays, and it has shown variability in different
timescales. In optical wavelengths an intra-day variability of 13-245 minutes has been detected
(Fan et al., 2009). Also variabilities of 23.9 to 744 days have been found (Dai et al., 2009; Fan
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et al., 2014). In X-rays, an IDV of ~3300 seconds has been detected (Espaillat et al., 2008b).

3C 279
3C 279 is a flat spectrum radio quasar at a redshift of z=0.536 (Beckmann et al., 2006). It
shows fluctuations across the spectrum from radio wavelengths to gamma rays (Burbidge &
Rosenberg, 1965). In optical wavelengths, IDV with timescales from 23 to 115 minutes have
been detected (Agarwal et al., 2019). In near-infrared—optical bands and in gamma rays, STV
of 24 days has been found (Sandrinelli et al., 2016). Correlation between different energy bands
has been detected. Between the radio and optical light curves a lag of 12.8 days has been found
(Bottcher et al., 2007), between optical wavelengths and gamma rays a lag of 1.06 £ 0.47 days,
and between the light curves of X-rays and gamma rays a lag of 0.24 £ 0.42 days (Larionov
et al., 2020).

PKS 1510-089
PKS 1510-089 is a flat spectrum radio quasar at a redshift of z=0.361 (Hawkins, 1978). In the
begging of 2009, flares in gamma rays, X-rays, radio and optical wavelengths were observed
(Marscher et al., 2010; Abdo et al., 2010; D’Ammando et al., 2011). In 2011, a flare in radio
wavelengths was observed, that was correlated with the high activity state in gamma rays (Alek-
si¢ et al., 2014). During the flare, the fluctuations in gamma rays showed a periodicity of the
order of 20 minutes (Foschini et al., 2013).

PKS 1553+113
PKS 1553+113 is a BL Lac object at a redshift of z=0.36 (Miller & Green, 1983). The optical
light curves show many flares (Lindfors et al., 2016), and a STV of 754 £ 20 days has been
observed. In gamma rays, a variability of 2.18 + 0.08 years has been detected (Ackermann
et al., 2015). Additionally, a correlation between radio and gamma ray lightcurves has been
found, with a time lag of 50 £ 20 days (Ackermann et al., 2015).

Mrk 501
Mrk 501 is a BL Lac object at a redshift of z=0.034 (Ulrich, 1978). During a flare in gamma
rays in 1997, observations showed a variability of 23 days (Rieger & Mannheim, 2000). Other
researches have found periodicities of 72 days (Rddig et al., 2009) and 330 days in gamma rays
(Bhatta, 2019).

1ES 1959+650
1ES 1959+650 is a BL Lac object at a redshift of z=0.048 (Perlman et al., 1996). Its radio
and optical light curves show similar flaring behavior, but there is not a significant correlation
between the two wavelengths (Lindfors et al., 2016). In radio wavelengths a variability of 370
days was found, but with low significance (Li et al., 2017). In R-band (optical), a STV with a
period of 266.2 £ 7.3 days has been detected (Li et al., 2022).

BL Lac
BL Lac is the prototype of the subclass of blazars. It is at a redshift of z=0.069 (Mao, 2011). It
has been observed that it has a variability with period of 270, 520 and 750 days in gamma rays
(Bhatta & Dhital, 2020). Also in optical wavelengths there is a variability of 670 4+ 40 days
(Sandrinelli et al., 2017). In radio wavelengths LTV with a period of 8 years has been detected.
Also a correlation between the radio and optical light curves has been found, with a time lag of
540 days (Villata et al., 2004).
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CTA 102
CTA 102 is a flat spectrum radio quasar at a redshoft of z=1.032 (Schmidt, 1965). Until 2017
two flaring events had been observed, in 2012, when the magnitude rose from 17-18 mag to 13
mag was observed (Larionov et al., 2016), and in 2016 when it rose up to 11 mag (Calcidese
et al., 2016). During these two events, IDV that reached 0.2 mag were detected in timescales of
the order of 30 minutes (Bachev et al., 2017).

3C454.3

3C 454.3 is a flat spectrum radio quasar at a redshift of z=0.859 (Penston & Cannon, 1969). In
V-band (optical), fluctuations of 0.06 mag has been detected with a period of 1.7 hours (Raiteri
etal., 1998), and in R-band (optical) a variation of 0.27 mag in 2.6 hours has been found (Villata
etal., 1997). In B-band, observations have shown STV 0f 0.83, 2.97 and 6.39 years (Webb et al.,
1988). Recent studies have found a QPO of 47 days in gamma rays and in optical wavelengths
(Sarkar et al., 2021). Also a correlation between X-rays and ultraviolet (UV) has been detected,
with the X-ray variations preceding the UV by 98 days (Zhou et al., 2021).

1ES 2344+514
1ES 2344+514 is a BL Lac object at a redshift of z=0.044 (Perlman et al., 1996). Observations
have shown a variability of 5000 seconds in X-rays (Giommi et al., 2000). Fluctuations of
similar timescales have been detected in the R-band (optical), with a period of 4738 seconds,
thus a correlation between the two wavelengths must exist (Ma et al., 2010). Also a correlation of
radio and optical wavelengths has been detected, with optical leading radio by 70 days (Lindfors
etal., 2016).

A multi-wavelength Astronomy approach was used to study these target, with the exception
of PKS 0420-014, in order to compare the results and find correlations between the different
wavelengths. The targets were studied in 5 energy bands from 2013 to 2021.
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Chapter 3

Data analysis

In order to search for quasi-periodic oscillations from timescales of few minutes to several
months the Discrete Fourier Transform (DFT) and the Lomb-Scargle Periodogram (LSP) were
implemented, these methods are briefly discussed next.

3.1 Fourier Analysis

Fourier analysis is the method of representing or approximating general functions using
a sum of periodic trigonometric functions. Fourier transform is a mathematical transform that
decomposes a signal, which is a time dependent function, into functions of temporal frequency,
thus allowing the calculation of the period of the QPOs. The Fourier decomposition of function
f(t) is:

f(t) = % + i(an - cos(nwt) + by, - sin(nwt)) (3.1)

n=1

where «,, and b,, are complex values that represent the signal.

In the frame of this thesis, the program Period04 (P04) was used, that performs Discrete
Fourier Transform (Lenz & Breger, 2005). In this program, we import the data and set the limit of
frequency that it will search for oscillations. Also Discrete Fourier Transform was applied using
an algorithm of Fast Fourier Transform (FFT) developed in Python environment, the algorithm
can be found in the Appendix D.

Fourier transform is one of the most used methods implemented in order to search for pe-
riodic signals in astronomical observations. It can represent non periodic signals with high
accuracy when the data are evenly spaced, but can give results even in cases when the data are
not evenly spaced, but with lower accuracy. The data used for the search of QPOs of intra-
day timescales are evenly spaced and therefore DFT can provide reliable results. In the case of
short-term timescales the data series include several time-gaps and the results should be used
with caution. However, the results extracted with DFT can be compared with other methods
(see below) in order to cross-check the validity of the method.
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3.2 Lomb-Scargle Periodogram

The Lomb-Scargle Periodogram (Lomb, 1976; Scargle, 1982) is an algorithm that can detect
periodicity in unevenly spaced data. The function modelling the signal based on the periodogram
1s:

d(t;) = Acos(2m ft; — 0) + Bsin(2n ft; — 0) +n (3.2)

where d is the data in time ¢;, A and B are the amplitudes of the trigonometric functions that
describe the signal, f'is the frequency, n is the noise, and @ is a phase that is used to orthogonize
the trigonometric expression in case of uneven data (Lomb, 1976). The phase ¢ is given by
equation 3.3.

N N
1 .
0= éarctcm <; sin(4r ft;), Z; cos(47rfti)) (3.3)
The power spectral density of the periodogram is given by:
1 [Rw)? T(w)?
P e — 34
@)= 55 ( Cw) 5w 34
where:
N
R(w) = Z d(t;)cos(2mt; — ) (3.5)
=1
Zd sin(2nt; — 6) (3.6)
N
= Z cos®(2mt; — 0) (3.7)
i=1
N
= sin®(2rt; — 0) (3.8)

=1

and o2 is the variance of the data (Hocke & Kampfer, 2009).

The Lomb-Scargle Periodogram algorithm that was used in the frame of the analysis can
be found in the Appendix D.

A confidence threshold of 99% in QPO detection was set, in order to ensure the significance
of the detected signal. In order to calculate the confidence level, we used a method based on
gamma distribution for the DFT method and a method based on normal distribution for the LSP
method. Moreover, signals that have been detected with at least two methods are considered
significant. Signals which are detected within a range of 5 minutes (for IDV) and 5 days (for
STV) were considered to represent the same QPO, based on the data cadence and the observation
method.

An example of the implementation of the above methodology is given below, where we
search for QPOs of intra-day timescales in the light curve of BL Lac on JD 2457999. The total

duration of the observations is 8.4 hours (502.8 minutes).

The light curve that was analysed can be seen in Fig. 3.1.
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Figure 3.1: Photometric optical light curves of BL Lac on JD 2457999.

The frequency limits for the search of IDV are set based on the observations (i.e. cadence
and duration). Due to the fact that most observations have an exposure time of 180 sec, the upper
limit of frequency is 200 cycles per day (cpd), which corresponds to a period of 7.2 minutes,
because we need at least 2 points in order to fit a function to our data. The lower limit is set
as 1/t (cpd), where t is the total duration of the observations (in days). The range of reliability
of the detected frequencies is set from 2/t cpd, in order to detect at least two oscillations during
the observations, to 100 cpd, which corresponds to 15 minutes, because we need at least 5 to
6 points to fit the trigonometric functions. In this case we are searching for periods from 15
minutes to 4 hours.

The discrete Fourier power spectrum extracted from the implementation of DFT using the
Period04 software can be seen in Fig. 3.2.

Ciscrete Fourier Power Spectrum+ ( F=10.5898811, A=0.0104975219 )
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Figure 3.2: Discrete Fourier power spectrum for JD 2457999.
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The Discrete Fourier power spectrum of the DFT implemented using Python environment,
and the Lomb-Scargle periodogram can be found in Fig. 3.3.

Lomb-Scarle Periodogram

010
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Figure 3.3: Discrete Fourier power spectrum (left) and Lomb-Scargle Periodogram (right) exported
from Python algorithm for JD 2457999. With black dashed line we see the level of noise of the detected
periods, which was estimated through the power spectral density over the range of frequencies. With
red dashed lines is the 99% confidence level computed using the gamma and normal distribution
accordingly and with black dashed line is the level of noise of the detected frequencies.

Although many periods have been detected, only few are above the threshold of 99% con-
fidence.

The detected timescales of QPOs in the light curve of BL Lac of JD 2457999, with at least
99% confidence in detection, can be found in table 3.1.

Table 3.1: Period of the detected IDVs in the optical light curve of BL Lac on JD 2457999.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) . .0d (min) Amplitude S/N Period (min) Amplitude S/N Period (min) Amplitude S/N

2457999 502.78 135.98+£3.77 0.011+0.002 13.3 98.01 0.006 2.4 134.59 0.28 8.5
17.74+£0.15 0.005+£0.002 3.0 95.89 0.23 5.6

15.914+0.10 0.006£0.002 3.1 16.53 0.17 33

15.88 0.16 2.7

The signal to noise ratio (S/N) was calculated by dividing the amplitude of the detected
period with the value of the noise of the power spectrum.

The above analysis was implemented throughout the current study, in order to search for
QPOs of different timescales in different wavelengths.
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Chapter 4

Search for QPOs in optical wavelengths

4.1 Observations and data reduction

4.1.1 University of Athens Observatory (UOAO)

In the frame of BOSS Project and the present thesis, observations in optical wavelengths
have been conducted by the University of Athens Observatory (UOAQO). The UOAO hosts a 0.4
m Cassegrain telescope with a secondary mirror of 0.15 m. The focal ratio of the primary mirror
is /3, and the effective focal ratio is /8 for the telescope, thus its focal length is 3.2 m. It is
the first robotic and fully remote controlled telescope operating in a Greek educational institute
(Gazeas, 2016).

Figure 4.1: The University of Athens Observatory and the 0.4 m Cassegrain telescope.

The telescope is equipped with an imaging CCD camera ST-10XME (SBIG) and a set of
Bessell filters (UBVRI). CCD image sensors are used in digital imaging because they have a
high quantum efficiency, great resolution, high photometric accuracy, and low electromagnetic
noise.

The UOAO is used both for research and educational purposes. The observatory collabo-
rates with institutes from all around the world in the frame of international campaigns, such as
the Whole Earth Blazar Telescope (WEBT) network. This is an international monitoring cam-
paign for AGNs in multiple wavelengths (optical, near-infrared, and radio). The University of
Athens Observatory has provided data in optical wavelengths to the WEBT campaign in the
frame of BOSS Project, which was discussed in the previous chapter.
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For the current thesis, data in optical wavelength from 2013 to 2021 were provided by the
University of Athens Observatory. The targets were observed in R-filter (Bessell prescription,
(Bessell, 1990)). The number of nights, the total number of images and the exposure time for
each target can be found in table 4.1.

Table 4.1: Observing information of the BOSS Project targets.

Number of Number of Exposure time
Target

nights observations (sec)
Mrk1018 6 27 180
1ES 0236+61 17 925 40, 60
1H 0323+342 13 78 180
PKS 0716+714 21 757 120, 180
1ES 0836+71 8 233 180, 240
0J 287 1478 35333 180
Mrk110 43 253 180
PKS 0925+504 9 83 180
PKS 0954+658 12 241 180
Mrk421 700 16097 120, 180
Mrk180 277 1232 180
3C273 15 63 120, 180
3C279 17 167 120, 180
PKS 1510-089 9 231 120,180
PKS 1553+113 2 11 180
Mrk501 176 1011 120, 180, 240
1ES 1959+650 11 139 120, 180
BL Lac 569 9957 120, 180
CTA102 13 101 60, 180
3C 4543 12 77 180
1ES 2344+514 14 47 180

4.1.2 Data reduction

The acquired raw images were calibrated using bias, dark, and flat correction frames. Bias
frames are images that are obtained with zero exposure time and dark background, they contain
the noise from the electronics of the CCD sensor. Dark frames are images that are obtained
with a dark background and the exposure time and temperature of the sensor are the same as
the ones of the raw image that needs calibration. They are used to subtract the noise produced
by the sensor due to dark current and the fixed-pattern noise. Flat-field frames are images that
are acquired in a uniformly illuminated background with short exposure time. They are used to
correct the raw image from effects due to distortions in the optical path (i.e. dust grains) and
from vignetting in the perimeter of the image. The standard method for the correction of the
raw images follows equation 3.1.

raw — dark
librated = 20— 2978 3.1
Calibrated = =g o G-

Differential photometry was conducted utilizing differential (aperture) photometry techniques
(C-MUNIPACK software ') (Hroch, 1998). The method of differential photometry uses com-
parison stars (comparison and check star) of known magnitude that are in the same field as the

"http://c-munipack.sourceforge.net/
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target in order to export the magnitude of the target. The main advantage of this method is that
results can be extracted even if the observing conditions are not ideal.

The observed targets and their comparison stars can be found in table 4.2. Photometric data
for OJ 287 were provided by Dr. Zola.

Table 4.2: The observed AGNs and the comparison stars used for differential photometry.

Target Comparison star R-mag Check star R-mag
Mrk1018 GSC 4689:0752 15.28 GSC 4689:1217 14.26
1H 0323+342  GSC 2349:1649 12.42 GSC 2349:1333 13.40
PKS 0716+714  GSC 4368:0930 12.06 GSC 4368:1196 13.26
1ES 0836+71 GSC 4378:1285 13.73 GSC 4378:0595 13.99
Mrk110 GSC 3431:1243 13.17 GSC 3431:1266 13.52
PKS 0925+504  GSC 3431:0005 14.16 GSC 3431:0006 13.89
PKS 0954+658 GSC 4143:0922 12.55 GSC 4143:0852 12.74
Mrk421 GSC 3010:0688 12.21 GSC 3010:0762 12.76
Mrk180 GSC 4395:1040 13.44 GSC 4395:1328 13.51
3C 273 GSC 0282:0283 12.87 GSC 0282:0423 12.20
3C 279 GSC 4956:1119 12.25 GSC 4956:1057 14.05
PKS 1510-089  GSC 5581:0002 11.55 GSC 5581:0061 13.01
PKS 1553+113  GSC 0947:1188 11.90 GSC 0947:1248 13.00
Mrk501 GSC 3075:1227 13.12 GSC 3075:1005 12.79
1ES 1959+650  GSC 4240:0849 12.90 GSC 4239:0597 12.70
BL Lac GSC 3206:1597 12.43 GSC 3206:1087 12.10
CTA102 GSC 1154:0763 13.57 GSC 1154:0252 12.41
3C 4543 GSC 1698:0572 13.67 GSC 1698:1358 13.23
1ES 2344+514  GSC 3650:1106 12.25 2MASS 23472385+5143494  14.20

The light curves of the observed Active Galactic Nuclei between 2013 and 2021 are plotted
below. In order to plot the light curves the data are grouped in one-day bins. In Appendix B, the
zoomed in light curves of the target with few points can be found.
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Figure 4.2: Photometric optical light curves of the first 6 targets of table 4.2 between 2013 and 2021.
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Figure 4.3: Photometric optical light curves of the next 6 targets of table 4.2 between 2013 and 2021.
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Figure 4.4: Photometric optical light curves of the next 6 targets of table 4.2 between 2013 and 2021.
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Figure 4.5: Photometric optical light curves of the last 2 targets of table 4.2 between 2013 and 2021.

The daily observation of each target is not always possible. The amount of data and the total
duration of the observations differ for each target, as shown in table 4.1. Short-term variability
and long-term variability can be seen in the light curves of many of the above AGNs. The
variability in different timescales is going to be studied in the next sections.

4.2 Search for QPOs of intra-day timescales

In order to search for Quasi-Periodic oscillations with timescales of less than a day, high-
cadence intra-day light curves are required. Thus IDV's were searched whenever it was possible.

The frequency limits for the search of periodic IDV are set based on the observations. Due
to the fact that most observations have an exposure time of 180 sec, the upper limit of frequency
is 200 cycles per day (cpd), which corresponds to a period of 7.2 minutes. The lower limit is set
as 1/t (cpd), where t is the total duration of the observations (in days). The range of reliability
of the detected frequencies is set from 2/t cpd, in order to detect at least two oscillations during
the observations, to 100 cpd, which corresponds to 15 minutes, because we need at least 5 to 6
points to fit the trigonometric functions. A threshold in order to have at least 99% confidence
in the detection of the QPOs was set, using a method based on gamma distribution and normal
distribution. Also only the periods detected with at least two methods are considered significant.

The methods used in the search of QPOs are the ones discussed in paragraphs 3.1 and 3.2.
The results from the search of QPOs of intra-day timescales can be found below. The tables
with the intra-day QPOs of each target can be found in Appendix F.1.

We assume that QPOs of intra-day timescales originate from instabilities that occur in the
inner region of the AD and the quasi-periodic signal is either observed directly from the AD
or it propagates along the jet of the source. A scale factor for the radius of the region that the
instabilities arise, hence referred as region of origin, and for the parameters of the SMBH, such
as the mass of the BH, the Eddington luminosity and the upper accretion rate can be calculated.
The parameters are calculated for a non-rotating and maximally rotating BH, and for emission
that either comes from the AD or from the jet, thus the Doppler factor is considered in the
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calculations. The Doppler factor cannot be extracted directly from observations, but it has been
estimated with different methods, thus many values for the Doppler factor have been proposed.
Throughout this thesis the value of Doppler factor that was used is 6.87, which is based on a
model suggested by Pei et al. (2022). Since we assumed that the periods detected with different
methods are the same within a limit of 3-5 minutes, we use the mean value of these periods in
order to calculate the parameters of the inner region of the AGN. The error in the calculation of
the parameters is estimated based on the uncertainty of the detected timescales.

PKS 0716+714
In order to search for QPOs of intra-day timescales in PKS 0716+714, a total of 3 high-cadence
light curves were studied. The detected timescales can be found in table 4.3.

Table 4.3: Period of detected IDVs in the optical light curves of PKS 0716+714.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) , :0d (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N

2458030 359.61 52.13 £ 1.43 0.010 £0.001 9.2 52.30 0.3 33
2458031 471.34 231.96 £ 6.58 0.017 £0.002 4.8 227.31 0.011 7.8 227.41 0.4983  77.6
66.56 £ 1.54 0.006 £+ 0.002 5.9 138.37 0.006 2.3 138.45 0.1919 11.5
50.51 +0.81 0.007 £0.002 5.0 63.65 0.008 44 64.43 0.1697 9.0
32.55£0.28 0.008 £ 0.002 2.5 50.86 0.1814 103
32.53 0.2197 15.1

2458032 238.85 48.79 £ 5.96 0.007 +0.001 2.9 49.95 0.009 1.8

The shortest detected IDV is 32 minutes. Timescales of 48-52 minutes were found in all
the light curves, thus we assume that they relate to QPOs.

Assuming that the QPO originate from the inner region of the AD and that the timescale
of 48-52 minutes, that was detected in all the light curves, relates to fluctuations that originate
in the marginally stable orbit, we can calculate the lower bound of the mass of the BH using
equations 1.14 and 1.15. The calculated masses can be seen in table 4.4.

Table 4.4: The calculated mass of the SMBH of PKS 0716+714.

Mgu(10’M) Non-rotating BH Rotating BH
Morabte 0.51 =+ 0.02 3.21+0.10
Mitapie(9) 3474010  22.00 + 0.66

Using direct measurements of stellar velocity dispersion, Woo & Urry (2002) calculated
the mass of the SMBH of PKS 0716+714 to be M = 2.80 x 10®M_,. This value is in line with
the lower limit set by the detected timescales of QPOs.

From the mass of the BH we can calculate the minimum radius of the stable orbit (R,,s),

using equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 4.5.

Table 4.5: Radii of region of origin of IDV of PKS 0716+714.

R(10™m) Non-rotating BH Rotating BH
Rstaple 4.47+0.13 5.68 £0.17
Roanie(6) 3070 £0.92  39.00 £ 1.17
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From the mass of the SMBH we can also calculate the lower limit of Eddington luminosity
using equation 1.1. The calculated luminosities can be seen in table 4.6.

Table 4.6: The calculated Eddington luminosity of PKS 0716+714.

Lgaa(10”L,) Non-rotating BH Rotating BH
Lbdd.,n, 0.16£0.00  1.03+0.03
LEdd.,, . (0) 1114003  7.05+0.21

From Eddington luminosity we can calculate the Eddington accretion rate of the black hole,
using equation 1.4. The calculated accretion rate can be found in table 4.7.

Table 4.7: The upper limit of accretion rate of PKS 0716+714.

Mgu(Mg/yr) Non-rotating BH Rotating BH
Marapie 0.111+0.003  0.706 + 0.021

Mapie(6) 0.763 £0.023  4.849 4+ 0.145
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0J 287
A total of 19 high-cadence intra-day light curves of OJ287 were studied in order to detected
QPOs. The timescales that were detected with at least 99% confidence can be found in table F.3
in Appendix F.1.

The shortest detected QPO is 19 minutes. The frequency that each timescale was detected
can be seen in the frequency histogram of Fig. 4.6, which shows the detected QPOs grouped in
4-minute bins.
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Figure 4.6: Frequency histogram of the detected period of IDVs of OJ287, in 4-minute bins. The data
used to create this histogram can be found in table F.3 in Appendix F.1.

The timescales of the detected IDVs range between 19 and 330 minutes. The most fre-
quently QPO with a timescale of 180-184 minutes was detected in 4 out of 19 intra-night light
curves. In 3 out of 19 light curves, IDVs of 36-40, 84-88 and 120-124 minutes have been de-
tected.

Assuming that the QPO originate from the inner region of the AD and that the timescale
of 180-184 minutes, that was detected in most light-curves, relates to fluctuations that originate
in the marginally stable orbit, we can calculate the lower bound of the mass of the BH using
equations 1.14 and 1.15. The calculated masses can be seen in table 4.8.

Table 4.8: The calculated mass of the SMBH of OJ 287.

Mgu(10’'M;) Non-rotating BH Rotating BH
Merabe 1.25 + 0.02 7.93+0.10
Mtapie (6) 8574010  54.50 +0.66

OJ 287 host a BH binary system. In order to accurately predict the timing of 10 flares in a
period of about 80 years based on the binary black hole model, the mass of the central SMBH
is predicted to be Mpy = 18.35 x 109 M, (Laine et al., 2020). This value is in agreement with
the calculated lower bound of mass based on the detected timescales of QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
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rotating BH, can be seen in table 4.9.

Table 4.9: Radii of region of origin of IDV of OJ 287.

R(10''m) Non-rotating BH Rotating BH
Rsiabie 1.10£0.01 1.40 £ 0.02
Rtapie(0) 7.59 £ 0.09 9.65 £0.12

The lower limit of Eddington luminosity can be calculated from equation 1.1 using the
calculated mass. The calculated luminosities can be seen in table 4.10.

Table 4.10: The calculated Eddington luminosity of OJ 287.

Lgaa(10™L;) Non-rotating BH Rotating BH
LEdd,, .. 0.40 + 0.01 2.54 +0.03
LEdd,,p. (6) 2.7440.03 17.40 +0.21

From Eddington luminosity we can calculate the upper accretion rate of the BH from equa-
tion 1.4. The calculated accretion rate can be found in table 4.11.

Table 4.11: The upper limit of accretion rate of OJ 287.

Mgy (Mg /yr) Non-rotating BH  Rotating BH
Marapie 0.275 +0.003  1.745 + 0.021

Mtapie(9) 1.886 £ 0.023 11.988 + 0.145
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Mrk 421
A total of 16 high-cadence light curves were studied in order to find QPOs in Mrk 421. The
intra-day timescales of the QPOs that were detected with at least 99% confidence in the optical
light curves of Mrk 421 can be found in table F.4 in Appendix F.1.

The shortest detected IDV is 16 minutes. The frequency that each timescale was detected
can be seen in the frequency histogram of Fig. 4.7, that shows the detected QPOs grouped in
4-minute bins.
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Figure 4.7: Frequency histogram of the detected period of IDVs of Mrk 421, in 4-minute bins. The data
used to create this histogram can be found in table F.4 in Appendix F.1.

QPOs with timescales of 16-20, 28-32 and 40-44 minutes were detected in 6 out of 16 light
curves. Also IDVs of 20-24 minutes have been detected in 5 out of the 16 light curves. Although
the timescales of the detected QPOs range from 16 to 143 minutes, most of the IDVs are in the
range of 16 to 48 minutes.

Assuming that the QPO originate from the inner region of the AD and that the timescale of
16-20 minutes, that is the shortest and most frequently detected timescales, relates to fluctuations
that originate in the marginally stable orbit, we can calculate the lower bound of the mass of the
BH using equations 1.14 and 1.15. The calculated masses can be seen in table 4.8.

Table 4.12: The calculated mass of the SMBH of Mrk 421.

Mgu(10’M) Non-rotating BH Rotating BH
Miabie 0.23 £0.02 1.46 +£0.12
Mtapie(9) 1.58 +0.13 10.10 & 0.84

Using direct measurements of stellar velocity dispersion, Woo & Urry (2002) calculated
the mass of the SMBH of Mrk 421 to be M = 1.95 x 10®M,, which is in accordance with the
limit set by the detected QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
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equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 4.13.

Table 4.13: Radii of region of origin of IDV of Mrk 421.

R(10'Y’m) Non-rotating BH Rotating BH
Rsiabie 2.04+0.17 2.59 £ 0.22
Rstapie(9) 14.00 £1.17 17.80 £1.48

The lower limit of Eddington luminosity can be calculated from equation 1.1 using the
calculated mass. The calculated luminosities can be seen in table 4.14.

Table 4.14: The calculated Eddington luminosity of Mrk 421.

Lgaa(10™L) Non-rotating BH Rotating BH
LEdd.,,,. 0.074 £0.006  0.47+0.04
LEdd,,,.(0)  0.50640.004  3.22+0.27

From Eddington luminosity we can calculate the upper accretion rate of the BH from equa-
tion 1.4. The calculated accretion rate can be found in table 4.15.

Table 4.15: The upper limit of accretion rate of Mrk 421.

Mgy (Mg /yr) Non-rotating BH Rotating BH
M iapie 0.051 4+ 0.004 0.322 £0.027

Ma1e(6) 0.348 £0.020  2.211 +0.184
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BL Lac
In order to search for QPOs in BL Lac, a total of 27 intra-day high-cadence light curves were
studied. The timescales of the QPOs detected with at least 99% confidence can be found in
table F.5 in Appendix F.1. In some light curves, no QPOs with confidence greater than 99%
were detected.

The timescale of the shortest detected IDV is 15 minutes. The frequency that each period
was detected can be seen in the frequency histogram of Fig. 4.8, that shows the detected QPOs
grouped in 4-minute bins.
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Figure 4.8: Frequency histogram of the detected period of IDVs of BL Lac, in 4-minute bins. The data
used to create this histogram can be found in table F.5 in Appendix F.1.

IDVs of 28-32 minutes were detected in 9 out of 27 intra-night light curves. Also QPOs
of 40-44 minutes have been detected in 6 out of the 27 light curves. The detected IDV's range
from 16 to 236 minutes, but most of the timescales of the detected QPOs are between 24 and 72
minutes.

Assuming that the QPO originate from the inner region of the AD and that the timescale of
28-32 minutes, that was detected in most light-curves, relates to fluctuations that originate in the
marginally stable orbit, we can calculate the lower bound of the mass of the BH using equations
1.14 and 1.15. The calculated masses can be seen in table 4.16.

Table 4.16: The calculated mass of the SMBH of BL Lac.

Mgu(10’M) Non-rotating BH Rotating BH
Mot 0.37 £ 0.02 2.35+0.12
Masapie (8) 2544013  16.20 +0.81

Titarchuk & Seifina (2017) estimated that the mass of the SMBH of BL Lac is M = 3 x
107 M, based on the correlation of the photon index and the mass accretion rate. Another method
that used direct measurements of stellar velocity dispersion, estimated that the mass of the BH
is M = 1.70 x 108 M, (Woo & Urry, 2002). The calculated values of the mass of the SMBH
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are in accordance with the ones in the existing literature.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 4.17.

Table 4.17: Radii of region of origin of IDV of BL Lac.

R(10™m) Non-rotating BH Rotating BH
Rstaple 3.28 £0.16 4.16 £0.21
Ryane(5)  2250+£0.11  28.60+1.43

The lower limit of Eddington luminosity can be calculated from equation 1.1 using the
calculated mass. The calculated luminosities can be seen in table 4.18.

Table 4.18: The calculated Eddington luminosity of BL Lac.

Lgaa(10”Ls) Non-rotating BH Rotating BH
Leds,.. 01180006  0.75£0.04
Lidd,,.(®)  081£0.04  51740.26

From Eddington luminosity we can calculate the upper accretion rate of the black hole,
using equation 1.4. The calculated accretion rate can be found in table 4.19.

Table 4.19: The upper limit of accretion rate of BL Lac.

Mpgu(Mg/yr) Non-rotating BH Rotating BH
Mstapie 0.081£0.004  0.517 £0.026

Mstapie(0) 0.599 £ 0.028 3.554 £ 0.178
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The timescales of the detected QPOs in the optical light curves of all the targets can be seen
in the frequency histogram in Fig. 4.9, that shows the QPOs grouped in 3-minute bins.
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Figure 4.9: Frequency histogram of the detected period of IDVs of all the targets, in 3-minute bins.

The timescales of the detected IDVs range from 15 to 330 minutes, but most of the detected
IDVs have periods in the range of 15 to 72 minutes. This shows very fast rotation of matter in
the AD. QPOs of greater timescales have been detected in lesser days, but that is due to the
duration of the observations and the reliability limit we set in the search of the periods.

4.3 Search for QPOs of short-term timescales

To search for QPOs with timescales of some days to several months, a large amount of
data for several, preferably continuous, nights must be acquired. The data used for the search
of STVs were grouped in 1-day bins using an algorithm developed in Python environment, the
algorithm can be found in Appendix C.

The frequency limits for the search of the period of STVs are set based on the observations.
The upper limit of frequency is 0.3 cycles per day (cpd), which corresponds to a period of 3 days.
The lower limit is set as 1/t (cpd), where t is the total duration of the observations (in days). The
range of reliability of the detected frequencies is set from 2/t cpd, in order to detect at least two
oscillations during the observations, to 0.15 cpd, which corresponds to 6 days, because we need
at least 5 to 6 points to fit the trigonometric functions. To ensure that the detected timescales are
significant, a threshold of 99% confidence was set. Also only the periods detected with at least
two methods are considered significant. We set a limit of 3-5 days that we assume the detected
periods are the same.

Since our data include several time-gaps, the reliability of the DFT method is limited with
respect to the LSP method, even though periods were detected with 99% confidence. The
timescales of QPOs that were detected with all methods are presented below. The LSP method
is considered more reliable. The tables with the short-term QPOs of each target can also be
found in Appendix F.2. The same applies for all wavelengths under study.
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0J 287
In order to search for short-term QPO in OJ 287, we studied a total of 7 short-term light curves.
The short-term timescales of QPOs in OJ 287 can be found in table F.6 in Appendix F.2.

The shortest STV detected has a period of 21 days. The frequency that each period was
detected can be seen in the frequency histogram of Fig. 4.10, that shows the detected QPOs
grouped in 3-day bins.
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Figure 4.10: Frequency histogram of the detected period of STVs of OJ 287, in 3-day bins. The data
used to create this histogram can be found in table F.6 in Appendix F.2.

QPOs with timescales in the range of 36-39 days were detected in 3 out of 7 light curves.

The detected STVs range from 21 to 143 days, but most of the QPOs have timescales in the
range of 21 to 69 days.
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Mrk 421
A total of 5 light curves were studied in order to search for short-term quasi-periodic signals in
Mrk 421 in optical wavelengths. The detected timescales of QPOs can be found in table 4.20.

Table 4.20: Period of the detected STVs in the optical light curves of Mrk 421.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N  Period (days) Amplitude S/N
2456369-2456502 133 60.04 =2.75 0.12 +£0.02 5.405 15.88 0.063 34 63.27 0.44 39
28.20 £0.82 0.09 £0.02 4.010 26.41 0.44 3.8
14.00 £ 0.23 0.08 +0.02 3.487
2456614-2456838 224 4225+ 0.77 0.10£0.02 4.810 45.86 0.107 11.7 4291 0.44 4.0
26.03 £0.41 0.07 £0.02 3.415 26.75 0.058 34
2457168-2457612 444 109.94 £ 1.00 0.21 £ 0.01 13.506 70.50 0.072 254 106.87 0.56 6.2
73.52 £ 0.86 0.11 £0.01 7.043 50.36 0.064 20.0
53.56 £0.35 0.14 £0.01 9.203
2457728-2457962 234 112.09 +1.93 0.09 £ 0.01 12.32 32.57 0.075 12.0 110.50 0.74 10.9
31.01 £ 0.44 0.03 +0.01 4.188 30.74 0.33 2.1
2458112-2458340 228 76.92 +9.84 0.04 +£0.03 1.322 78.00 0.162 55.2 34.97 0.41 3.4
22.87 £0.43 0.08 £0.03 2.675 34.67 0.060 7.7 2232 0.30 1.8
22.29 0.050 52

The shortest detected STV has a period of 14 days. In 2 out of 5 light curves, a QPO of
24-27 days was detected.

Mrk 180
One light curve of Mrk 180 was studied in order to search for QPOs of short-term timescales.
The detected timescales can be found in table 4.21.

Table 4.21: Period of the detected STVs in the optical light curves of Mrk 180.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457181-2457643 462  117.74 +2.11 0.10+0.01 6.4 147.00 0.034 4.9 147.16 0.45 15.0
6223 £0.40 0.154+0.01 9.3 61.25 0.033 4.8 120.80 0.43 13.4

4432 +£0.30 0.10£0.01 6.3 45.94 0.044 8.5

33.06 £0.10 0.17 +£0.01 10.1 33.41 0.029 3.7

2738 £0.15 0.08 £0.01 4.8 27.22 0.032 4.4

17.00 £ 0.06 0.08 +£0.01 4.8 17.93 0.026 3.0

The shortest STV has a period of 17 days. A QPO with timescale of 33 days was also
detected, which can possibly be a harmonic of the period of 17 days. The detected STVs range
from 17 to 147 days.

Mrk 501
In order to search for short-term QPOs in Mrk 501, one light curves was studied. The detected
timescales can be found in table 4.22.

Table 4.22: Period of the detected STVs in the optical light curves of Mrk 501.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2457302-2457625 323 142.36 +3.45 0.062 £ 0.01 8.85 137.79 0.63 8.1

3642 +£0.70 0.02 +0.01 2.859 36.03 0.27 1.5

JD

The shortest STV is 36 days, while the longest is 137-142 days.
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BL Lac
A total of 5 light curves of BL Lac were studied in order to search for QPOs of hort-term
timescales. The detected timescales can be found in table F.10 in Appendix F.2.

The shortest detected STV is 11 days. The frequency that each period was detected can be
seen in the histogram of Fig. 4.11, which shows the detected QPOs grouped in 3-day bins.
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Figure 4.11: Frequency histogram of the detected period of STVs of BL Lac, in 3-day bins.

In 3 out of 5 light curves, QPOs with timescales of 18-21 and 24-28 days were detected.
The STVs have periods between 11 and 74 days, but most of the QPOs are in the range of 18 to
28 days.

The short-term timescales of QPOs that were detected in the light curves of all the targets
can be seen in the frequency histogram in Fig. 4.12.
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Figure 4.12: Frequency histogram of the detected period of STVs of all the targets, in 3-day bins.

The detected QPOs have timescales between 12 and 147 days, but most of the detected
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STVs are in the range of 18 to 45 minutes. QPOs of greater timescales have been detected in
less light curves, but that is due to the duration of the observations and the reliability limit we
set in the search of the QPOs.

4.4 Search for Long-Term Variability (LTV)

In order to search for Long-Term Variability non of the methods mentioned in paragraphs
3.1 and 3.2 were impemented. We searched for fluctuations and trends in the light curves of the
targets (Fig. 4.2,4.3, 4.4, and 4.5). Not all targets have enough data to search for LTV, thus only
some targets were studied.

0OJ 287
The light curve of OJ 287 shows great variability from mid-2015 to 2021, when it was observed.
The target was in a high-state from late 2015 to early 2017 and had a flare event in mid 2020.
Many fluctuations of smaller magnitude change can be seen throughout the duration of the ob-
servations.

Mrk 421
Mrk 421 is highly variable from 2013 to 2021. In 2013, the target was is high-state, with a
downward trend from mid 2013 to mid 2014, when it reached a medium state. In 2015, Mrk
421 was also in a high state with a downward trend from mid-2015 to mid-2017. An upward
trend can be seen in the light curve from mid-2018 to mid-2020. Multiple flare events were
observed throughout the duration of the observations.

Mrk 180
The light curve of Mrk 180 shows no trend in the period that it was observed. A flare event can
be seen starting in mid-2015, reaching its peak in October 2015 and then the target returns to its
mean magnitude by the end of 2015.

BL Lac
BL Lac shows high variability from 2014 to early 2021. From 2014 to 2020, the light curve of
BL Lac is shows a small upward trend. In 2021, the target was in a high state and the brightness
was increased up to 1 mag from its mean value.
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Chapter 5

Search for QPOs in radio wavelengths

The radio radio curves that were studied in the frame of this thesis were obtained from Met-
sdhovi Radio Observatory (MRO) (37 GHz), from Owens Valley Radio Observatory (OVRO)
(15 GHz) and from Xinjiang Astronomical Observatory by the Nanshan Radio Telescope (NSRT)
(4.8 GHz).

5.1 Metsdhovi Radio Observatory

Metsidhovi Radio Observatory (MRO) is a radio observatory in Finland associated with
the Aalto University. It hosts a Cassegrain-type antenna with a diameter of 14 m, which is
protected from the weather and the Sun’s heat radiation by a radome. The receiver is a Dicke
type radiometer and a Peltier element is used to stabilize the temperature of the receiver (Kallunki
et al., 2012).

Figure 5.1: Metsédhovi Radio Observatory and the 14 m radio telescope.

Radio observations are done daily at millimeter waves and microwaves from 2 to 150 GHz
and are used for international very long baseline interferometry (VLBI) campaigns and in the
study of active galaxies, the Sun, and the rotation of the Earth.

One of the main research activities is the observation of active galaxies in 22 and 37 GHz,

in order to study the long-term variability of the sources, and the high-frequency radio behaviour
of various source populations.
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5.2 Owens Valley Radio Observatory

Owens Valley Radio Observatory (OVRO) is owned and operated by the California Institute
of Technology (Caltech). It hosts a 40 m £/0.4 parabolic reflector on an altitude-azimuth mount.
It uses off-axis Dicke-switched dual-beam optics to achieve high efficiency. The telescope and
the receiver produce a pair of Gaussian beams separated in azimuth by 12.95" (Richards et al.,
2011).

Figure 5.2: Owens Valley Radio Observatory’s 40 m radio telescope.

Since 2008, regular observations of blazars have been carried out as a part of blazars mon-
itoring program. The targets of the program include all of the ”Candidate Gamma-Ray Blazar
Sample” (CGRaBS) north of declination -20 degrees and all of the sources from the first and
second Fermi detected AGN (ILAC and 2LAC).

5.3 Xinjiang Astronomical Observatory

Xinjiang Astronomical Observatory (XAO) of the Chinese Academy of Sciences (CAS)
was founded in 1957. Its current research covers areas such as star formation and evolution,
galaxies and cosmology, pulsars, high-energy astrophysics, and so on. The Nanshan Radio
Telescope (NSRT) is a 25 m radio telescope, with a sub-reflector made of carbon fiber materials.
Also the telescope is equipped with four cryogenic receivers.

i R e e s N

Figure 5.3: Nanshan Radio Telescope.
It is the second radio telescope that was used for VLBI observations. Other areas of research

are pulsars, star formation and evolution, and active galactic nuclei. NSRT has also an important
role in China’s Lunar Exploration Program.
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5.4 Data acquisition

5.4.1 Observations at 37 GHz

In the frame of this thesis, data from Metsédhovi Radio Observatory at 37 GHz were acquired

for 4 targets of BOSS Project. The targets are: OJ 287, Mrk 421, Mrk 501 and BL Lac. The
radio curves at 37 GHz are plotted below, in Fig. 5.4.
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Figure 5.4: The radio curves of the AGNs at 37 GHz.
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5.4.2 Observations at 15 GHz

Data from Owens Valley Radio Observatory at 15 GHz were acquired for 5 targets of BOSS
Project. The targets are: OJ 287, Mrk 421, Mrk180, Mrk 501 and BL Lac. The radio curves at
15 GHz are plotted below, in Fig. 5.5.
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Figure 5.5: The radio curves of the AGNs at 15 GHz.
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5.4.3 Observations at 4.8 GHz

Data from Nanshan Radio Telescope at 4.8 GHz were acquired for 4 targets of BOSS
Project. The targets are: OJ 287, Mrk 421, Mrk 501 and BL Lac. The radio curves at 4.8
GHz are plotted below, in Fig. 5.6.
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Figure 5.6: The radio curves of the AGNs at 4.8 GHz.

5.5 Data Analysis

The acquired data in radio wavelengths are grouped in one-day bins, thus we can only
search for Short-term variability and Long-term variability. The methods implemented for the
search of STV are the ones described in paragraphs 3.1, 3.2.
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5.6 Search QPOs of short-term timescales

The frequency limits for the search of the period of STV are set based on the observations.
The upper limit of frequency is 0.3 cycles per day (cpd), which corresponds to a period of 3 days.
The lower limit is set as 1/t (cpd), where t is the total duration of the observations (in days). The
range of reliability of the detected frequencies is set from 2/t cpd, in order to detect at least two
oscillations during the observations, to 0.15 cpd, which corresponds to 6 days, because we need
at least 5 to 6 points to fit the trigonometric functions. A threshold was set in order to have at
least 99% confidence in the detected periods.

5.6.1 Short-term QPOs at 37 GHz

The results from the search of QPOs of short-term timescales in the radio curves at 37
GHz can be found below. The tables with the short-term QPOs of each target can be found in
Appendix G.1.

0J 287
The short-term timescales of the detected QPOs in the radio curve of OJ 287 can be found in
table 5.1.

Table 5.1: Period of the detected STVs in the radio curves of OJ 287 at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456294-2459484 3190 313.07 £2.48 0.30 £0.04 5.4 310.09 0.33 25.2
225.62 +1.12 0.34 +0.04 6.2 227.40 0.34 27.4
181.88 £0.59 043 +0.04 7.7 179.53 0.46 49.6
128.69 +0.74 0.17 £ 0.04 3.1 126.33 0.13 3.8
110.62 +0.23 0.40 £0.04 7.3 110.03 0.32 23.9
91.31 £0.24 0.26 £0.04 4.7 92.19 0.45 47.7

The shortest detected STV is 91-92 days (3 months). Also a QPO of 179-181 days was
detected, which may possibly be a harmonic of the STV of 91-92 days.

Mrk 421
The short-term timescales of the detected QPOs in the radio curves of Mrk 421 can be found in
table 5.2.

Table 5.2: Period of the detected STVs in the radio curves of Mrk 421 at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D
J (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2456297-2457734 1437 12454 +1.23 0.04 £ 0.01 3.8 125.67 0.045 5.3
5435+£0.25 0.04 £0.01 3.5 56.55 0.034 3.0

The detected QPOs have timescales of 54-56 and 124-125 days.
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Mrk 501

The short-term timescales of the detected QPOs in the radio curves of Mrk 501 can be found in

table 5.3.

Table 5.3: Period of the detected STVs in the radio curves of Mrk 501 at 37 GHz.

D (days) Period (days) Amplitude

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
S/N  Period (days) Amplitude S/N Period (days) Amplitude S/N

2456297-2459381 3084  27.00 £ 0.03 0.03 £ 0.01

39

25.30 0.03 3.6

The only detected QPOs has a timescale of 25-27 days.

BL Lac

The short-term timescales of the detected QPOs in the radio curves of BL Lac can be found in

table 5.4.

Table 5.4: Period of the detected STVs in the radio curves of BL Lac at 37 GHz.

JD (days) Period (days) Amplitude

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

S/N  Period (days) Amplitude S/N Period (days) Amplitude S/N

2456294-2459485 3191  351.00 £2.08 0.51 + 0.05
272.94 +1.80 0.35 +0.05
190.04 + 0.85 0.36 & 0.05
163.29 £+ 0.65 0.35 + 0.05
86.85+£0.20 0.32+0.05

8.7
6.1
6.3
6.1
5.5

348.64 0.58 221.5
271.17 0.20 27.0
187.73 0.10 6.1
162.70 0.21 28.5
87.16 0.10 6.1

The shortest detected STV is 86-87 days with a possible harmonic of 162-163 days detected.

The short-term timescales of the detected QPOs at 37 GHz of all the targets can be seen in

Fig. 5.9.
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Figure 5.7: Frequency histogram of the detected period of STVs at 37 GHz, in 4-day bins.

The detected STVs have periods between 8 and 324 days, but most of the detected QPOs
have timescales from 8 to 96 days, and a peak at 268 to 272 days. QPOs of greater timescales
have been detected but due to the duration of the observations and the reliability limit we set in
the search of the frequencies, those are less frequently detected.
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5.6.2 Short-term QPOs at 15 GHz

The results from the search of QPOs of short-term timescales in the radio curves at 15 GHz
can be found below. The tables with the detected periods can be found in Appendix G.2.

0J 287

T}éfll short-term timescales of the detected QPOs in the radio curve of OJ 287 can be found in
table 5.5.

Table 5.5: Period of the detected STVs in the radio curves of OJ 287 at 15 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454473-2459204 4731  645.35+3.56 0.76 = 0.06 11.3 650.00 0.58 43.4
32337+ 191 036 +0.06 5.3 325.00 0.94 115.6
128.46 + 0.37 0.29 £ 0.06 4.3 130.00 0.86 95.0
108.44 +0.27 0.28 £ 0.06 4.2 108.33 0.45 26.0

The shortest detected STV is 108 days (3.6 months).

Mrk 421

The short-term timescales of the detected QPOs in the radio curves of Mrk 421 can be found in
table 5.6.

Table 5.6: Period of the detected STVs in the radio curves of Mrk 421 at 15 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454473-2459195 4722  438.37 +£4.04 0.02+0.01 4.1 363.43 0.042 95.3 443.18 0.27 6.1
234.67 +0.68 0.04 +0.01 7.0 231.27 0.030 49.7 362.64 0.27 6.0
178.72 £ 0.39 0.04 = 0.01 7.1 159.00 0.012 7.9 177.83 0.27 6.1
146.78 +0.42 0.02 +0.01 4.5 149.65 0.011 6.1 161.88 0.21 3.8
7726 £0.12 0.02 £0.01 4.2 77.09 0.010 5.0 148.75 0.23 4.7

70.83 £0.11 0.02+0.01 3.8 72.69 0.025 332

The shortest detected timescale of QPO is 70-72 days (2.3 months), with a possible har-
monic of 146-149 days.

Mrk 180

The short-term timescales of the detected QPOs in the radio curves of Mrk 180 can be found in
table 5.7.

Table 5.7: Period of the detected STVs in the radio curves of Mrk 180 at 15 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454474-2459199 4725 887.32 £7.51 0.014 +0.001 9.9 165.27 0.011 73.5 888.19 0.35 29.4
402.98 + 2.64 0.008 £+ 0.001 5.8 121.20 0.005 18.5 403.95 0.27 17.6

338.10 4+ 2.55 0.006 £ 0.001 4.2 106.94 0.004 11.5 335.24 0.20 9.5

165.93 +0.76 0.005 + 0.001 3.4 166.03 0.20 9.2

108.81 + 0.33 0.005 + 0.001 3.4 119.70 0.14 5.0

108.95 0.15 5.7

The shortest detected STV has a period of 84-86 days (2.8-2.9 months). QPOs with timescales
of 104-112 days (3.5-3.7 months) and 183-189 days (6.1-6.3 months) were detected with all the
methods.
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Mrk 501

The short-term timescales of the detected QPOs in the radio curves of Mrk 501 can be found in

table 5.8.

Table 5.8: Period of the detected STVs in the radio curves of Mrk 501 at 15 GHz.

D
J (days) Period (days) Amplitude

S/N  Period (days) Amplitude S

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
/N Period (days) Amplitude S/N

2454853-2459199 4346  370.02 £ 2.12 0.02 £ 0.01
186.57 4+ 0.88 0.01 & 0.01
159.23 £ 0.62 0.01 £ 0.01
143.94 + 0.54 0.01 £ 0.01
135.21 £ 0.37 0.02 + 0.01
54.67 £0.08 0.01 £ 0.01

6.5
4.0
42
3.9
5.0
3.6

376.20
188.10
156.75
144.69
134.36
53.74

0.038 106.7
0.009 59
0.007 3.5
0.017 20.5
0.015 15.5
0.007 3.5

The shortest STV is 54-56 days (1.8-1.9 months). QPOs with timescales of 224-229 days
(7.5-7.6 months) and 314-319 days (10.5-10.6 months) were detected with all the methods.

BL Lac

The short-term timescales of the detected QPOs in the radio curves of BL Lac can be found in

table 5.9.

Table 5.9: Period of the detected STVs in the radio curves of BL Lac at 15 GHz.

JD (days) Period (days) Amplitude

S/N  Period (days) Amplitude S

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
/N Period (days) Amplitude S/N

2454908-2459202 4294 24547 £ 1.65 0.47 = 0.09
66.339 +0.16 0.34 +0.09
43.38 £0.07 0.36 = 0.09

3.8
2.8
2.9

248.25
66.20
43.17

0.13 7.6
0.33 49.1
0.12 6.7

The timescale of the shortest detected QPO is 43 days (1.5 months).

The short-term timescales of the detected QPOs at 15 GHz of all the targets can be seen in

Fig. 5.8.
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Figure 5.8: Frequency histogram of the detected period of STVs at 15 GHz, in 4-day bins.
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The detected STV have periods from 52 to 328 days.
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5.6.3 Short-term QPOs at 4.8 GHz

The results from the search of QPOs of short-term timescales in the radio curves at 4.8 GHz
can be found below. The tables with the detected periods can be found in Appendix G.3.

0J 287
The short-term timescales of the detected QPOs in the radio curve of OJ 287 can be found in

table 5.10.
Table 5.10: Period of the detected STVs in the radio curves of OJ 287 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457716-2459242 1526 28.017 £ 0.036 0.402 + 0.051 6.4 26.63 0.23 32 28.02 0.61 15.6
16.555 £ 0.011 0.459 +£0.051 7.3 16.55 0.60 15.1

JD

The detected STV have timescales of 16 days and 26-28 days.

Mrk 421
The short-term timescales of the detected QPOs in the radio curve of Mrk 421 can be found in

table 5.11.
Table 5.11: Period of the detected STVs in the radio curves of Mrk 421 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457777-2459243 1466  23.527 £ 0.024 0.026 £+ 0.003 6.5 23.12 0.69 7.8
18.696 £+ 0.010 0.038 + 0.003 9.5 18.14 0.58 5.5

17.639 + 0.012 0.030 + 0.003 7.4 17.42 0.57 5.2

11.734 4+ 0.004 0.041 £+ 0.003 10.4 11.15 0.66 7.1

The shortest detected STV is 11 to 12 days, with a possible harmonic of 23 days.

Mrk 501
The short-term timescales of the detected QPOs in the radio curves of Mrk 501 can be found in

table 5.12.
Table 5.12: Period of the detected STVs in the radio curves of Mrk 501 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457777-2459243 1466  29.819 £ 0.071 0.036 & 0.008 3.8 29.81 0.51 5.1
10.254 4+ 0.007 0.046 + 0.008 4.9 10.24 0.62 7.7

JD

The shortest detected STV has a period of 10 days with a possible harmonic of 29 days.
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BL Lac
The short-term timescales of the detected QPOs in the radio curves of BL Lac can be found in
table 5.13.

Table 5.13: Period of the detected STVs in the radio curves of BL Lac at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2458291 - 2459330 1039  18.524+0.02 0.09 £0.01 5.2 18.65 0.04 1.7
1590 +£0.03 0.07 £0.01 3.0 16.43 0.04 1.9
11.26 +£ 0.01 0.19+0.01 5.3 11.69 0.04 2.2

The shortest detected QPO has a timescale of 11 days.

The timescales of the detected QPOs at 37 GHz of all the targets can be seen in Fig. 5.9.
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Figure 5.9: Frequency histogram of the detected period of STVs at 37 GHz, in 4-day bins.

The detected QPOs have timescales between 4 and 40 days, but most of the detected STVs
are in the range of 4 to 20 days, and a peak at 268-272 days. QPOs of greater timescales have
been detected but due to the duration of the observations and the reliability limit we set in the
search of the frequencies, those are less frequently detected.

5.7 Search for Long-Term Variability (LTV)

The methods mentioned in paragraphs 3.1 and 3.2 were not implemented in the search of
LTV on radio wavelengths. We searched for fluctuations and trends in the radio curves of the
targets (Fig. 5.4, 5.5, and 5.6).

5.7.1 Long-term variability at 37 GHz

0OJ 287
The radio curve of OJ 287 shows high variability, with multiple flare events in mid-2014, early
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2017 and early 2018. The target was in high state from September 2016 to July 2017.

Mrk 421
There is no significant trend in the radio curve of Mrk 421 at 37 GHz.

Mrk 501
There is no significant trend in the radio curve of Mrk 501 at 37 GHz.

BL Lac
BL Lac is high variable with multiple flare events during the period that it was observed. The
radio curve shows a downward trend from 2013 to mid 2019, and an upward trend from mid-
2019 until the end of the observations.

5.7.2 Long-term variability at 15 GHz

0OJ 287
The radio curve of OJ 287 shows high variability, with multiple flare events. The target was
in high state from September 2016 until mid 2017, followed by a high increase of flux during
a flare in early 2018. The radio curve at 15 GHz follows the behavior of the radio curve at 37
GHz.

Mrk 421
In the radio curve of Mrk 421 multiple flares can be detected. Also a downward trend can be
seen, from 2013 until the flare of mid-2014, and from mid-2014 until 2019.

Mrk 180
There is no significant trend in the radio curve of Mrk 180 at 15 GHz, only a small downward
trend from early 2015 until the end of the observations.

Mrk 501
Mrk 501 is highly variable at 15 GHz. An upward trend can be seen in the radio curve of the
target from 2013 until mid-2015, followed by a decrease of flux from mid-2015 until early 2018.
The flux was in an upward trend again from 2018 until the end of the observations.

BL Lac
The radio curve of BL Lac at 15 GHz shows great variability, with multiple flares. From 2013,
until the flare in mid-2017 an upward trend can be seen in the radio curve, and a downward trend
can be detected after the same flare until the end of the observations.

5.7.3 Long-term variability at 4.8 GHz

0J 287
0OJ 287 is highly variable and shows great decreasement of its flux in late 2017 and in late 2019.

Mrk 421
There are no enough data to search for a trend in the radio curve of Mrk 421 at 4.8 GHz.
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Mrk 501
There are no enough data to search for a trend in the radio curve of Mrk 501 at 4.8 GHz.

BL Lac

The radio curve of BL Lac shows variability at 4.8 GHz. An upward trend can be seen from late
2019 until the end of the observations.
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Chapter 6

Search for QPOs in X-rays

The data used for the search of QPOs in X-rays were acquired by the Neil Gehrels Swift
Observatory by the X-ray telescope (XRT) in the frame of long-term Swift monitoring program
of Fermi gamma-ray sources (Stroh & Falcone, 2013).

6.1 Neil Gehrels Swift Observatory

Neil Gehrels Swift Observatory or Swift is a multi-wavelength space observatory, with three
instruments observing at gamma-rays, X-rays, ultraviolet and optical wavelengths. The Burst
Alert Telescope (BAT) that observes in an energy range of 15-150 keV, the Ultraviolet/Optical
Telescope (UVOT) that observes in ultraviolet and optical wavelengths and the X-Ray Telescope
(XRT) that has an energy range from 0.2 to 10 keV.

Figure 6.1: Model of Neil Gehrels Swift Observatory.

The XRT uses a grazing incidence Wolter Type I X-ray telescope with 12 nested mirrors.
It has an effective area of 110 cm?, with a 23.6 x 23.6 arcmin FOV, and a 18 arcsec resolution
(half-power diameter). The telescope focuses on a CCD that has an image area of 600 x 602
pixels (40 x 40 microns), and operates at —100° C to ensure low electronic noise.
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6.2 Data acquisition

The BOSS Project targets that were observed by the Swift-XRT and their observing infor-
mation can be found in table 6.1.

Table 6.1: Observing information of the Swift-XRT targets.

Number of
Target nights

1H 0323+342 152
PKS 0716+714 282
1ES 0836+71 87
0J 287 699
PKS 0954+658 65

Mrk421 1193

3C 273 318

3C 279 370
PKS 1510-089 273
PKS 1553+113 359
Mrk501 764
1ES 1959+650 545
BL Lac 616
CTA102 145
3C454.3 427
1ES 2344+514 220

The data were grouped in 1-day bins with the code of Appendix C. The flux sequence of
the AGNs in X-rays are plotted below. In order to create the flux sequences the data are grouped
in one-day bins.
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Figure 6.2: The flux sequence of the first 6 targets of table 6.1.
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Figure 6.3: The flux sequence of the next 6 targets of table 6.1.
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Figure 6.4: The flux sequence of the last 4 targets of table 6.1.

6.3 Data analysis

The data were analysed using the Discrete Fourier Transform and the Lomb-Scargle Peri-
odogram, described in paragraphs 3.1 and 3.2.

6.4 Search for QPOs of intra-day timescales

In order to search for Quasi-Periodic oscillations with timescales of less than a day, high-
cadence intra-day flux sequences are required. Thus IDVs were searched whenever it was pos-
sible, using the unbinned data.
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The frequency limits for the search of periodic IDV are set based on the observations.
The upper limit of frequency is 250 cycles per day (cpd), which corresponds to a period of 5.6
minutes. The lower limit is set as 1/t (cpd), where t is the total duration of the observations (in
days). The range of reliability of the detected frequencies is set from 2/t cpd, in order to detect
at least two oscillations during the observations, to 125 cpd, which corresponds roughly to 10
minutes, because we need at least 5 to 6 points to fit the trigonometric functions. A threshold
was set in order to have at least 99% confidence in the detected periods. Also only the periods
detected with at least two methods are considered significant. We set a limit of 3-5 minutes that
we assume the detected periods are the same.

The results from the search of QPOs of intra-day timescales can be found below. The tables
with the intra-day QPOs of each target can be found in Appendix H.1.

We assume that QPOs of intra-day timescales originate from instabilities that occur in the
inner region of the AD and the quasi-periodic signal is either observed directly from the AD
or it propagates along the jet of the source. A scale factor for the radius of the region that the
instabilities arise, hence referred as region of origin, and for the parameters of the SMBH, such
as the mass of the BH, the Eddington luminosity and the upper accretion rate can be calculated.
The parameters are calculated for a non-rotating and maximally rotating BH, and for emission
that either comes from the AD or from the jet, thus the Doppler factor is considered in the
calculations. The Doppler factor cannot be extracted directly from observations, but it has been
estimated with different methods, thus many values for the Doppler factor have been proposed.
Throughout this thesis the value of Doppler factor that was used is 6.87, which is based on a
model suggested by Pei et al. (2022). Since we assumed that the periods detected with different
methods are the same within a limit of 3-5 minutes, we use the mean value of these periods in
order to calculate the parameters of the inner region of the AGN. The error in the calculation of
the parameters is estimated based on the uncertainty of the detected timescales.

1H 0323+342
One X-ray intra-day flux sequence was studied in order to search for QPOs in 1H 0323+342.
The timescales that were detected with at least 99% confidence can be found in table 6.2.

Table 6.2: Period of the detected IDVs in the X-ray flux sequence of 1H 0323+342.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N
2453922 1167.02 37.99 +£0.23 0.06 £0.02 34 37.29 0.07 2.4 31.47 0.69 12.3
31.62 0.06 2.1

JD  Duration (min)

The timescales of the detected QPO are 31 and 37 minutes.

Since we only have searched for QPOs in only one flux sequence, we will assume that the
timescale of 31 minutes, that was the shortest detected timescales, relates to fluctuations that
originate in the marginally stable orbit in the AD, we can calculate the lower bound of the mass
of the BH using equations 1.14 and 1.15. The calculated masses can be seen in table 6.3.

Table 6.3: The calculated mass of the SMBH of 1H 0323+342.

Mgu(10’M) Non-rotating BH Rotating BH
Mgiable 0.39 £0.02 2.44 4+ 0.12
Msapie(6) 2.64+0.13 16.80 & 0.81

Based on spectroscopic data the mass of the SMBH of 1H 0323+342 is M = 2 x 10" M,
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(Landt et al., 2017). This value is in line with the calculated lower limit of mass of a non-rotating
black hole for non-Doppler boosted emission. 1H 0323+342 is a quasar, so its emission probably
comes from the AD of the AGN, thus it is not Doppler boosted.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.4.

Table 6.4: Radii of region of origin of IDV of 1H 0323+342.

R(10™m) Non-rotating BH Rotating BH
Rstapie 3.40 £0.17 4.33+0.21
Rstapie(9) 23.40+1.13 29.70 £ 1.44

From the mass of the SMBH we can also calculate the lower bound of the Eddington lumi-
nosity using equation 1.1. The calculated luminosities can be seen in table 6.5.

Table 6.5: The calculated Eddington luminosity of 1H 0323+342.

Lgaa(10”Ls) Non-rotating BH Rotating BH
Lidd.,. 0.12 +0.01 0.78 +£0.04
LEda,,p. (0) 0.85+0.04 5374026

From Eddington luminosity we can calculate the Eddington accretion rate of the black hole,
using equation 1.4. The calculated accretion rate can be found in table 6.6.

Table 6.6: The upper limit of accretion rate of 1H 0323+342.

Mgu(Mg/yr) Non-rotating BH Rotating BH
Mtapie 0.085 £ 0.004 0.538 £ 0.026

Mrapie(8) 0.581+£0.028  3.693 £ 0.179
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PKS 0716+714
In order to search for intra-day QPOs in X-rays in PKS 0716+714, two high-cadence flux se-
quences were studied. The detected timescales can be found in table 6.7.

Table 6.7: Period of the detected IDVs in the X-ray flux sequence of PKS 0716+714.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) , 04 (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N

2457061 1069.89 33.55£0.21 0.07+0.02 3.7 35.14 0.11 3.5
2457062 1318.67 260.31 +8.36 0.06 £0.02 2.2 257.76 0.09 2.5
49.73 £0.21 0.09+£0.02 4.3 51.55 0.10 3.1

The shortest detected QPO has a timescale of 34 minutes. IDV of 50 and 257-260 minutes
were also detected with at least 99% confidence.

The radius of the region of origin and the parameters of the SMBH of PKS 0716+714 were
calculated in a previous chapter using the detected timescales of QPOs in optical. The shortest
detected QPO is of the same scales in both X-rays and optical wavelengths, thus the calculated
parameters are of the same scale.

1ES 0836+71

Two high-cadence X-ray flux sequences were studied in order to search for QPOs in 1ES 0836+71.
The timescales detected with at least 99% confidence can be found in table 6.8.

Table 6.8: Period of the detected IDVs in the X-ray flux sequence of 1ES 0836+71.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N

2454194  1361.8224

2454849 882.42 73.76 £1.33 0.02+0.01 4.5 73.80 0.0 24
3459 £0.22 0.02+0.01 4.8 32.80 0.0 2.5

In one of the two days of observations no significant QPO was detected. The shortest
detected QPO has a timescale of 32-34 minutes. Also an IDV of 73 minutes was detected.

Assuming that the QPO originate from the inner region of the AD and that the timescale
of 180-184 minutes, that was detected in most light-curves, relates to fluctuations that originate
in the marginally stable orbit, we can calculate the lower bound of the mass of the BH using
equations 1.14 and 1.15. The calculated masses can be seen in table 6.9.

Table 6.9: The calculated mass of the SMBH of 1ES 0836+71.

Mgu(10°M) Non-rotating BH Rotating BH
Miapie 1.36 £ 0.06 8.61 +0.39
Mtapie(9) 9.31 +0.42 59.2 £ 0.27

Based on spectroscopic data, the mass of the SMBH of 1ES 0836+71 is M = 3 x 10°M,,
(Ghisellini et al., 2010), and is in line with the lower bound set by the detected timescales of
QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.10.
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Table 6.10: Radii of region of origin of IDV of 1ES 0836+71.

R(10™m) Non-rotating BH Rotating BH
Rstapie 1.20 £ 0.05 1.52 £ 0.07
Roanie(6)  824+0.38  10.50 & 0.48

From the mass of the SMBH we can also calculate the lower bound of the Eddington lumi-
nosity using equation 1.1. The calculated luminosities can be seen in table 6.11.

Table 6.11: The calculated Eddington luminosity of 1ES 0836+71.

Lgaa(10'°L,) Non-rotating BH Rotating BH
LEdd,pn, 434+020  27.60+1.25
LEdd,, .. (0) 29.80 + 1.35 189.00 + 8.61

From Eddington luminosity we can calculate the Eddington accretion rate of the black hole,
using equation 1.4. The calculated accretion rate can be found in table 6.12.

Table 6.12: The upper limit of accretion rate of 1ES 0836+71.

Mgu(Mg/yr) Non-rotating BH Rotating BH
Mtapie 0.030 £ 0.001 0.190 £ 0.009

Mrapie(8) 0.205+0.009  1.302 = 0.059
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Mrk 421
A total of 15 high-cadence X-ray flux sequences were studied in order to earch for QPOs in Mrk
421. The detected timescales can be found in table H.5 in Appendix H.1.

The shortest detected IDV is 7-8 minutes. The detected timescales of IDVs can be found in
the frequency histogram of Fig. 6.5, that shows the detected QPOs grouped in 4-minute bins.

Frequency (# of days)
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Figure 6.5: Frequency histogram of the detected period of IDVs of Mrk 421 in X-rays, in 4-minute bins.
The data used to create this histogram can be found in table H.5 in Appendix H.1.

A QPO with timescale of 12-16 minutes was detected in 8 out of 15 days. The timescales
of QPOs range from 7 to 200 minutes, but most of the IDVs are between 7 and 33 minutes.

The detected QPOs are in the same scale with the ones detected in optical wavelengths,
thus the parameters calculated in the previous chapter are the same for both optical and X-rays.
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3C 273
In order to search for QPOs of intra-day timescales a total of 15 flux sequences were studied.
The detected timescales of QPOs in X-rays, with at least 99% in detection, can be found in table
H.6 in Appendix H.1.

The shortest detected IDV is 6-7 minutes. The detected timescales of QPOs can be found
in the frequency histogram of Fig. 6.6, which shows the detected QPOs grouped in 4-minute
bins.
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Figure 6.6: Frequency histogram of the detected period of IDVs of 3C 273 in X-rays, in 4-minute bins.
The data used to create this histogram can be found in table H.6 in Appendix H.1.

In 8 out of 15 flux sequences, a QPO with a timescale of 8-12 minutes has been detected.
Also most of the IDV's have periods between 6 and 32 minutes.

Assuming that the QPO originate from the inner region of the AD and that the timescale
of 180-184 minutes, that was detected in most light-curves, relates to fluctuations that originate
in the marginally stable orbit, we can calculate the lower bound of the mass of the BH using
equations 1.14 and 1.15. The calculated masses can be seen in table 6.13.

Table 6.13: The calculated mass of the SMBH of 3C 273.

Mg (10°M) Non-rotating BH Rotating BH
Morabe 1.25 +0.17 7.96 + 1.09
Mitapie(5) 8.614+1.17  54.70 + 7.46

The mass of the SMBH of 3C 273 was calculated using the reverberation method to be
M = 6.6 x 10° M, (Paltani & Tiirler, 2005). This value is greater than the lower limit calculated
using the timescales of QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using

equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.14.
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Table 6.14: Radii of region of origin of IDV of 3C 273.

R(10™m) Non-rotating BH Rotating BH
Rrabie 1.11+0.15 1.41+0.19
Ritapie(6) 7.62 £ 1.04 9.68 £ 1.32

From the mass of the SMBH we can also calculate the lower bound of the Eddington lumi-
nosity using equation 1.1. The calculated luminosities can be seen in table 6.15.

Table 6.15: The calculated Eddington luminosity of 3C 273.

Lgaa(10''L.) Non-rotating BH  Rotating BH
Lidd.,m. 401 +0.55 25.50 + 3.47
LEgdd.,,,.(0) 27.50 £ 3.76 175.00 + 23.90

From Eddington luminosity we can calculate the Eddington accretion rate of the black hole,
using equation 1.4. The calculated accretion rate can be found in table 6.16.

Table 6.16: The upper limit of accretion rate of 3C 273.

Mg (Mg /yr) Non-rotating BH  Rotating BH
Maianie 0.028 £0.004  0.175 + 0.024

Mgapie(6) 0.189 £0.026  1.2032 & 0.164

66



3C 279
A total of 8 X-ray flux sequences were studied in order to find QPOs of intra-day timescales in
3C 279. The detected timescales can be found in table 6.17.

Table 6.17: Period of the detected IDVs in the X-ray flux sequence of 3C 279.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D Duration (mi
J uration (min) ", iod (min) Amplitude S/N Period (min) Amplitude S/N Period (min) Amplitude S/N

2453748 1375.42 891 £0.01 0.02+0.01 4.6 8.60 0.04 4.7
2453749 1358.58 12.85+0.02 0.03£0.01 43 11.62 0.05 4.0
2453752 1367.61 2443 +£0.09 0.013 +£0.005 3.7 27.05 0.02 2.4
10.67 £ 0.01 0.020 £ 0.005 5.0 12.22 0.02 2.1
8.70 £0.01 0.018 £0.005 4.6 8.42 0.02 2.7
2453753 1363.68 11.65+£0.02 0.02+£0.01 238 10.02 0.03 2.3
2454795 794.02 8.14£0.02 0.02+0.01 5.0 9.12 0.04 2.1
2454796 1167.84 7.42 £0.01 0.03+0.01 3.5 8.11 0.05 52
2454799 1256.28 7231 £0.59 0.02£0.01 33 70.27 0.04 8.1
10.35+0.02 0.01 £0.01 43 11.33 0.04 59
891 £0.01 0.024+0.01 4.7 8.37 0.03 2.8
2454800 1162.63 101.92 £ 0.65 0.07 £0.01 8.7 23.20 0.06 53 102.85 0.46 2.1

23.324+0.09 0.03+0.01 8.0

The shortest detected timescale is 8 minutes, which is also the timescale that was detected
in 5 out of 8 days, thus it possibly corresponds to a QPO.

Assuming that the QPO originate from the inner region of the AD and that the timescale
of 8 minutes, that was detected in most light-curves, relates to fluctuations that originate in the
marginally stable orbit, we can calculate the lower bound of the mass of the BH using equations
1.14 and 1.15. The calculated masses can be seen in table 6.18.

Table 6.18: The calculated mass of the SMBH of 3C 279.

Mgu(10°M;) Non-rotating BH  Rotating BH
Maanie 6.87 £ 1.29 43.60 £ 8.18
Mtapie(0) 47.20 £ 8.85 300.00 4 56.20

The mass of the SMBH of 3C 279 was estimated to be M = 8 x 10® M, using the empirical
correlation between the bulge luminosity and the central BH mass (Nilsson et al., 2009). The
estimated mass is in line with the lower limit set by the detected QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.19.

Table 6.19: Radii of region of origin of IDV of 3C 279.

R(10°m) Non-rotating BH Rotating BH
Rstaple 6.08+1.14 7.73£1.45
Rstapie(9) 41.80 £ 7.83 53.10 £9.95
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From the calculated mass of the SMBH we can calculate the lower limit of the Eddington
luminosity using equation 1.1. The calculated luminosities can be seen in table 6.20.

Table 6.20: The calculated Eddington luminosity of 3C 279.

Lgaa(10"Ly) Non-rotating BH Rotating BH
LEdd, o, 022+0.04  1.40+0.26
LEda,,, . (0) 1514028  9.59+1.80

From Eddington luminosity we can calculate the lower limit of the Eddington accretion rate
of the black hole, using equation 1.4. The calculated accretion rate can be found in table 6.21.

Table 6.21: The upper limit of accretion rate of 3C 279.

Mgy (Mg /yr) Non-rotating BH Rotating BH
Miapie 0.015 £ 0.003 0.096 £ 0.018

Miapie(9) 0.104 £ 0.019 0.660 = 0.124

PKS 1553+113

In order to search for QPOs in PKS 1553+113, a total of 3 flux sequences were studied. The
intra-day timescales of the detected QPOs can be found in table 6.22.

Table 6.22: Period of the detected IDVs in the X-ray flux sequence of PKS 1553+113.

JD  Duration (min) Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N

2453649 1262.46 4197 +£0.17 026 £ 0.06 4.3 40.32 0.32 33
30.18 £0.08 030 £0.06 5.7 32.26 0.35 3.9
2422 4+0.04 042 +0.06 5.9 23.04 0.37 4.4

2459235 1352.58

2459244 1352.95 8.81£0.01 022+0.05 74 8.29 0.40 4.1

On 2459235 no significant QPO was detected. The shortest detected IDV is 8 minutes,
with a possible harmonics of 23-24 and 30-32 minutes.

Since no timescale was detected in both days, we assume that the timescale of 8 minutes
relates to QPOs that arise from the marginally stable orbit of the AD. We can calculate the lower

bound of the mass of the BH using equations 1.14 and 1.15. The calculated masses can be seen
in table 6.23.

Table 6.23: The calculated mass of the SMBH of PKS 1553+113.

Mpgu(10°M;) Non-rotating BH  Rotating BH
Mtabie 7.76 £ 1.45 49.30 £ 9.24
Mtapie(9) 53.30 £9.99  339.00 £ 63.50

PKS 1553+113 is a black hole binary system, that its variability can be interpret with a two-
jet precession model (Huang et al., 2021). The mass of the primary black hole was estimated to
be M = 3.47 x 10®M,, based on the relation between jets and accretions disks (Huang et al.,
2021). This value is in line with the lower limit set by the detected QPOs.
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From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.24.

Table 6.24: Radii of region of origin of IDV of PKS 1553+113.

R(10°m) Non-rotating BH Rotating BH
Retable 6.87 + 1.29 873+ 1.64
Ryape(8)  47.20£8.84  59.90 £ 11.20

From the mass of the SMBH we can calculate the lower limit of the Eddington luminosity
using equation 1.1. The calculated luminosities can be seen in table 6.25.

Table 6.25: The calculated Eddington luminosity of PKS 1553+113.

Lgqa(10™L.) Non-rotating BH  Rotating BH
LEdd,yn. 2.48 + 0.47 15.80 + 2.96
Lidd.,,.(6) 17104320  108.00 + 20.30

From Eddington luminosity we can calculate the lower bound of the Eddington accretion
rate of the BH, using equation 1.4. The calculated accretion rate can be found in table 6.26.

Table 6.26: The upper limit of accretion rate of PKS 1553+113.

Mgy (Mg /yr) Non-rotating BH Rotating BH
Miapie 0.0174+0.003  0.108 £ 0.020

Myapie (6) 0.117+£0.022  0.745 4 0.140
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Mrk 501
A total of 6 high-cadence X-ray flux sequences were studied in order to search for QPOs in Mrk
501. The detected timescales can be found in table 6.27.

Table 6.27: Period of the detected IDVs in the X-ray flux sequence of Mrk 501.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N
2454395 1402.92 5443 £0.30 0.16 £0.04 3.0 56.16 0.2 3.51
26.43 £0.05 023 £0.04 84 24.07 0.2 433

JD  Duration (min)

2454979 1350.06

2456395 783.82 733 £0.02 0.08+0.04 29 7.43 0.2 3.66
2456487 402.54 10.78 £ 0.06 0.26 £0.10 2.6 10.29 0.4 3.72
2456748 579.37 11.49 £0.06 0.12£0.05 54 11.87 0.4 5.45

2457871 590.00
25.75+0.15 028 £0.07 3.9 25.44 0.4 6.15

The shortest detected IDV has a period of 6 minutes. In 2 out of 6 light curves QPOs of
10-11 and 25-26 minutes were detected.

Assuming that the QPO originate from the inner region of the AD and that the timescale of
10-11 minutes, that was the shortest most frequently detected timescale, relates to fluctuations
that originate in the marginally stable orbit, we can calculate the lower bound of the mass of the
BH using equations 1.14 and 1.15. The calculated masses can be seen in table 6.28.

Table 6.28: The calculated mass of the SMBH of Mrk 501.

Mgu(10°M) Non-rotating BH Rotating BH
Merabe 1.28 +0.19 8.10 + 1.22
Miapie(9) 8.76 +1.31 55.70 £ 8.35

Based on direct measurements of stellar velocity dispersion the mass of the SMBH of Mrk
501 is estimated to be M = 1.62 x 10° M, (Woo & Urry, 2002). The lower limit of the mass
that we calculated based on the detected QPOs is in line with the value of literature.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally

rotating BH, can be seen in table 6.29.

Table 6.29: Radii of region of origin of IDV of Mrk 501.

R(10'Y'm) Non-rotating BH Rotating BH
Rstabie 1.13 +0.17 1.43 £0.22
Roane(6) 775+ 1.16 0.86 + 1.48

From the mass of the SMBH we can calculate the lower limit of the Eddington luminosity
using equation 1.1. The calculated luminosities can be seen in table 6.30.

70



Table 6.30: The calculated Eddington luminosity of Mrk 501.

Lgaa(10™L.) Non-rotating BH  Rotating BH
LEdd,yn 4.08 £ 0.61 25.90 + 3.89
Lidd,,,.(6) 28004421  178.00 + 26.70

From Eddington luminosity we can calculate the lower bound of the Eddington accretion
rate of the BH, using equation 1.4. The calculated accretion rate can be found in table 6.31.

Table 6.31: The upper limit of accretion rate of Mrk 501.

Mgy (Mg /yr) Non-rotating BH Rotating BH
M iapie 0.028 4+ 0.004 0.178 £0.027

M a1 (6) 0.193+0.020  1.225 4 0.184

1ES 1959+650
A total of 5 high-cadence flux sequences were studied in order to search for QPOs of intra-day
timescales in 1ES 1959+650. The detected timescales can be found in table 6.32.

Table 6.32: Period of the detected IDVs in the X-ray flux sequence of 1ES 1959+650.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) , .0d (min) Amplitude S/N Period (min) Amplitude S/N Period (min) Amplitude /N

2453479 776.30

2453878 306.58

2453882 690.64

2453883 296.58 5590 £223 021 £0.08 43 57.60 0.52 4.5
2745+ 0.44 025 +£0.08 6.8 28.80 0.50 4.2
2453884 300.20 79.87 £1.35 0.57£0.07 34.6 77.14 0.37 2.4

In 3 out of 5 flux sequences, no significant QPOs were detected. The shortest detected QPO
has a timescale of 27-28 minutes, with a possible harmonic of 55-57 minutes.

Since the detected timescales are detected only once, we will assume that the shortest de-
tected IDV relates to fluctuations that originate in the marginally stable orbit of the AD. we can
calculate the lower bound of the mass of the BH using equations 1.14 and 1.15. The calculated
masses can be seen in table 6.33.

Table 6.33: The calculated mass of the SMBH of 1ES 1959+650.

Mgu(10°M) Non-rotating BH Rotating BH
Maate 340019 2160+ 1.20
Mstapie(0) 23.30 +1.30 148.00 £ 8.24

From direct measurements of the velocity dispersion, the mass of the BH of 1ES 1959+650
is estimated to be M = 1.23 x 103M, (Woo & Urry, 2002). This value is in line with the
calculated lower limit that was calculated based on the detected timescales, with the exception
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in the case of a maximally rotating BH where the emission is Doppler boosted, but the values
are of the same order.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.34

Table 6.34: Radii of region of origin of IDV of 1ES 1959+650.

R(10™m) Non-rotating BH Rotating BH
Rstapie 3.01£0.17 3.82£0.21
Ryane(5) 2070 £1.15  26.30 & 1.46

From the mass of the SMBH we can calculate the lower limit of the Eddington luminosity
using equation 1.1. The calculated luminosities can be seen in table 6.35.

Table 6.35: The calculated Eddington luminosity of 1ES 1959+650.

Lgaa(10"Ly) Non-rotating BH Rotating BH
LEdd.,, 1.09£0.60  6.91+0.38
LEda,,, . (0) TATH042 4750 +2.64

From Eddington luminosity we can calculate the lower bound of the Eddington accretion
rate of the black hole, using equation 1.4. The calculated accretion rate can be found in table
6.36.

Table 6.36: The upper limit of accretion rate of 1ES 1959+650.

Mg (Mg /yr) Non-rotating BH Rotating BH
M stapie 0.075 £ 0.004 0.475 + 0.026

Mtapie(9) 0.513 £ 0.029 3.263 £0.181

BL Lac
In order to search for QPOs in X-rays, 2 flux sequences were studied. No significant QPOs with
high signal to noise ratio were detected.

The radius of the region of origin and the parameters of the SMBH of BL Lac were calcu-
lated in a previous chapter using the detected QPOs in the optical light curves.
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3C 454.3
One X-ray flux sequence was studied in order to search for QPOs in 3C 454.3. The detected
timescales can be found in table 6.37.

Table 6.37: Period of the detected IDVs in the X-ray flux sequence of 3C 454.3.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N
2453485 1366.34 18.46 +0.04 0.10 £0.03 4.2 18.14 0.14 24

JD  Duration (min)

The only detected QPO has a timescale of 18 minutes.

Assuming that the QPO originate from the inner region of the AD and that the timescale of
8 minutes relates to fluctuations that originate in the marginally stable orbit, we can calculate
the lower bound of the mass of the BH using equations 1.14 and 1.15. The calculated masses
can be seen in table 6.38.

Table 6.38: The calculated mass of the SMBH of 3C 454.3.

Mg (10°M) Non-rotating BH Rotating BH
Marobte 1.28 +0.11 811+ 0.68
Mstapie(0) 8.77+£0.73 55.70 + 4.65

The mass of the BH of 3C 454.3 was estimated to be M = 3.4 x 108M,, by using the
relation between the radius of the BLR and the mass of the BH and assuming an isotropic velocity
filed (Bonnoli et al., 2011). This value is in line with the lower limit calculated by the detected
QPOs.

From the calculated mass, we can calculate the minimum radius of the stable orbit using
equations 1.13. The radii of the region of origin, in case of a non-rotating and a maximally
rotating BH, can be seen in table 6.39

Table 6.39: Radii of region of origin of IDV of 3C 454.3.

R(10™m) Non-rotating BH Rotating BH
Rstapie 1.13+£0.09 1.44+£0.12
Ryaie(6)  7.76 £0.65 9.87 £ 0.82

From the mass of the SMBH we can calculate the lower limit of the Eddington luminosity
using equation 1.1. The calculated luminosities can be seen in table 6.40.

Table 6.40: The calculated Eddington luminosity of 3C 454.3.

Lgaa(10'°L) Non-rotating BH  Rotating BH
LEdd,,m, 4.09 +0.34 26.00 + 2.16
Lidd.,,.(0)  2810+£234  178.00 £ 14.90

From lower limit of Eddington luminosity we can calculate the Eddington accretion rate of
the black hole, using equation 1.4. The calculated accretion rate can be found in table 6.41.
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Table 6.41: The upper limit of accretion rate of 3C 454.3.

Mpgu(Mg/yr) Non-rotating BH Rotating BH
Mpapie 0.028 £ 0.002 0.179 £ 0.015

M a1 (6) 0.193+£0.016  1.226 4 0.102

The intra-day timescales of the detected QPOs in X-rays of all the targets can be seen in
Fig. 6.7.
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Figure 6.7: Frequency histogram of the detected period of IDVs in X-rays, in 4-minute bins.

The detected QPOs have timescales between 9 and 280 minutes, but most of the detected
IDVs are in the range of 9 to 40 minutes, with a smaller peak around 80 minutes. QPOs of greater
timescales have been detected but due to the duration of the observations and the reliability limit
we set in the search of the frequencies, those are less frequently detected.

6.5 Search for QPOs of short-term timescales

To search for STVs, a large amount of data for several, preferably continuous, nights must
be acquired. The data used for the search for STVs were grouped in 1-day bins.

The frequency limits for the search of the period of STVs are set based on the observations.
The upper limit of frequency is 0.3 cycles per day (cpd), which corresponds to a period of 3 days.
The lower limit is set as 1/t (cpd), where t is the total duration of the observations (in days). The
range of reliability of the detected frequencies is set from 2/t cpd, in order to detect at least two
oscillations during the observations, to 0.15 cpd, which corresponds to 6 days, because we need
at least 5 to 6 points to fit the trigonometric functions. A threshold was set in order to have at
least 99% confidence in the detected periods.

The results from the search of QPOs of short-term timescales in optical can be found below.
The tables with the short-term QPOs of each target can be found in Appendix H.2.
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1ES 0836+71
The short-term timescales of the detected QPOs in the X-ray flux sequence of 1ES 0836+81 can
be found in table 6.42.

Table 6.42: Period of the detected STVs in the X-ray flux sequence of 1ES 0836+71.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D
J (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2456675-2457664 989 30.65£0.05 0.13+£0.02 438 31.11 0.60 3.5

The only detected QPO has a timescale of 30-31 days.

0OJ 287
The short-term timescales of the detected QPOs in the X-ray flux sequence of OJ 287 can be
found in table 6.43.

Table 6.43: Period of the detected STVs in the X-ray flux sequence of OJ 287.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2457673-2457917 244 80.27 £6.80 0.08 £0.04 1.8 78.60 0.22 16.3
44454+0.82 0.19+0.04 45 43.67 0.16 8.5

The shortest detected QPO has a timescale of 43-44 days.

Mrk 421
The short-term timescales of the detected QPOs in the X-ray flux sequence of Mrk 421 can be
found in table 6.44.

Table 6.44: Period of the detected STVs in the X-ray flux sequence of Mrk 421.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457024-2457555 531 27.184+0.12 8.71+1.41 5.0 25.95 11.43 9.7
22.08 +£0.11 628 +£141 3.6 21.63 8.83 5.9
1554 £0.06 574+141 33 15.26 5.29 2.1
2458090-2458294 204 5840 £2.16 11.99 +£2.80 3.42 60.60 13.2 5.4
2517 +£0.42 11.51 £2.80 3.3 23.31 11.21 3.9
11.91 £020 535+2.80 1.5 11.22 9.06 2.6
2459130-2459377 247 87.57 £2.30 12.28 +£1.65 6.08 90.00 16.4 43.1
68.19 £ 1.06 16.16 +1.65 8.0 72.00 4.70 3.6
2720 +£0.21 12.69 £ 1.65 6.2 24.00 6.40 6.7

The shortest detected QPO has a timescale of 11 days. A QPO with timescales of 24-27
days was detected in all the studied flux sequences.
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3C 273
The short-term timescales of the detected QPOs in the X-ray flux sequence of 3C 273 can be
found in table 6.45.

Table 6.45: Period of the detected STVs in the X-ray flux sequence of 3C 273.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D
J (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2455170-2457217 2047 7897 £0.27 0.61 £0.10 4.9 78.60 0.51 4.4
3897 £0.10 039 +£0.10 3.2 39.30 0.29 2.1

The shortest detected STV has a period of 38-39 days, with a possible harmonic of 78 days.

Mrk 501
The short-term timescales of the detected QPOs in the X-ray flux sequence of Mrk 501 can be
found in table 6.46.

Table 6.46: Period of the detected STVs in the X-ray flux sequence of Mrk 501.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2455623-2456138 515 83.06 + 1.80 1.03 £0.25 3.3 82.50 1.5 10.1
721+0.01 2.10£025 6.7 7.67 1.0 4.7
2456717-2456946 229 4781 +£0.56 2.82+0.29 7.8 45.00 1.6 4.1
3791+ 048 2.07+029 57 38.57 2.1 6.9
32.53+£0.25 2.85+029 79 33.75 1.4 32

The shortest detected QPO has a timescale of 7 days.

1ES 1959+650
The short-term timescales of the detected QPOs in the X-ray flux sequence of 1ES 1959+650
can be found in table 6.47.

Table 6.47: Period of the detected STVs in the X-ray flux sequence of 1ES 1959+650.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457045-2457797 752 5421+043 1.82+036 4.0 51.60 1.63 2.6
22.304+0.07 1.84+036 4.1 22.43 2.85 7.8
2457900-2459317 1417  73.16 £0.52 197 £0.49 3.2 75.00 2.42 4.1
5039 £0.25 1.944+049 32 50.00 2.65 4.9
39.12£0.14 2.14+049 35 39.47 2.26 3.6
2583 £0.07 1.83+£049 3.0 22.73 2.88 5.8

The shortest detected STV has a period of 22-25 days and was detected in both studied flux
sequences. Also a QPO of 50-54 days was detected in both flux sequences.
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BL Lac

The short-term timescales of the detected QPOs in the X-ray flux sequence of BL Lac can be

found in table 6.48.

Table 6.48: Period of the detected STVs in the X-ray flux sequence of BL Lac.

D
J (days) Period (days) Amplitude

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
S/N  Period (days) Amplitude

S/N  Period (days) Amplitude S/N

2456175-2457423 1248  72.42+£0.89 0.07+£0.03 2.2 76.71 0.07 16.8
51.70 £ 045 0.07£0.03 23 51.14 0.05 9.6
3639 £0.17 0.09+0.03 2.9 35.80 0.06 12.0
30.15£0.17 0.06 £0.03 2.0 29.03 0.05 9.3

The shortest detected QPO has a timescale 29-30 days. STV of 35-36 days was detected,
with a possible harmonic of 72-76 days.

CTA 102
The short-term timescales of the detected QPOs in the X-ray flux sequence of CTA 102 can be
found in table 6.49.

Table 6.49: Period of the detected STVs in the X-ray flux sequence of CTA 102.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD

(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457560-2457970 410 53.96 +1.06 0.13+0.03 3.0 100.50 0.2 16.36 96.0 0.4851 4.7059
40.41 £0.63 0.12+£0.03 2.8 50.25 0.1 3.58
40.20 0.1 2.11

The shortest detected STV has a period of 40 days.

3C 454.3
The short-term timescales of the detected QPOs in the X-ray flux sequence of 3C 454.3 can be
found in table 6.50.

Table 6.50: Period of the detected STVs in the X-ray flux sequence of 3C 454.3.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D
J (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2454613-2455213 600 74.08 £0.48 0.54+0.05 8.6 74.57 0.3 16.30
53.10£0.32 042+0.05 6.7 52.20 0.5 31.84
41.24+0.15 055+£0.05 8.7 40.15 0.2 7.87
37.04 £0.14 045+0.05 7.2 37.29 0.4 19.86
25.00+0.08 038 £0.05 6.1 24.86 0.2 3.56
2326 £0.06 0.43+£0.05 6.9 23.73 0.1 2.31
19.59 £0.09 0.20+0.05 3.2 18.00 0.2 4.95

The shortest detected STV has a timescale of 18-19 days, with a possible harmonic of 37
days.
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The short-term timescales of the detected QPOs in X-rays of all the targets can be seen in
Fig. 6.8.
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Figure 6.8: Frequency histogram of the detected period of STVs in X-rays, in 4-day bins.

The detected QPOs have timescales between 6 and 80 days, but most of the detected STV's
are in the range of 8 to 20 minutes. QPOs of greater timescales have been detected but are less
frequently detected.

6.6 Search for Long-Term Variability (LTV)

In the search for the Long-Term Variability non of the methods mentioned in paragraphs
3.1 and 3.2 were implemented. We searched for fluctuations and trends in the flux sequence of
the targets (Fig. 6.2, 6.3, and 6.4).

1H 0323+342
There are no enough data to search for a trend in the flux sequence of the target.

PKS 0716+714
The flux sequence of PKS 0716+714 shows multiple flare events, but there are no enough data
to search for LTV.

1ES 0836+71
The flux sequence of 1ES 0836+71 shows variability, but there are no enough data to search for
LTV.

0OJ 287
Two flare events can be detected in the flux sequence of OJ 287. The first flare event started
in October 2016 and the flux returned to its mean value in May 2017. The second flare event
started in April 2020 and ended in May 2020. Apart from these two events, no trend can be
detected in the flux sequence of the target.
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PKS 0954+658
There are no enough data to search for a trend in the flux sequence of the target.

Mrk 421
There is no significant trend in the flux sequence of Mrk 421, but multiple flare events can be
detected.

3C 273
The flux sequence of 3C 273 shows variability, but no significant trend can be detected.

3C 279
3C 279 shows no significant trend, but a flare event in early 2017 can be detected.

PKS 1510-089
Multiple flare events can be seen in the flux sequence of PKS 1510-089, but no LTV can be
detected.

PKS 1553+113
The flux sequence of PKS 1553+113 shows high variability, with multiple flare events. The
target seems to be in a low state from mid-2015, after the end of a flare event, until mid-2017,
and in a medium state in 2013, 2014, and from mid-2017 until 2021, when the observations end.

Mrk 501
Mrk 501 shows high variability in X-rays, with several flare events. In 2014 the targets is in a
high state, in 2013, 2015, 2016 and 2021 the target is in a medium state, and from 2017 to 2020
the target is in a low state. Flare events are detected when the target is in medium or high state.

1ES 1959+650
The flux sequence of the target shows great variability. An upward trend can be seen from 2014
to early 2018, when a decrease of flux following a downward trend starts. The decrease of the
flux continues until the end of observations in 2021.

BL Lac
The flux sequence of BL Lac shows no significant variability with the exception of some flare
events in 2020 and 2021.

CTA 102
A flare event can be seen in the flux sequence of CTA 102 in late 2016. There are no enough
data to search for LTV in X-rays for this target.

3C 454.3
3C 454.3 shows hugh variability during the observations, with an upward trend from 2013 to
mid-2014. There are no enough data to search for LTV.

1ES 2344+514

In the flux sequence of 1ES 2344+514 no significant trend can be detected, but several flare
events can be seen.
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Chapter 7

Discussion and Conclusions

The search for QPOs in the signal of AGNs is a recent and active field of Astrophysics.
This is due to the fact that periodic signals provide information about the processes that occur
in the inner regions of an AGN, which most of the time cannot be observed directly. Moreover
information about the structure of the AGN and the region of origin can be extracted, as shown
in previous chapters.

Although a multi-wavelength approach is adopted in most of the recent studies, multi-
wavelength studies that include data from optical wavelengths are quite rare. This is due to the
lack of observations in these wavelengths. As referred in previous chapters, in order to search
for QPOs a high-cadence intra-day and short-term observations are required, thus dedicated
monitoring programms are needed. BOSS Project with continuous and long-run observations
in optical wavelengths is one of the few programms that have enough optical data to search for
QPOs in AGNs. From the detected timescales of QPOs and the physical parameters that were
calculated using them we can extract information about the emitting region.

7.1  Study of the optical emitting region

By using the Eddington luminosity of the AGNs that was calculated in previous chapters
based on the assumption that QPOs are a result of quasi-periodic injection of plasma into the
jet due to instabilities that arise in the inner region of the accretion disk, we can calculate the
upper limit of the luminosity of the accretion disk. The dividing line between BL Lac objects and
FSRQs is calculated based on the relation between BLR luminosity and disk luminosity utilizing
a Bayesian Information Criterion is given in terms of the disk luminosity from the equation 6.1
(Pei et al., 2022).

Laisk

=468 x 107° (6.1)
LEdd

Thus we assume that for FSRQs the disk luminosity can be estimated as: Ly = 4.68 X
1073 L gqq, and for BL Lac objects as :Lg;sr = 1074 L gyq.

By using the mean magnitude, m, of each target we can calculate its luminosity. Assuming
that the Hubble constant is H, = 70 km/s we can calculate the distance, d, of each AGN and
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the absolute magnitude, M, using equation 6.2.

M:m—5~log< d ) (6.2)
10pc

The mean luminosity of the AGN can then be calculated using equation 6.3.
L =100+MMeo=M)p (6.3)

where M, = 4.85. By comparing the upper limit of the luminosity of the accretion disk, Ly,
with the calculated R-band luminosity of the AGN, L, we can examine whether the emission
comes from the accretion disk or the jet of the AGN. If the computed luminosity of the accretion
disk is greater than the R-band luminosity of the AGN then the emission can originate from the
accretion disk, whereas if it is lesser the emission comes from the jet. The calculated parameters
and the emitting region of each target can be seen in table 7.1. (The Eddington luminosity that
was used is the one extracted from the marginally stable orbit of a non-rotating SMBH.)

Table 7.1: Calculated parameters of the AGNs and the emitting region.

Target D;;;;‘Se Muean Mmean L(10%erg/s) Lgaa(10%erg/s) Lagisk(10*erg/s) El;r:: lgtlt::lg
1H 0343+342 270.000 1490 -30.83 2.66 30.10 14.10 Disk

PKS 0716+714 1328.571 13.40 -27.22 257.00 2.70 0.03 Jet
1ES 0836+71 9471.429 14.05 -22.26 10.70 1.82 0.02 Jet
0J 287 1311.429 14.00 -26.59 144.00 6.67 0.07 Jet
Mrk 421 132.857 1320 -22.42 3.09 1.23 0.01 Jet
3C 273 677.143 13.40 -25.75 66.70 80.70 0.81 Jet
3C 279 2297.143 1540 -25.75 122.00 5.36 2.51 Jet
PKS 1553+113 1552.714 14.80 -26.14 95.40 6.08 0.06 Jet
Mrk 501 145.714 13.60 -22.22 122.00 5.36 0.03 Jet
1ES 1959+650 205.714 12.80 -23.77 10.70 1.82 0.02 Jet
BL Lac 295.714 13.50 -23.85 19.80 1.98 0.02 Jet
3C 4543 3681.429 14.50 -28.33 716.00 9.99 0.10 Jet

From the above calculations, that are based on the detected timescales of QPOs, it is clear
that the emission of blazars comes from the jet of the AGN, while in quasars (1H 0323+342 and
3C 279) the emission can come either from the jet or the accretion disk.

7.2 Comparative study of the detected QPOs for different optical activity states

AGNSs and especially blazars show different states of activity in optical wavelengths. This
can be easily seen in Fig. 4.2, 4.3, 4.4, and 4.5. The different states of activity are based on
the optical luminosity of the AGN, thus when the AGN is more luminous and shows flaring
activity it is in high-state, when no flare events are happening the AGN is in low-state, and
when its shows intermediate activity it is in intermediate state (or intermediate state). Since
the characterisation of the state of activity of the target is based in optical wavelengths, the
activity states are called optical activity states.

Based on the observations we have in all energy bands, we can study the blazars by com-

paring their flux in different states of optical activity. This can be easily done with the use of
their spectral energy distribution (SED) in the different states.
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0OJ 287
The SED of OJ 287 for different optical activity states can be seen in Fig. 7.1.
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Figure 7.1: The SED of OJ287 during optical low, intermediate, and high state.

In low energies (4.8 and 15 GHz), the difference between the flux of each state of activity
is small. In 15GHz, optical and X-rays, the flux difference is greater when the target is in high-
state, than when the target is in intermediate and/or low state. Especially, in X-rays the flux is
similar when the target is in optically intermediate and low state.

Based on the SED, it is clear that when OJ287 has high optical activity, the activity in the
other wavelengths is also increased. On the other hand, when the targets is in intermediate and
low optical state, the difference between the activity in the other energy bands is smaller.

Mrk 421
The SED of Mrk 421 for different optical activity states can be seen in Fig. 7.2.
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Figure 7.2: The SED of Mrk 421 during optical low, intermediate, and high state.

In 4.8 GHz, the flux is of the same scale for the different states of optical activity of Mrk
421. In the other wavelengths, the activity seems to follow the optical activity state of Mrk 421,
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thus when the blazar is in high optical state, the activity is also increased in X-rays, 15 GHz and
37 GHz. On the other hand, the intermediate and low states of these energy bands the target has
fluxes of similar scale, which means that the activity state is also similar.

Mrk 501
The SED of Mrk 501 for different optical activity states can be seen in Fig. 7.3.
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Figure 7.3: The SED of Mrk 501 during optical low, intermediate, and high state.

In radio, the flux is of the same scale for the different states of optical activity. On the other
hand, the activity in X-rays differs from the one in optical. The flux is greater when the target
is in low optical state, than when the target is in high and intermediate state of optical activity.
This means that during the low activity state in optical, Mrk 501 was active in X-rays. On the
other hand, during the intermediate state in optical the target showed low activity.

BL Lac
The SED of BL Lac for different optical activity states can be seen in Fig. 7.4.
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Figure 7.4: The SED of BL Lac during optical low, intermediate, and high state.
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Based on the SED, it is clear that in X-rays and in 4.8 GHz the state of activity is similar
with the optical activity state. In 15 GHz, the flux is of the same scale when the target is in high
and intermediate optical state, which means that the activity level is similar. On the other hand,
in 37 GHz the flux is smaller when BL Lac is in intermediate optical state, than when it is in
intermediate state. Which means that it has increased activity in 37 GHz when the target is in
low optical state.

In most cases there is a correlation between the activity in different wavelengths and the
optical activity of the AGNs. This means that a connection exists between the different energy
bands, leading to a dependent behavior.

The fluxes of the AGNs differ between the high, intermediate and low optical states as seen
in the SEDs above. It is interesting to search if the different optical states of the targets lead
to different timescales of QPOs for each state of activity. The comparison of the timescales
detected during different states, whenever that was possible, is discussed next.

0J 287
The histogram that shows the frequency of the detected timescales of QPOs in the optical light
curves of OJ 287 during high and intermediate state can be seen in Fig. 7.5, that shows the QPOs
grouped in 4-minute bins.
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Figure 7.5: Frequency histogram of the detected period of IDVs of OJ287 during high and intermediate
state, in 4-minute bins. The data used to create this histogram can be found in table F.3 in Appendix F.1.

By comparing the timescales that were detected during the target’s high and intermediate
state we see that the period of 120-123 minutes that was detected more frequently was during
the high state. In most of the days that OJ 287 was searched for IDVs was in high-optical state,
thus the detected timescales show greater range when the target is in high-state than when the
target is in intermediate optical state.
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Mrk 421
The histogram that shows the frequency of the detected timescales of QPOs in the optical light
curves of Mrk 421 during low, intermediate and high state can be seen in Fig. 7.6, that shows
the QPOs grouped in 3-minute bins.

Low-state
69 High-state
—_ 5 T
4
>
3
w 44
s}
&
3 3+
f
(]
=
o 24
[
14
0 -
0 15 30 45 60 75 90 105 120 135 150

Period (min)

Figure 7.6: Frequency histogram of the detected period of IDVs in the optical light curves of Mrk 421
during different states of activity, in 3-minute bins. The data used to create this histogram can be found
in table F.4 in Appendix F.1.

By comparing the timescales that were detected during the target’s high, intermediate, and
low state we see that during the high and intermediate state the QPOs have shorter timescales,
while during low state the timescales of QPOs range from 16 to 143 minutes.

Mrk 421 was also studied in X-rays in order to detect QPOs of intra-day timescales. The
histogram that shows the frequency of the detected timescales of QPOs in the X-ray flux se-
quences during the high, intermediate and low states of optical activity can be seen in Fig. 7.7,
that shows the QPOs grouped in 3-minute bins.
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Figure 7.7: Frequency histogram of the detected period of IDVs of Mrk 421 in X-rays during different
states of activity, in 3-minute bins. The data used to create this histogram can be found in table H.5 in
Appendix H.1.
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The timescales of QPOs during the high-state of optical activity tend to be shorter in com-
parison with the ones detected when the target was in low-state. Also in low state the detected
QPOs are almost evenly spread across the range of 8 to 160 minutes, while during high-state the
most timescales are in the range of 8 to 39 minutes.

Mrk 501
The histogram that shows the frequency of the detected timescales of QPOs in the X-ray flux
sequences during high, intermediate and low state of optical activity can be seen in Fig. 7.8, that
shows the QPOs grouped in 3-minute bins.
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Figure 7.8: Frequency histogram of the detected period of IDVs of Mrk 501 in X-rays during different
states of activity, in 3-minute bins. The data used to create this histogram can be found in table 6.27.

By comparing the timescales that were detected during the target’s high, intermediate, and
low state, we can see during the high state the QPOs have greater timescales, while during
intermediate and low state the timescales of QPOs tend to be shorter.

BL Lac
The histogram that shows the frequency of the detected timescales of QPOs in the optical light
curves of BL Lac during high and intermediate state of optical activity can be seen in Fig. 7.9,
that shows the QPOs grouped in 3-minute bins.

The QPOs detected during the high-state of optical activity tend to have shorter timescales,

in the range of 18 to 72 minutes. The detected timescales of QPOs during the intermediate state
of activity are more evenly distributed across a range of 15 to 198 minutes.
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Figure 7.9: Frequency histogram of the detected period of IDVs of BL Lac in optical during different
states of activity, in 3-minute bins. The data used to create this histogram can be found in table F.5 in
Appendix F.1.

7.3 Comparative study of the detected timescales of QPOs in different wave-
lengths

A comparative study of the detected timescales of QPOs from all wavelengths is needed in
order to better understand the processes that occur in AGNs. The comparison of the detected
timescales of QPOs in different wavelengths can provide information on whether the QPOs

arise from the same region of the AGN or they originate from different regions for different
wavelengths.

The intra-day timescales of QPOs that were detected in the optical light-curves and the
X-ray flux sequences of all the targets can be seen in the histograms of Fig. 7.10.
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Figure 7.10: Frequency histograms of the detected period of IDVs of all targets in optical (left) and
X-rays (right), in 3-minute bins. The data used to create this histogram can be found in Appendix F.1
and H.1, accordingly.

Based on these histogrames, it is clear that the timescales of QPOs in X-rays are shorter that
the ones detected in optical wavelengths. It should be pointed out though that due to the limit
that was set in the search of QPOs in optical wavelengths, due to the duration of our observa-
tions, periods lower than 15 minutes cannot be detected in optical wavelengths. Also a different
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number of light curves were studied in each wavelengths, which is the reason that in optical the
QPOs range between larger scales unlike the QPOs detected in X-rays.

In both wavelengths it can be seen that most QPOs have timescales shorter than a hour.
This means that extremely fast phenomena occur near the SMBH.

QPOs of short-term timescales were also studied in 5 energy bands. The detected timescales
of QPOs can be seen in the histograms of Fig. 7.11.

Frequency (# of groups)

Frequency (# of groups)

o
1

w
1

=)
|

0

II,I‘III

T
50 100 150

Period (days)

200

250

300

0

T T T T
50 100 150 200

Period (days)

T
250

Frequency (# of groups)

0

N
1

T
300

Tt

Frequency (# of groups)

Frequency (# of groups)

IS
1

©
1

N
1

o

0

50

T
10

|H .
10

0

T T T T T
150 200 250 300 350

Period (days)

0

T
50

0

T
50

T
100 150 200

Period (days)

T
250

T
300

T
350

0

T T
150 200 250 300 350

Period (days)

Figure 7.11: Frequency histograms of the detected period of STVs of all targets in optical (upper-left),
X-rays (upper-right), 4.8 GHz (middle-left), 15 GHz (middle-right), and 37 GHz (lower), in 3-minute

bins.

In optical and X-rays the timescales of 20-30 days are dominant. Also shorter timescales
can be seen in the histogram of the detected QPOs in 4.8 GHz. In 15 GHz and 37 GHz, the
QPOs are almost evenly distributed in a range of 30 to 360 days.

The detection of QPOs of greater timescales in optical and X-rays is difficult due to the
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duration of the observations and the reliability limit we set in order to search for periods.

In order to have a better understanding about the correlation of the timescales between
different wavelengths a comparison of the detected QPOs of each target in different energy
bands is needed. The comparison was done whenever it was possible based on our data.

PKS 0716+714
QPOs with timescales of 49-51 minutes were detected in the X-ray flux sequences of PKS
0716+714. IDVs of similar timescales, with periods of 48-51 minutes were detected in the op-
tical light curves of the target. The fact that QPOs of the same timescale were detected in both
X-rays and optical wavelengths is a strong evidence that the periodic signal originates from the
same region near the SMBH.

0OJ 287

In the 4.8GHz radio curves of OJ 287 QPOs with short-term timescales of 16 days and 26-28
days were detected. In 15 GHz, dominant quasi periodic signals of 108 days and 129 days were
found, while in the radio curves of 37 GHz STVs of 91 days, 110 days and 126-128 days were
detected. In the optical light curves QPOs with timescales of 36-39 days were found and in
X-ray flux sequences quasi-periodic signals of 43-44 days were detected. The QPOs detected
in the radio curves of 15 and 37 GHz are of the same timescales, thus they probably originate
from the same region. Respectively the STVs that were detected in the optical light curves, the
4.8 GHz radio curves and the X-ray flux sequences are of the similar scale, thus there is strong
evidence that they arise from the same region.

Mrk 421
In the intra-day X-ray flux sequences of Mrk 421 a dominant quasi periodic signal with timescale
of 12-16 minutes was detected. IDVs of the same scale (15-18 minutes) were also discovered
in the intra-day optical light curves of the target. This fact provides strong evidence that the
fluctuations arise from the same region near the SMBH. A more detailed study of the detected
timescales of QPOs in X-rays and optical wavelengths was also done by comparing the detected
timescales of QPOs of similar Julian dates.

» On 2456368 and 2456369, in X-rays QPOs with timescales of 14 minutes, 33-34 minutes
and 77-78 minutes were found, while in optical light curves an IDV of 24 minutes was
detected.

» On 2457785 and 2457799, in the X-ray flux sequence quasi-periodic signal of 18-19 min-
utes was discovered, and in optical light curves QPOs with timescales of 19 minutes and
25-27 minutes.

» On 2458136 and 2458137, in the X-ray flux sequence QPOs of 14 minutes, 16 minutes,
23-24 minutes and 38-40 minutes were detected. In the optical light curve, QPOs with
timescales of 22-23 minutes, 25 minutes, 35-36 minutes and 41 minutes were found.

In most cases, the detected QPOs in optical and X-rays are of the same scale, providing a strong
evidence that they originate from the same region.

In the radio curves 0of 4.8 GHz QPOs of 11 days, 17 days, 18 days and 23 days were detected.
In 15 GHz, quasi-periodic signals of 71 days and 77 days were discovered, and in 37 GHz STV
of 55 days and 128 days were found. In the X-ray flux sequence, QPOs with timescales of 24-
27 days were detected. Lastly in optical light curves quasi-periodic signals of 24-27 days were
discovered. In optical, X-rays and 4.8 GHz, QPOs are of the same scale. This shows that there
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is a correlation between these energy bands and provide strong evidence that the QPOs originate
from the same region.

Comparing the results of QPOs of intra-day and short-term timescales provide strong evi-
dence that QPOs possibly originate the same region.

Mrk 501
In the radio light curve of 4.8 GHz of Mrk 501, QPOs with short-term timescales of 10 days
and 29 days were discovered. In 15 GHz, a QPO of 53-54 days was detected, and in 37 GHz,
STVs of 25-27 days were found. In the X-ray flux sequence of Mrk 501, QPOs of 36 days were
discovered. Lastly in optical, STVs with periods of 32-33 days were discovered. The detected
QPOs in most energy bands are of the same scale (25-36 minutes) thus there is a strong evidence
that the fluctuations arise from the same region of the accretion disk.

BL Lac
In order to search for intra-day quasi-periodic signal in the X-ray sequence of BL Lac data
before 2013 were used. Thus the comparison of QPOs of intra-day timescales cannot provide
solid data for the origin of the fluctuation. On the other hand, conclusions can be extracted from
the timescales of short-term QPOs.

In 4.8 GHz STVs of 11, 17, 18 and 23 days were detected. In the radio curve of 15 GHz,
a quasi-periodic signal of 43, 66 and 247 days were detected. In 37 GHz, periods of 86 days,
which can be a possible harmonic of 43 days, and 182 days were found. In optical, QPOs of
18-21 days and 24-27 days were detected, and in the X-ray flux sequence STVs of 29-30 days
were discovered. In optical and X-rays, a QPO of the same scale was detected, thus possibly
the fluctuations in these wavelengths arise from the same region. In optical and 4.8 GHz the
detected quasi-periodic signal are of the same timescale thus providing strong evidence that
QPOs detected in these energy bands originate from the same region.

In most of the targets, there is strong evidence that the fluctuations possibly arise from the
same region, thus the model that suggests that QPOs originate from instabilities in the inner
region of the accretion disk and propagate along the jet is most likely confirmed based on our
study, since the QPOs are detected with 99% confidence.

7.4 Conclusions

In the frame of this thesis, we studied AGNs using data from 5 different wavelengths (op-
tical (R-band), X-rays 4.8 GHz, 15 GHz, and 37 GHz). We searched for QPOs of intra-day
and short-term timescales in all the studied wavelengths by applying 3 different methods of
time-series analysis, the Discrete Fourier Transform, the Fast Fourier Transform and the Lomb-
Scargle Periodogram, and a threshold of 99% confidence in the detection of the timescales was
set. QPOs of intra-day and short-term timescales were detected in most targets. The detected
intra-day and short term timescales of QPOs of all the targets in all the frequencies can be seen
in Fig. 7.10 and 7.11 accordingly. In many targets, there are dominant timescales of QPOs
that appear in different cycles. The timescales detected less frequently may be due to stochastic
processes, but dominant QPOs most likely arise from the same region.

Based on our data, during different states of optical activity, the detected QPOs have dif-
ferent timescales, but dominant timescales are detected independently of the activity state of

91



the AGN. In most cases, when the AGN is in high-state, QPOs tend to have shorter intra-day
timescales, in the scale of several minutes, whereas during low and intermediate state the QPOs
are almost equally distributed from some minutes to several hours. This can possibly mean that
during the low and intermediate state of activity, the fluctuations can arise due to stochastic
processes, but since dominant timescales are detected, the related to them fluctuations probably
arise from instabilities in the accretion disk in orbits that are stable regardless of the activity
state of the AGN.

The comparison between the SEDs of the AGNs during different states of optical activity,
based on our data in different wavelengths, showed that in most cases the activity state is the
same across the energy bands that were studied. One possible scenario that can explain this
behavior is that the radiation of different energy bands originates from the same region and then
propagates to the emission region, which is in agreement with the model that suggests that the
luminosity of QPOs is due to the accretion of matter from the accretion disk into the SMBH.

Although there is yet no theoretical model that can sufficiently explain the detection of
quasi-periodic signals from AGNs, time-domain analysis of multi-wavelength light curves of
AGN:ss is a useful tool in the better understanding of the processes that occur in the inner regions
of AGNs, under certain assumptions. Especially in the case of blazars, where direct observa-
tion of the inner regions is difficult, QPOs can provide information about the parameters of the
regions close to the SMBH.

One of the parameters of the inner regions of AGNs that can be extracted from the detected
QPOs is the mass of the SMBH, if we assume that the quasi-periodic signals originate from the
inner region of the accretion disk and then propagate along the jet. The mass of AGNs is usually
estimated by stellar and gas kinematics and reverberation mapping that are reliable methods but
require high spatial resolution spectroscopy. Blazars have almost featureless continuum, thus
these methods have several constraints. On the other hand, QPOs can be a useful tool in the
estimation of the mass of the SMBH of blazars, under certain assumptions, as shown in this
study. The lower limit of the mass of the SMBH based on the detected timescales is in agreement
with the values in literature. This also provides strong evidence that our assumption that QPOs
originate from the inner regions of the accretion disk is most likely correct. The calculated lower
limit of the mass and the value from literature can be seen in Fig. 7.12.
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Figure 7.12: Graphic display of the calculated lower limit (blue) of mass and the value from literature

(red).

A histogram that shows the calculated masses of the AGNs can be seen in Fig. 7.13.
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Figure 7.13: Frequency histogram of the masses of AGNs calculated from the detected QPOs.

From the above histogram it is clear that the SMBHs of quasars, in most cases, tend to have
smaller masses than the ones of blazars. Also most of the SMBH masses are of the order of
108 M. Based on the mass of the SMBH, the Eddington luminosity and the upper limit of the
accretion rate can be calculated. From the upper limit of luminosity, we can calculate the upper
limit of the luminosity of the accretion disk, using a certain model about the disk luminosity.
By comparing the results of the disk luminosity, with the luminosity of the AGN in optical
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wavelengths, the emitting region can be found. As expected, the emission of blazars comes
from the jet.

Multi-wavelength time-domain analysis of AGNs can also help reveal the nature of QPOs,
especially when a large amount of blazars is studied. By comparing the timescales of QPOs of
different energies we can spread light in the origins of QPOs. In particular, we can study the
region where QPOs originate for different wavelengths. Our analysis showed that the QPOs
detected with at least 99% confidence, in most cases, have similar intra-day and short-term
timescales across the wavelengths that we studied. Thus QPOs of intra-day and short-term
timescales most likely originate from the same region in most cases. This is in accordance with
the model which suggests that QPOs arise from instabilities in the accretion disk that quasi-
periodically inject plasma in the jet of the AGN. Moreover, this possibly solidifies the assump-
tions made in order to calculate the parameters of the inner region of the AGNSs.

Throughout our study there are strong evidence that QPOs originate from the accretion disk
and then propagate through the jet due to quasi-periodic injection of plasma. Directly related
evidence to the detected QPOs, which have a high level of confidence due to the threshold we
set, are the existence of dominant timescales in different cycles and the correlation between the
timescales of different wavelengths. Also evidence that are indirectly related to the QPOs are the
parameters of the SMBH, which were calculated based on the assumption that QPOs originate
from the inner region of the accretion disk, and are in symphony with the literature, thus proving
that our assumption is likely correct.

Summarising, quasi-periodic oscillations are a great tool in the study of AGNs and espe-
cially blazars. The detected QPOs can set constraints in the physical parameters of the SMBH,
under certain assumptions, and also spread light in the processes that occur in the inner regions
of the AGNs. The comparison of the detected timescales in different wavelengths can also shed
light to the mechanism that lead to quasi-periodic signals in the light curves of AGNs. In order
to better understand the nature of AGNs time-domain multi-wavelength studies of large samples
of AGNs should be done.
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Appendix A

Radiation mechanisms

The emission of a blazar is dominated by the emission of the jets (Blandford & Rees, 1978).
There are two models for the emission of the jets, the leptonic and the hadronic model. The
leptonic model is based on the acceleration of electrons (Ghisellini & Maraschi, 1989) and the
hadronic model is based on the acceleration of both electrons and protons (Mannheim, 1993).

From radio to UV (even soft X-rays) the emission is due to synchrotron radiation (Urry &
Mushotzky, 1982), and at higher energies is due inverse Compton (IC) process (Ghisellini et al.,
1998) or due to hadronic processes (Miicke & Protheroe, 2001).

The widely accepted model is the leptonic, which proposes that the emission is due to
synchrotron radiation and IC process (Ghisellini et al., 1998). The photons for the IC scattering
can be produced in the accretion disk (Dermer & Schlickeiser, 1993), the BLR (Ghisellini et al.,
1998) or they are the ones produced by the synchrotron radiation (Maraschi et al., 1992). The
latter is named synchrotron-self Compton model.

A.1  Synchrotron radiation

Charged particles that move in regions with magnetic field will radiate. When high energy
particles, e.g. extremely relativistic particles, radiate due to centrifugal acceleration in a mag-
netic field then the radiation is named Synchrotron radiation (Longair, 2011). The frequency of
the emission is the frequency of the gyration in the magnetic field.

The total energy loss rate due to synchrotron radiation can be equated with the luminosity of
a single electron from synchrotron radiation. The average energy loss rate is given by equation:

dE\ 4 un?
Psyn_ - (E) - gO—TCUmag <E> 7 (16)

where o is the Thompson cross section, u is the velocity of the electron, c is the speed of light,
Unmag = B?/87 is the magnetic field energy density and v is the Lorentz factor (Longair, 2011).
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A.2 Inverse Compton process

Inverse Compton process is the scattering between a relativistic electron and a low-energy
photon. This process produces a high-energy photon and the electron loses the same amount of
energy that the photon acquired. The rate of this process is proportional to the density of the
photons (Acton, 1964).

The total energy loss rate due to inverse Compton scattering can be equated with the lumi-
nosity of a single electron from inverse Compton process. The average energy loss rate is given

by equation:
dE 4 u 2

Pcompt = - (E) = gO—TCUph <E> 72 (17)
where Uy, 1s the density of the photons (Rybicki & Lightman, 1986).

By dividing equation 1.6 and 1.7 results to:

Psyn _ Umag (18)
Pcompt Uph

The ratio of energy losses due to synchrotron radiation and inverse Compton scattering is the
same with the ratio of the magnetic field energy density to the photon energy density (Rybicki
& Lightman, 1986).
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Appendix B

Optical light curves of targets with little
data
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The optical light curves of the targets with little data can be found below.
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Figure B.1: Zoomed optical light curves of the target of table 4.2.
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Figure B.2: Zoomed optical light curves of the target of table 4.2.
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Appendix C

Data binning algorithm (One-day binning)

At first we import the libraries and the dataset.

import numpy as np

import pandas as pd

import matplotlib.pyplot as plt

import math

data = pd.read_csv("directory\filename.txt", sep='\t')

We change the name of the tags for easier use.

data.columns=['Julian_date','V','V_error','C','C_error'l]
time=pd.Series(data.Julian_date)

flux=pd.Series(data.V)

error=pd.Series(data.V_error)

# The index are timestamps in Julian Date, and differential magnitude

# The data in Plot form...

plt.plot(time.values, flux.values, '.', alpha=0.4)
plt.legend(['V-C'], loc=1)

plt.title("Light curve")

plt.xlabel("Julian Date")

plt.ylabel("R-mag")

plt.grid()

plt.tight_layout ()

To do the 1-day binning we have to use the integer part of the Julian Date. We input that
data to the array.

int_JD=pd.Series(time) .astype(int)
df=pd.DataFrame (data)
df ['intJD']=int_JD

We group the data based on the integer part of the Julian date.

new_data=df .groupby(['intJD']) .agg({'Julian_date':['mean', 'size'],'V': 'mean’,
'V_error':'mean','C':'mean','C_error':'mean'}).
-sreset_index()

new_data.head()

We export the array as a txt file.

new_data.to_csv(r"directory\filename.txt", sep='\t', float_format='J.5f"')
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Appendix D

Discrete Fourier Transform and
Lomb-Scargle Periodogram algorithm

At first we set up the needed libraries.

import matplotlib.pyplot as plt

import numpy as np

from scipy.signal import find_peaks

from scipy.signal import lombscargle

from scipy.signal import welch

from scipy.stats import gamma

from scipy.stats import norm

import scipy.stats as st

import scipy.signal as signal

from astropy.timeseries import LombScargle

#Estimate noise power through the power spectral density over the range of large
frequencies
#References: Pnevmatikakis et al, Neuron 2016
def estimate_noise(y, range_ff=[0.25, 0.5], method='mean'):
ff, Pxx = welch(y)
ind = np.logical_and(ff > range_ ff[0], ff < range ff[1])
Pxx_ind = Pxx[ind]
sn = {'mean': lambda Pxx_ind: np.sqrt(np.mean(Pxx_ind / 2)),
'median': lambda Pxx_ind: np.sqrt(np.median(Pxx_ind / 2)),
'logmexp': lambda Pxx_ind: np.sqrt(np.exp(np.mean(np.log(Pxx_ind / 2))))
} [method] (Pxx_ind)

return sn

D.1 Uploading the data

data=np.loadtxt("directory\filename.txt", skiprows=1,usecols=(0, 1))
relflux = datal:,1] #flux data

JD = data[:,0] #time data

noise_data=estimate_noise(relflux) #estimate noise of signal

111



# Fourier Transform

DFT = np.fft.rfft(relflux)

freqs = np.fft.rfftfreq(n=relflux.size, d=0.01) # d gives the scale
power = np.abs(DFT)** 2.0

# Lomb-Scargle Periodogram

N_fregs = 1000000 #Number of steps

# Frequency limits

frequencies = np.linspace(3, 200, N_freqs)
#frequencies=np.linspace(N_min, N_max, N_fregs)
# create the periodograms

1ls = LombScargle(JD, relflux)
periodogram=1s.power (frequencies)

D.2 Discrete Fourier Transform

Plotting the result of DFT.

plt.plot(24%1.0/freqs, power, ".-", color='k')
plt.x1im([0,8])

plt.xlabel("Period (h)")

plt.ylim([0,1])

plt.ylabel("Power")

plt.title("Discrete Fourier Power Spectrum")

plt.savefig('filename.eps', format='eps')

Finding the peaks and extracting the results.

#Level of confidence
threshold_DFT= power/2 + gamma.isf(q=0.01/2, a=1, scale=noise_data) #q=0.01/2 ->
->99\7, confidg

# Get frequency of original signal

ff_ii = np.where((power>threshold_DFT)) #[0][0] # Just get one frequency, the other
one is just mirrored freq at negative value

#print ('frequency of:', ff_ii)

# Get the complex vector at that frequency to retrieve amplitude and phase shift

yy = DFT[ff_iil

print ('The frequencies are:', freqs[ff_ii])

print('The periods are:', 24*60/freqs[ff_ii])#For IDV: period=24*60/freqs[ff_ii] (min)
for STV: period=1/freqs[ff_ii] (days)

index=np.asarray(ff_ii[0])

# Calculate the amplitude

T = freqs.shape[0] # domain of x; which we will divide height to get freq amplitude
A = 2xnp.sqrt(yy.real**2 + yy.imag**2)/T

print('amplitude of:', A)

#Calculate signal to noise
noise=estimate_noise (power)
print ("The noise is", noise)

snr=power [ff_iil]/noise
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print("Signal to noise is:", snr)

data_DFT=data.transpose()

data = np.array([freqs[ff_ii], 24x60/freqs[ff_iil, A, snr])

np.savetxt("filename.txt" , data_DFT, delimiter='\t', fmt='%.4f',
header="Frequency \t Period \t Amplitude \t S/N", comments="")

D.3 Lomb-Scargle Periodogram

Plotting the data.

plt.x1im([0,81)

plt.ylim([0,0.1])

plt.xlabel("Period (h)")
plt.ylabel("Power")
plt.title("Lomb-Scargle Periodogram")
plt.legend()

plt.savefig('filename.eps', format='eps')

plt.plot(24%1.0/frequencies, periodogram, color="k", label="Total unstacked")

Finding the peaks and extracting the results.

#Level of significance
#3=0.01/2 -> 99\} confidence

#Searching for peaks

peaksl=find_peaks(periodogram, height=threshold_LSP)
heightl=peaks1[1] ['peak_heights"']
peak_posl=frequencies[peaks1[0]]

print ('The frequencies are:', peak_posl)
print('The periods are:', 24x60/peak_posl)

# Calculate the amplitude
Al = np.sqrt(heightl)
print('amplitude of:', Al)

#Calculate signal to noise ratio
noisel=estimate_noise(heightl)

print("The noise is:", noisel)
snri=heightl/noisel
print("Signal to noise is:", snrl)

threshold_LSP = np.abs(periodogram)**2/2 + norm.isf(q=0.01/2,scale=noise_data)

datal = np.array([peak_pos, 24x60/peak_pos, Al, snril])
data_LS=datal.transpose()

np.savetxt("filename.txt" , data_LS, delimiter='\t', fmt='}.4f"',
header="Frequency \t Period \t Amplitude \t S/N", comments="")
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Appendix E

Discrete Fourier Transform and
Lomb-Scargle Periodogram testing
algorithm

E.1 First test of DFT and LSP methods — Intermittent synthetic signal with
known periods

For checking the quality of the methods used in the detection of QPOs (DFT, LSP), we
created a synthetic light curve with 5 known periods. The signal and the detected periods can
be seen in Fig. E.1, with red dashed line are the input periods of the periodic signal.
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Figure E.1: Synthetic light curve and the periods detected using the DFT and the LSP.

Our original signal is noisy, thus white noise was added to the synthetic signal, in order to
have signal to noise ratio equal to 5. The DFT and the LSP were applied to search for the input
signal. The light curve and the detected periods are shown in Fig. E.2.

The periods are detected with great accuracy with both methods. Due to the fact that our
original data are unevenly spaced, the study of a synthetic intermittent light curve is needed.
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Light curve with S/N=5
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Figure E.2: Synthetic light curve with S/N=5 and the periods detected using the DFT and the LSP.

From the signal with S/N=5, we produced an intermittent light curve. The light curve and the
detected periods can be seen in Fig. E.3.

Intermittent Light curve with S/N=5
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Figure E.3: Intermittent synthetic light curve with S/N=5 and the periods detected using the DFT and
the LSP.

The periods of the signal can be successfully retrieved with both methods, but with lower
accuracy in the detected frequencies, thus the methods are considered reliable even with sparse

and noisy data, but a confidence interval is needed in order to retrieve the real periods.

The algorithm used for this test can be found below.
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import matplotlib.pyplot as plt
import numpy as np
from scipy.signal import lombscargle

N_data = 5*24*12 #points in the time interval
t_max = 5*24 #how long you observe

half = N_data // 2

t = np.linspace(0, t_max, N_data)

#N = 120

#t = np.linspace(0, 120, N)

fo = 1/6

phi = np.pi/2

A= 1

x = 7%A/10 * np.sin(2 * np.pi * fO * t + phi)

+(np.sqrt(40)*A/10) * np.sin(2 * np.pi * 2*%f0 * t + phi)

+ (np.sqrt(18)*A/9) * np.sin(2 * np.pi * 3*f0 * t + 0)
+(np.sqrt(13)*A/11+np.sqrt(15)*A/10) * np.sin(2 * np.pi * 4*f0 * t + 2*phi/3)
+(np.sqrt(12)*A/8) * np.sin(2 * np.pi * 5%f0 * t + phi/3)

# This gives us the fourier transform - it is a power for every frequency
DFT = np.fft.fft(x)

# This gives us the frequencies associated with each fourier transform power
freq = np.fft.fftfreq(x.size) * N_data/t_max

# Let's only take the positive half of the Fourier transform
half = len(x) // 2

font = {'family' : 'DejaVu Sans',
'weight' : 'bold',
'size' : 18}

plt.rc('font', **xfont)

fig = plt.figure(figsize=(18,10))

a0 = plt.subplot2grid((2, 2), (0, 0), colspan=2)
al plt.subplot2grid((2, 2), (1, 0), colspan=1)
a2 plt.subplot2grid((2, 2), (1, 1), colspan=1)

a0.plot(t, x)

a0.axis([0, t_max, -3, 3])
a0.set_xlabel('Time')
a0.set_ylabel('Amplitude')

#fig = plt.figure(figsize=(10,5))
#plt.plot(t, x)

#plt.axis([0, t_max, -2, 2])
#plt.xlabel('Time')
#plt.ylabel('Amplitude')

#plt.show()

al.plot(freql[:half], np.abs(DFT[:half])**2)
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al
al
al
al
al

al.
al.

al

.axvline(f0, color='r',linestyle='--',linewidth=1)
.axvline(2*f0, color='r',linestyle='--',linewidth=1)
.axvline(3*f0, color='r',linestyle='--',linewidth=1)
.axvline (4*¥f0, color='r',linestyle='--',linewidth=1)
.axvline(5*%f0, color='r',linestyle='--',6linewidth=1)
set_xlabel ('Frequency')

set_ylabel('Power')

.axis([0.001, 1, O, 600000])

# Lomb-Scargle Periodogram
freq max = 1

N_freq_test

1000

frequencies = np.linspace(0.1, freq_max, N_freq_test)
angular_frequencies = 2 * np.pi * frequencies

# Create the periodogram
periodogram = lombscargle(t, x, angular_frequencies, normalize=True)

# Plot the periodogram

a2
a2
a2
a2
a2
a2

a2.
.set_ylabel('Power"')
a2.
a2.

a2

a0.
al.
a2.

.plot (frequencies, periodogram, label='S/N=5')
.axvline(f0, color='r', linewidth=1, linestyle='--')
.axvline(2*f0, color='r', linewidth=1, linestyle='--')
.axvline(3*f0, color='r', linewidth=1, linestyle='--')
.axvline (4*f0, color='r', linewidth=1, linestyle='--')
.axvline(5*f0, color='r', linewidth=1, linestyle='--')
set_xlabel ('Frequency')

set_x1im(0.1, freq_max)
set_ylim(0, 1)

set_title('Light curve')
set_title('Discrete Fourier Transform')
set_title('Lomb-Scargle Periodogram')

plt.tight_layout ()

plt.show()
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N=N_data
fig = plt.figure(figsize=(10,5))
noisel = np.random.normal(0,0.2,N)

# First, we can take the Fourier transform to find the power per frequency
DFT = np.fft.fft(noisel)

# Now, we have to calculate the frequencies
freq = np.fft.fftfreq(noisel.size)

font = {'family' : 'DejaVu Sans',
'weight' : 'bold',
'size' : 18}

plt.rc('font', **xfont)

f, (a0, al) = plt.subplots(l, 2, gridspec_kw={'width_ratios': [3, 2]}, figsize=(20,8))
a0.plot(t, noisel, label='STDV=0.2')

a0.axis([0, t_max, -3, 3])
a0.set_xlabel('Time"')
a0.set_ylabel ('Amplitude')
a0.legend()

#fig = plt.figure(figsize=(10,5))
#plt.plot(t, x)

#plt.axis ([0, t_max, -2, 2])
#plt.xlabel('Time')
#plt.ylabel('Amplitude')

#plt.show()
al.plot(freql[:half], np.abs(DFT[:half])**2, label='STDV=0.2')
#al.axvline(f0, color='r',linestyle='--',6linewidth=1)

# Make plot pretty
al.set_xlabel('Frequency')
al.set_ylabel('Power"')

al.axis([0.001, 0.5, 0, 6000])
al.legend()

# Lomb-Scargle Periodogram
freq max = 1
N_freq_test = 1000

# do not change these...
frequencies = np.linspace(0.1, freq max, N_freq_test)
angular_frequencies = 2 * np.pi * frequencies

# create the periodograms
periodogram_ns = lombscargle(t, noisel, angular_frequencies, normalize=True)

# Plot the periodogram

a2.plot(frequencies, periodogram_ns, label='S/N=5')
a2.set_xlabel ('Frequency')

a2.set_ylabel('Power')
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a2.set_x1im(0.1, freq_max)
a2.set_ylim(0, 1)

a0.set_title('White noise')
al.set_title('Discrete Fourier Transform')

a2.set_title('Lomb-Scargle Periodogram')

plt.tight_layout ()

plt.show()
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S1=x+noisel

# Run the Fourier transforms
DFT = np.fft.fft(S1)
freq = np.fft.fftfreq(S1.size)*N/t_max

font = {'family' : 'DejaVu Sans',
'weight' : 'bold',
'size' : 18}

plt.rc('font', **font)

fig = plt.figure(figsize=(18,10))

a0 = plt.subplot2grid((2, 2), (0, 0), colspan=2)
al = plt.subplot2grid((2, 2), (1, 0), colspan=1)
a2 = plt.subplot2grid((2, 2), (1, 1), colspan=1)

a0.plot(t, S1, label='S/N=5'")
a0.axis([0, t_max, -3, 3])
a0.set_xlabel('Time')
a0.set_ylabel('Amplitude')

al.plot(freql:half], np.abs(DFT[:half])**2, label='S/N=5')

al.axvline(f0, color='r',linestyle='--',linewidth=1)

al.axvline(2*f0, color='r',linestyle='--',linewidth=1)
al.axvline(3*f0, color='r',linestyle='--',linewidth=1)
al.axvline(4*f0, color='r',linestyle='--',linewidth=1)
al.axvline(5*%f0, color='r',linestyle='--',linewidth=1)
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# Make plot pretty
al.set_xlabel('Frequency')
al.set_ylabel('Power"')
al.axis([0.001, 1, 0O, 600000])

# Lomb-Scargle Periodogram
freq max = 1
N_freq_test = 1000

# do not change these...
frequencies = np.linspace(0.1, freq max, N_freq_test)
angular_frequencies = 2 * np.pi * frequencies

# create the periodograms
periodogram0 = lombscargle(t, S1, angular_frequencies, normalize=True)

# Plot the periodogram
a2.plot(frequencies, periodogram0O, label='S/N=5')

a2.axvline(f0, color='r', linewidth=1, linestyle='--')

a2.axvline(2*f0, color='r', linewidth=1, linestyle='--')
a2.axvline(3*f0, color='r', linewidth=1, linestyle='--')
a2.axvline(4*f0, color='r', linewidth=1, linestyle='--')
a2.axvline(5*f0, color='r', linewidth=1, linestyle='--')

a2.set_xlabel ('Frequency')
a2.set_ylabel('Power"')
a2.set_x1im(0.1, freq_max)
a2.set_ylim(0, 1)

a0.set_title('Light curve with S/N=5')
al.set_title('Discrete Fourier Transform')

a2.set_title('Lomb-Scargle Periodogram')

plt.tight_layout ()

plt.show()
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S1d=S1[0:int (1%x24%12/3)] #8hours

S1d=np.append(S1d, S1[int(1*24%12+3):int(1*24*12+3)+int (1*24x12/6)]) #4hours
S1d=np.append(S1d, S1[int(2%24x12+22):int (2%24x12+22)+int (1%24x12/4)]) #6hours
S1d=np.append(S1d, S1[int(3*24*12+31):int(3*24*12+31)+int (1*24*12/8)]) #3hours
S1d=np.append(S1d, S1[int(4*24*12+59) :int (4*24*12+59)+int (1*24*12/4)]) #6hours
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td=t[0:int (1*24%12/3)] #8hours

td=np.append(td, t[int(1*24x12+3):int(1%24%12+3)+int (1*%24%12/6)]) #4hours
td=np.append(td, t[int(2x24x12+22) :int(2%24x12+22)+int(1%x24%x12/4)]) #6hours
td=np.append(td, t[int(3*24*12+31):int(3*24*12+31)+int(1*24*12/8)]) #3hours
td=np.append(td, t[int(4%24%12+59):int(4%24*12+59)+int (1%24*12/4)]) #6hours

# Run the Fourier transforms
DFT = np.fft.fft(S1d)
freq = np.fft.fftfreq(Sid.size)*N/t_max

font = {'family' : 'DejaVu Samns',
'weight' : 'bold',
'size' : 18}

plt.rc('font', **xfont)

fig = plt.figure(figsize=(18,10))
a0 = plt.subplot2grid((2, 2), (0, 0), colspan=2)

al = plt.subplot2grid((2, 2), (1, 0), colspan=1)
a2 = plt.subplot2grid((2, 2), (1, 1), colspan=1)
a0.plot(td, Sid, '.', label='S/N=5')

a0.axis([0, t_max, -3, 3])
a0.set_xlabel('Time')
a0.set_ylabel('Amplitude')

al.plot(freql:half], np.abs(DFT[:half])**2, label='S/N=5')

al.axvline(f0, color='r',linestyle='--',linewidth=1)

al.axvline(2*f0, color='r',linestyle='--',linewidth=1)
al.axvline(3*f0, color='r',linestyle='--',linewidth=1)
al.axvline(4*f0, color='r',linestyle='--',linewidth=1)
al.axvline (5*f0, color='r',linestyle='--',linewidth=1)

# Make plot pretty
al.set_xlabel('Frequency')
al.set_ylabel('Power')
al.axis([0.001, 1, O, 60000])

# Lomb-Scargle Periodogram
freq max = 1
N_freq_test = 1000

frequencies = np.linspace(0.1, freq_max, N_freq_test)
angular_frequencies = 2 * np.pi * frequencies

# create the periodograms
periodogram2 = 1ombscargle(td, S1d, angular_frequencies, normalize=True)

# Plot the periodogram
a2.plot(frequencies, periodogram2?, label='S/N=5')

a2.axvline(f0, color='r', linewidth=1, linestyle='--')

a2.axvline(2*f0, color='r', linewidth=1, linestyle='--')
a2.axvline(3*f0, color='r', linewidth=1, linestyle='--')
a2.axvline (4*f0, color='r', linewidth=1, linestyle='--')
a2.axvline(5*f0, color='r', linewidth=1, linestyle='--')
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a2.
a2.
a2.
a2.

set_xlabel ('Frequency')
set_ylabel('Power')
set_x1im(0.1, freq_max)
set_ylim(0, 1)

a0.set_title('Intermittent Light curve with S/N=5')
al.set_title('Discrete Fourier Transform')
a2.set_title('Lomb-Scargle Periodogram')

plt.tight_layout ()
plt.show()
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E.2 Second test of significance of DFT and LSP — Added noise to original data

Another way to check the significance of the detected QPOs is by comparing the detected
signals in the light curve of one of our targets with the detected signals in the same light curve
when noise was added. The detected QPOs of the noisy data series are identical to the original
signal, and thus the methods used are considered reliable.

The noisy data that were used to check the significance of the methods were created using
the following commands. The noise of the original data was used in order to create the noisy
signal.

noise_data=estimate_noise(relflux)
print("Noise is:", noise_data)

relflux_l=relflux+np.random.normal (0, 2*noise_data, relflux.size)
data_1=np.array([JD, relflux_1])
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E.3 Third test of significance of DFT and LSP — Added a periodicity in the
original data

Similarly to the second method, to check the quality of the detected QPOs we used the
observed data set from one of the targets. A intermittent signal with a known period was added
to the original data set. The DFT and the LSP were used to search for the original signals, and
detected both the original QPOs and the input signal. Thus the methods used are considered
reliable.

The data that were used to check the significance of the methods were created using the
following algorithm.

x = 13.67+ noise_data* np.sin(2 * np.pi * 34.3 * JD)
x_new=np.random.choice(x, round(0.25%JD.size), replace=False)
t= np.random.uniform(min(JD), max(JD), round(0.25*JD.size))

data_per=np.array([t,x_new])
data_trans=data.transpose()
data2=np.append(data_trans, data_per, axis=1)

data_2=data2.transpose()

relflux_2 = data_2[:,1] #flux data
JD_2 = data_2[:,0] #time data
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Appendix F

Tables of detected timescales of QPOs in
optical wavelengths

F.1 Tables of intra-day timescales of QPOs in optical wavelengths

1ES 0236+61

Table F.1: Period of the detected IDVs in the optical light curves of 1ES 0236+61.

JD Duration (min) 5 4 (min) Amplitude

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
S/N  Period (min) Amplitude

S/N  Period (min) Amplitude S/N

2457747 604.04 106.931+1.45 0.007+£0.001
47.014+0.52 0.0044-0.001
18.2540.07 0.004+0.001

15.1040.06 0.003+0.001

2457756 496.70 73.75+£0.88 0.003£0.001
62.214+0.73 0.003+0.001
26.44£0.17 0.002+0.001

10.4
5.0
5.2
5.7

6.5
5.4
4.8

96.55
73.88
42.48
29.30

0.002
0.002
0.002
0.002

3.0
3.1
39
3.4

106.90
46.97
18.25
15.12

96.87
74.07
61.69
42.78
28.57
26.47

0.50
0.28
0.33
0.26

0.14
0.27
0.24
0.19
0.17
0.19

244
7.4

10.4
6.4

3.0
10.8
8.4
52
4.5
5.1

PKS 0716+714

Table F.2: Period of detected IDVs in the optical light curves of PKS 0716+714.

JD Duration (min) - 4 (min) Amplitude

S/N  Period (min) Amplitude

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
S/N  Period (min) Amplitude S/N

2458030 359.61 52.13£1.43 0.010£0.001
2458031 471.34 231.96+6.58 0.017£0.002
66.56£1.54 0.006+0.002
50.51£0.81 0.00740.002
32.55+£0.28 0.008+0.002

2458032 238.85 48.79+5.96 0.00740.001

9.2

4.8
5.9
5.0
2.5

29

227.31
138.37
63.65

49.95

0.011
0.006
0.008

0.009

7.8
23
4.4

1.8

52.30

227.41
138.45
64.43
50.86
32.53

0.3

0.4983
0.1919
0.1697
0.1814
0.2197

33

77.6
11.5
9.0
10.3
15.1
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0OJ 287

Table F.3: Period of the detected IDVs in the optical light curves of OJ 287.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) , o4 (min) Amplitude S/N Period (min) Amplitude S/N Period (min) Amplitude S/N
2457354 84424 182.64+1.17 0.031£0.002 9.1 18133 0.005 55 182.26 059 152
121.0840.57 0.028+0.002 16.1  85.89 0.005 49 12031 033 49
97.3540.44 0.023+0.002 159  81.60 0.005 5.6 95.67 020 18
78.7440.62 0.01140.002 4.4 85.38 028 35
2457360 943.00  239.8143.50 0.031+£0.003 4.1 23627 0.009 6.4 221.67 021 65
109.8840.26 0.090-£0.003 89  219.97 0.008 4.4 168.13 023 76
89.96+0.20 0.07740.003 112  167.87 0.011 9.2 137.45 027 108
138.68 0013 115 108.90 0.17 44
111.92 0.006 3.0
86.21 0.009 55
2457362 131524 291.97+1.09 0.076+0.002 169  331.62 0.013 7.9 327.26 027 73
289.11 0.012 72
2457365 128536 517.90+1537 0.026+0.003 1.6  518.40 0013 15.1
36334049 0.004+0.003 5.4 3495 0.008 6.1
29944038 0.003+£0.003 3.0 3095 0013 152
29.48 0012 119
2457366 11952432 98704075 0.014+0.002 2.4  96.23 0.010 3.8 95.63 028 22
2457367 728.64 93.27+1.44 0.004+0.001 22 11850 0.004 33 120.02 020 2.1
40.68+0.41 0.003+0.001 3.5 92.68 0.003 21
39.72 0004 44
2457369 97249 206.344+5.69 0.030+0.007 33  324.00 0.020 5.8 319.05 028 22
125274475 0.01340.007 1.5  204.63 0.026 9.4 193.64 028 22
194.40 0.021 6.1
121.50 0014 26
2457373 679.12  248.08+1.85 0.046+£0.002 6.7  252.90 0.006 9.7 237.02 047 5.0
179.304+8.12 0.006+£0.002 2.1  238.02 0007 127 136.76 019 08
143.3540.84 0.034+£0.002 156  183.93 0.004 3.8 86.92 0.18 07
117.3441.30 0.01540.002 4.6 14451 0.005 6.2
82.9540.70 0.014+0.002 4.1  134.88 0.004 47
65.0740.65 0.009+0.002 19  119.01 0.005 52
62.25 0.004 47
2457376 118043  382.80+3.38 0.056+0.003 6.7  387.60 0010  10.8
2457377 703.20 183.76+3.80 0.035+0.005 2.1  184.00 0.008 23
74.6046.17 0.004+0.005 0.4  74.43 0009 29
2457380  443.23 173.79+4.94 0.037+0.005 3.4  184.80 0.009 5.9 184.34 027 9.0
124.8442.78 0.034+0.005 9.1  170.58 0.008 52 120.38 0.19 47
98494220 0.026+0.005 9.9  119.87 0.007 3.5 92.00 020 5.1
68.7143.54 0.008+0.005 0.8 98.56 0.007 3.4
67.20 0.006 3.1
2457396 1083.23 277.60 0.005 45 280.85 036 88
208.20 0009 158 20781 027 49
161.19 0.005 42 160.56 029 58
116.20 0.006 5.9 113.23 023 37
80.59 0.005 5.7 79.22 025 42
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Table F.3 continued from previous page

2457407

2457445

2457464

2458538

2458539

2458541

2458542

446.07

557.08

1069.37

822.64

984.56

1430.09

481.75

29.70£0.34  0.002+0.001

232.34+5.58 0.018+0.004
161.96+£2.35 0.021+0.004

56.54+0.84 0.002+0.001
39.844+0.39  0.002+0.001

101.76+0.59 0.01140.001
21.30+0.06  0.003+0.001
163.10£12.23 0.001£0.001

45.65+0.89 0.002+0.001
19.4240.10  0.003+£0.001

1.9
1.7

1.5
3.6

3.8

52

2.1

4.7
43

93.26
50.22

37.38
34.00

173.83
162.24
143.15
105.81
88.49

60.67
58.70
56.84
39.42

164.51

0.004
0.004

0.004
0.003

0.004
0.004
0.004
0.004
0.005

0.004
0.004
0.004
0.004

0.004

4.0
42

8.2
3.6

4.6
4.9
5.4
44
8.0

33
2.7
2.6
24

59

91.45
49.55

38.28
34.31
31.94

228.36
176.76
140.25
107.59
88.34

59.31
54.06

100.60

21.33

45.16

20.67
19.49

0.30
0.17

0.19
0.17
0.21

0.28
0.34
0.34
0.31
0.16

0.15
0.15

0.22

0.17

0.14

0.14
0.21

4.1
1.4

2.9
24
3.6

7.5
11.4
11.3
9.7
2.7

3.0
2.9

0.6

5.1

1.5

1.5
3.1
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Mrk 421

Table F.4: Period of the detected IDVs in the optical light curves of Mrk 421.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) , .0d (min) Amplitude S/N Period (min) Amplitude S/N Period (min) Amplitude S/N
2456369 134.19 24071053 0.005£0.001 328 2411 025 20
2456638 172.30 48304124 0.009+0.002 3.1 45.77 046 68

24.9140.93 0.00340.002 3.5 25.44 022 15

19324028 0.006+0.002 27.8 18.87 024 19

17.824021 0.0074+0.002 32.5 17.96 024 18

2457741 197.16 91.7341.99 0.01140.001 13.9 91.75 048 119
47.5240.75 0.00840.001 12.0 45.90 040 8.1

29214046 0.0054+0.001 23.5 28.73 020 2.1

16.7840.15 0.00540.001 8.5 16.79 024 28

2457766 27092  108.49+1.95 0.009+0.001 6.7 106.44 035 67
60.2440.75 0.007+0.001 20.8 63.79 022 26

43.024021 0.013+0.001 27.7 42.77 049  13.4

31.3340.24 0.006+0.001 17.4 3113 030 5.0

23.1640.16 0.005+0.001 16.2 23.50 023 29

2457799 217.40 75.0642.18 0.009+0.001 4.9 74.03 031 69
42.66+0.36 0.018+0.001 26.8 42.66 051 185

34534041 0.01040.001 15.6 33.86 035 84

25.89+0.28 0.009+0.001 8.6 27.30 024 41

19.7740.22 0.006+0.001 21.1 19.72 020 28

2458136 204.32 69.424129 0.00740.001 21.1 72.83 032 37
41764023 0.0140.001 108.6 41.49 065 155

34674039 0.006+0.001 38.0 33.02 035 44

18.5940.19 0.003+0.001 4.2 19.34 017 1.1

17.74 0.19 13

2458137 252.85 36.3040.79 0.005+0.001 4.6 35.13 017 28
25254041 0.00440.001 4.0 25.76 017 27

23.06+0.26 0.0064+0.001 3.5 2295 021 41

2458144  303.51 29234037 0.004+0.001 8.8 3829 0.007 8.4 37.71 021 17
18.2540.20 0.003+0.001 8.5 29.38 028 3.1

18.23 019 15

17.12 018 13

2458145 526.68 72.18+1.17 0.0034£0.001 6.0 24923 0.003 33 245.87 040 333
48.5540.57 0.003+0.001 5.9 72.00 0.003 33 71.39 0.19 76

55.54 0.003 46 57.16 0.15 49

49.02 0.16 54

2458146 258.05 30.7740.66 0.0034+0.001 3.5 75.99 0.004 29 74.44 024 60
53.11 0.004 4.1 53.47 017 28

32,93 0.005 4.1 3171 0.18 3.1

2458147 34536 140.43+5.55 0.004+0.001 4.7 143.06 0.003 3.4 137.95 024 60
91.874338 0.003+0.001 105  92.69 0.004 42 91.92 021 48

68.94+41.96 0.003+0.001 9.7 68.55 0.004 49 68.98 0.18 36

32.1040.23 0.006+0.001 9.0 40.62 0.004 42 42.98 0.16 26

22.6340.16 0.004+0.001 5.2 38.94 0.004 38 37.22 0.19 36

17.3540.12 0.003+0.001 6.1 32.60 024 60

22.64 0.18 33

18.78 0.15 25
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Table F.4 continued from previous page

2458148

2458149

2458150

2458191

2458192

295.04

349.08

318.53

206.15

338.16

16.28+0.15

122.75+£3.77
87.401+4.46
42.86+1.07

76.84+2.02
45.21£0.66

37.13+1.18
29.23+1.45

79.60+2.68
43.64+1.14
22.47+£0.18

0.003+0.001

0.006+0.001
0.002+0.001
0.002+0.001

0.007+0.001
0.007+0.001

0.005£0.002
0.003+0.002

0.004+0.001
0.003+0.001
0.005+0.001

8.4

4.6
4.1
4.6

6.9
9.2804

9.0
4.0

8.1
6.7
73

90.74
41.40

80.05

30.63

40.52

0.004
0.005

0.005

0.007

0.005

3.5
4.7

2.0

2.9

4.0

16.23

118.04

77.02
45.00

36.16

79.74
22.45

0.17

0.28

0.24
0.26

0.20

0.18
0.19

2.9

2.6

3.1
3.6

4.1

3.4
3.8
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BL Lac

Table F.5: Period of the detected IDVs in the optical light curves of BL Lac.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) , od (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N
2457984 450.53 90314309 0.008+0.003 5.1 22011 0.009 5.4 226.46 032 101
62.2441.91 0.007+0.003 6.1 88.05 0.008 47 91.17 017 3.1
46.9940.63 0.011+0.003 27.7  61.63 0.007 33 46.68 024 62
42754077 0.008+0.003 13.8 4136 021 5.1
2457999 502.78 135.9843.77 0.011+0.002 133  98.01 0.006 2.4 134.59 028 85
17.7440.15  0.005+0.002 3.0 95.89 023 56
15.9140.10  0.006:£0.002 3.1 16.53 0.17 33
15.88 0.16 27
2458000  565.23 86.334£2.00 0.0054+0.001 3.1 87.38 0.005 2.4 83.72 0.18 1153
45.0540.63 0.004+0.001 5.1 45.10 0.18 1163
35334038 0.004+0.001 6.52 35.20 018  121.0
2458291 282.86 103.5346.10 0.015+£0.004 2.1 62.88 0016 2.8 104.50 026 22
60.4141.98 0.016+0.004 3.7 59.16 029 27
41104111 0.013+0.004 4.9 40.44 027 24
2458292 272.36
2458299  340.08 69.484+5.06 0.005+0.003 1.3 66.73 0.17 11
4630+1.10  0.009+0.003 6.6 46.87 026 28
2458305  276.49 96.6742.70 0.014+0.002 3.7 92.15 042 52
59.984120 0.012+0.002 12.2 57.36 034 35
43.4740.96 0.008+0.002 9.3 41.61 024 17
29.23+0.41 0.008+0.002 10.0 29.00 031 28
25.9440.56 0.005+0.002 4.2 25.46 026 2.0
2458306 425.53 118.0542.52 0.01340.002 12.7  140.40 0.012 9.2 145.10 035 3.6
37.3140.45 0.00740.002 50  117.00 0.007 32 114.36 039 40
22.8140.19  0.007+0.002 9.1 37.65 023 19
22.86 021 16
2458307  397.44 38.6140.86 0.009+0.004 13.7 39.31 0.18 32
2458308 300.46
2458310  425.09 67.65+1.17 0.015+0.003 42 17691 0.008 22 178.24 041 114
48.1241.12 0.008+0.003 1.3 47.63 0.008 22 6837 027 49
39.6140.74 0.008+0.003 2.0 3931 0.009 27 46.96 0.19 24
38.20 024 40
2458311  425.64 100.5243.64 0.006+0.002 6.0  40.70 0.008 47 99.42 021 7.1
72954220 0.005+0.002 6.1 70.57 020 6.1
39.6540.64 0.005+0.002 30.2 39.75 023 8.1
35.0840.43 0.006+0.002 11.8 35.05 024 95
25.06+0.20 0.006:0.002 6.9 25.40 023 87
183240.11 0.007-+£0.002 6.2 1833 024 93
2458312 415.15 116.6542.81 0.016+0.003 113  119.40 0.007 48 116.99 036 88
67.96+1.84 0.009+0.003 4.1 64.29 0.17 20
43204084 0.008+0.003 3.5 41.46 017 19
2458313 459.60 88.26+3.86 0.008+0.003 12  191.70 0.010 53 187.36 031 69
32354037 0.01140.003 3.2 85.20 0.008 3.4 3224 0.19 26
2458314 455.54 144.7843.55 0.01040.001 11.8  33.75 0.006 35 144.73 039 56
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Table F.S continued from previous page

2458315

2458316

2458317

2458318

2458771

2458772

2458775

2458776

2458777

2458778

2458779

2458780

419.40

419.00

406.83

269.04

540.86

590.80

536.23

403.53

543.24

482.41

426.53

572.03

88.52+1.64
43.82+0.67
25.10+0.22

114.30+13.81
63.36+1.22
52.30+0.87
34.04+0.50
28.99+0.35

160.02+8.12
108.31+£3.15
72.64+1.92
43.56+1.22

177.75£13.92
64.18+1.53
55.82+0.86
49.08+0.84

71.224+3.76
32.50+0.64
26.83+0.46

197.47+£14.47
140.89+4.69
91.84+3.57
47.28+1.17

189.01+6.51
33.524+0.25
32.23+0.18
30.73+0.27
20.35+0.08

73.15+1.46
54.00+1.68
28.33+0.42

121.15+4.37
86.21+4.73
65.82+2.55
31.33+0.41

109.90+2.09
58.77+0.63
53.03+0.82
48.32+0.47

181.70+£7.94
85.31+2.07

84.68+1.42
63.31+2.25

130.21+£3.16
60.58+0.98
48.92+0.72

0.008+0.001
0.005+0.001
0.005+0.001

0.004+0.003
0.013£0.003
0.013+0.003
0.009+0.003
0.010£0.003

0.011+0.003
0.013+0.003
0.009+0.003
0.005+0.003

0.007+£0.002
0.008+0.002
0.010+£0.002
0.008+0.002

0.005+0.002
0.007+£0.002
0.006+0.002

0.010+0.004
0.016+0.004
0.009+0.004
0.007+0.004

0.014+0.003
0.011£0.003
0.015+0.003
0.009+0.003
0.013+0.003

0.018+0.005
0.009+0.005
0.010£0.005

0.0440.01
0.0240.01
0.0240.01
0.0340.01

0.016£0.003
0.016+0.003
0.010£0.003
0.014+0.003

0.016+0.003
0.013+0.003

0.029+0.004
0.010£0.004

0.019+0.003
0.013£0.003
0.012+0.003

7.5
6.4
9.4

0.6
22
2.0
4.1
34

1.9
3.6
4.1
2.8

1.2
3.6
8.9
7.0

3.6
59
83

1.2
29
2.2
6.7

3.6
4.6
14.2
3.0
6.2

4.7
2.1
8.5

5.4
7.0
7.4
32

4.9
9.6
23.1
44.5

2.5
3.8

13.8
4.2

2.3
22
2.5

179.10
114.62
98.81
32.20
30.49

41.08

172.80

199.20
179.28
143.42
105.46
91.94
46.57

187.89
34.61
32.61
31.82

70.43
56.84
30.28

85.03
66.13
32.47
30.79

54.72
49.40

181.27
96.30
83.29
56.03

84.22
63.16

172.15
130.59
60.11

47.94

0.009
0.007
0.009
0.007
0.007

0.010

0.008

0.009
0.009
0.009
0.010
0.009
0.010

0.012
0.009
0.009
0.009

0.018
0.016
0.017

0.031
0.029
0.023
0.031

0.010
0.011

0.013
0.011
0.017
0.011

0.011
0.019

0.013
0.015
0.011
0.011

6.2
4.4
7.1
4.5
4.1

59

4.7

3.1
32
3.0
39
3.0
3.9

39
2.5
2.4
2.1

2.7
2.3
2.4

2.7
2.5
1.5
2.8

2.1
2.9

3.0
2.1
5.1
2.3

1.6
5.1

3.1
39
2.0
2.3

87.85
43.54
30.73
25.22

182.75
102.52
65.25
51.03
34.06
29.04

163.89
110.65
71.23

66.07
55.45
47.60

68.22
32.65
26.49

183.06
102.52

20.31

122.88

113.80
59.17

177.81
95.50
80.61
59.72

84.97

173.51
129.90
60.23
48.85

0.31
0.20
0.17
0.19

0.25
0.21
0.23
0.27
0.20
0.19

0.28
0.33
0.22

0.22
0.28
0.27

0.26
0.25
0.23

0.22
0.23

0.22

0.36

0.27
0.29

0.31
0.25
0.26
0.24

0.35

0.27
0.29
0.22
0.21

3.6
1.5
1.1
13

3.8
2.7
32
4.5
2.3
2.3

2.0
2.8
1.2

1.7
2.7
2.4

6.6
6.1
5.4

0.2
0.2

1.6

4.2

32
3.5

11.9
8.1
8.3
7.0

0.4

3.6
43
2.4
2.3
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F.2 Tables of short-term timescales of QPOs in optical wavelengths

0J 287

Table F.6: Period of the detected STVs in the optical light curves of OJ 287.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457267-2457554 287 93.71£0.83 0.40+£0.02 17.9 95.57 0.176 17.7 94.05 0.61 7.3
64.294+091 0.17£0.02 7.7 66.90 0.272 42.4
39.774+0.24 0.26+0.02 11.3 39.35 0.078 35
32.73£0.38 0.11+£0.02 4.8 33.45 0.102 5.9
22.214+0.14 0.13£0.02 5.8 23.07 0.077 34
2457629-2457919 290 62.73£1.45 0.13£0.03 4.8 130.80 0.166 43.7 130.89 0.63 8.0

49.79+1.27 0.10+0.03 3.5 65.40 0.067 7.0 41.15 0.28 1.6
43.124+0.68 0.13+0.03 4.8 50.31 0.064 6.5
36.59+1.04 0.06£0.03 2.3 43.60 0.073 8.3
40.88 0.057 5.0
38.47 0.072 8.2
2457995-2458295 300 139.494+3.50 0.304+0.03 9.2 143.40 0.121 54.2
88.20+£3.20 0.13+0.03 4.0 89.63 0.079 22.9
61.83+2.80 0.07+£0.03 2.3 59.75 0.063 14.8
41.944+1.64 0.06+0.03 1.8 42.18 0.071 18.5
27.14£0.45 0.09+£0.03 2.7 26.56 0.046 7.6
2458358-2458668 310 94.48+1.55 0.15+£0.01 9.4 96.00 0.036 5.5 92.39 0.53 2.2
67.66+1.43 0.08£0.01 5.3 67.20 0.025 2.7
30.74+1.12  0.02+0.01 14 32.00 0.025 2.7
2458730-2459033 303 85.04+2.65 0.18+£0.04 4.5 60.46 0.117 15.1 83.86 0.30 1.8
60.41+1.79 0.13£0.04 3.3 35.73 0.144 23.0
35.35£1.30 0.06+£0.04 1.6 29.11 0.051 2.9
29.64+0.95 0.06+£0.04 1.5 27.10 0.055 34
27.48+1.11 0.04+£0.04 1.1
2459087-2459386 299 69.52+1.74 0.15£0.03 4.4 112.50 0.114 18.5 108.92 0.40 1.3
35.36+1.05 0.06+0.03 1.9 67.50 0.231 76.1
22.894+0.42 0.07£0.03 2.0 35.53 0.061 5.2
23.28 0.049 34
2459465-2459586 121 37.63£1.14 0.19£0.03 4.7 37.29 0.114 33
21.56+0.78 0.09+£0.03 2.3 21.75 0.138 4.9
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Mrk 421

Table F.7: Period of the detected STVs in the optical light curves of Mrk 421.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456369-2456502 133 60.04 £2.75 0.12 +£0.02 5.405 15.88 0.063 34 63.27 0.44 39
28.20 £0.82 0.09 £0.02 4.010 26.41 0.44 3.8
14.00 £ 0.23 0.08 +0.02 3.487
2456614-2456838 224  42.25+0.77 0.10 £0.02 4.810 45.86 0.107 11.7 4291 0.44 4.0
26.03 £ 0.41 0.07 £0.02 3.415 26.75 0.058 34
2457168-2457612 444 109.94 £ 1.00 0.21 £ 0.01 13.506 70.50 0.072 254 106.87 0.56 6.2
73.52+0.86 0.11 £0.01 7.043 50.36 0.064 20.0
53.56 £ 0.35 0.14 = 0.01 9.203
2457728-2457962 234 112.09 +1.93 0.09 £ 0.01 12.32 32.57 0.075 12.0 110.50 0.74 10.9
31.01 £ 0.44 0.03 £0.01 4.188 30.74 0.33 2.1
2458112-2458340 228 76.92 £9.84 0.04 £0.03 1.322 78.00 0.162 55.2 34.97 0.41 3.4
22.87 £0.43 0.08 £0.03 2.675 34.67 0.060 7.7 22.32 0.30 1.8
22.29 0.050 52
Mrk 180
Table F.8: Period of the detected STVs in the optical light curves of Mrk 180.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457181-2457643 462  117.74 +2.11 0.10 £ 0.01 6.4 147.00 0.034 4.9 147.16 0.45 15.0
6223 £0.40 0.15+0.01 93 61.25 0.033 4.8 120.80 0.43 13.4
4432 £0.30 0.10+£0.01 6.3 45.94 0.044 8.5
33.06 £0.10 0.17+0.01 10.1 33.41 0.029 3.7
2738 +£0.15 0.08 £0.01 4.8 2722 0.032 44
17.00 £ 0.06 0.08 +0.01 4.8 17.93 0.026 3.0
Mrk 501
Table F.9: Period of the detected STVs in the optical light curves of Mrk 501.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457302-2457625 323 14236 +3.45 0.062 + 0.01 8.85 137.79 0.63 8.1

3642 £0.70 0.02+0.01 2.859 36.03 0.27 1.5
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BL Lac

Table F.10: Period of the detected STVs in the optical light curves of BL Lac.

JD

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python)

(days) Period (days) Amplitude

S/N  Period (days) Amplitude

Lomb-Scargle Periodogram

S/N  Period (days) Amplitude S/N

2456826-2456987

2457181-2457643

2457826-2458188

2458267-2458552

2458693-2458889

161

462

362

285

196

18.99 £+ 0.38
11.90 £ 0.64

62.23 £ 0.40
44.32 +0.30
33.06 £ 0.10
27.38 £0.15
17.00 £ 0.06

74.85 £ 1.12
27.66 £ 0.18

64.95 £ 1.85
33.01 £ 0.46

24.55+£0.43
21.23 +£0.36

0.13 £ 0.04
0.03 £ 0.04

0.15 £ 0.01
0.10 £ 0.01
0.17 £ 0.01
0.08 £+ 0.01
0.08 £ 0.01

0.12 £ 0.02
0.10 £ 0.02

0.11 £0.03
0.13 £ 0.04

0.16 £+ 0.04
0.14 £+ 0.04

32
0.7

9.3
6.3
10.1
4.8
4.8

6.1
52

3.8
4.0

33
29

19.8462
13.5789

60.27
44.20
33.15
27.63
17.00

72.00
27.00

67.80
33.90

25.00
21.43

0.0718
0.0715

0.1
0.1
0.1
0.1
0.1

0.1
0.1

0.2
0.2

0.2
0.2

1.184

1.1747

6.48
5.32
5.90
2.59
2.33

2.39
2.37

8.4
13.30

9.8
7.4

73.4864 0.5975  3.5698
27.5807 0.4888  2.3891
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Appendix G

Tables of detected timescales of QPOs in
radio wavelengths

G.1 Tables of short-term timescales of QPOs at 37 GHz

0J 287

Table G.1: Period of the detected STVs in the radio curves of OJ 287 at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456294-2459484 3190  313.07 +2.48 0.30 £ 0.04 5.4 310.09 0.33 25.2
225.62 +1.12 034 £ 0.04 6.2 227.40 0.34 27.4
181.88 +0.59 0.43 +0.04 7.7 179.53 0.46 49.6
128.69 +0.74 0.17 £ 0.04 3.1 126.33 0.13 3.8
110.62 + 0.23 0.40 £ 0.04 7.3 110.03 0.32 239
91.31 +£0.24 0.26 +0.04 4.7 92.19 0.45 47.7
Mrk 421

Table G.2: Period of the detected STVs in the radio curves of Mrk 421 at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456297-2457734 1437 12454 +1.23 0.04 = 0.01 3.8 125.67 0.045 5.3
5435+ 0.25 0.04 £0.01 3.5 56.55 0.034 3.0
Mrk 501

Table G.3: Period of the detected STVs in the radio curves of Mrk 501 at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N

2456297-2459381 3084  27.00 £0.03 0.03 +£0.01 3.9 25.30 0.03 3.6
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BL Lac

Table G.4: Period of the detected STVs in the radio curves of BL Lac at 37 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456294-2459485 3191  351.00 +2.08 0.51 £0.05 8.7 348.64 0.58 221.5
272.94 +1.80 0.35+0.05 6.1 271.17 0.20 27.0
190.04 £ 0.85 0.36 £ 0.05 6.3 187.73 0.10 6.1
163.29 + 0.65 0.35 +£0.05 6.1 162.70 0.21 28.5
86.85+0.20 0.32+0.05 5.5 87.16 0.10 6.1

G.2 Tables of short-term timescales of QPOs at 15 GHz

0OJ 287

Table G.5: Period of the detected STVs in the radio curves of OJ 287 at 15 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454473-2459204 4731  645.354+3.56 0.76 = 0.06 11.3 650.00 0.58 434
32337+ 191 036+0.06 5.3 325.00 0.94 115.6
128.46 +0.37 0.29 £ 0.06 4.3 130.00 0.86 95.0
108.44 +0.27 0.28 + 0.06 4.2 108.33 0.45 26.0
Mrk 421
Table G.6: Period of the detected STVs in the radio curves of Mrk 421 at 15 GHz.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454473-2459195 4722 43837 £4.04 0.02 £0.01 4.1 363.43 0.042 95.3 443.18 0.27 6.1
234.67 + 0.68 0.04 +0.01 7.0 231.27 0.030 49.7 362.64 0.27 6.0
178.72 £ 0.39 0.04 £ 0.01 7.1 159.00 0.012 7.9 177.83 0.27 6.1
146.78 £ 0.42 0.02 £ 0.01 4.5 149.65 0.011 6.1 161.88 0.21 3.8
7726 £0.12 0.02 £0.01 4.2 77.09 0.010 5.0 148.75 0.23 4.7
70.83 £0.11 0.02+£0.01 3.8 72.69 0.025 332
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Mrk 180

Table G.7: Period of the detected STVs in the radio curves of Mrk 180 at 15 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454474-2459199 4725 887.32 &£ 7.51 0.014 +£0.001 9.9 165.27 0.011 73.5 888.19 0.35 29.4
402.98 + 2.64 0.008 +0.001 5.8 121.20 0.005 18.5 403.95 0.27 17.6
338.10 4+ 2.55 0.006 £+ 0.001 4.2 106.94 0.004 11.5 335.24 0.20 9.5
165.93 +0.76 0.005 + 0.001 3.4 166.03 0.20 9.2
108.81 £+ 0.33 0.005 + 0.001 3.4 119.70 0.14 5.0
108.95 0.15 5.7
Mrk 501
Table G.8: Period of the detected STVs in the radio curves of Mrk 501 at 15 GHz.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454853-2459199 4346  370.02 £2.12 0.02 +0.01 6.5 376.20 0.038 106.7
186.57 £ 0.88 0.01 +£0.01 4.0 188.10 0.009 59
159.23 £ 0.62 0.01 £0.01 4.2 156.75 0.007 3.5
143.94 + 0.54 0.01 £0.01 3.9 144.69 0.017 20.5
135.21 £0.37 0.02+0.01 5.0 134.36 0.015 15.5
54.67 £0.08 0.01 £0.01 3.6 53.74 0.007 3.5
BL Lac
Table G.9: Period of the detected STVs in the radio curves of BL Lac at 15 GHz.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454908-2459202 4294 24547 +£1.65 047 £0.09 3.8 248.25 0.13 7.6
66.339 £ 0.16 0.34 +£0.09 2.8 66.20 0.33 49.1
43.38 £0.07 036 +0.09 29 43.17 0.12 6.7
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G.3 Tables of short-term timescales of QPOs at 4.8 GHz

0OJ 287

Table G.10: Period of the detected STVs in the radio curves of OJ 287 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457716-2459242 1526  28.017 £ 0.036 0.402 + 0.051 6.4 26.63 0.23 32 28.02 0.61 15.6
16.555 £ 0.011 0.459 +£0.051 7.3 16.55 0.60 15.1

Mrk 421

Table G.11: Period of the detected STVs in the radio curves of Mrk 421 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457777-2459243 1466  23.527 £ 0.024 0.026 + 0.003 6.5 23.12 0.69 7.8
18.696 + 0.010 0.038 + 0.003 9.5 18.14 0.58 5.5
17.639 + 0.012 0.030 £ 0.003 7.4 17.42 0.57 52
11.734 £ 0.004 0.041 + 0.003 10.4 11.15 0.66 7.1

Mrk 501

Table G.12: Period of the detected STVs in the radio curves of Mrk 501 at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457777-2459243 1466  29.819 £+ 0.071 0.036 4 0.008 3.8 29.81 0.51 5.1
10.254 + 0.007 0.046 £ 0.008 4.9 10.24 0.62 7.7

BL Lac

Table G.13: Period of the detected STVs in the radio curves of BL Lac at 4.8 GHz.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2458291 - 2459330 1039  18.524+0.02 0.09+0.01 5.2 18.65 0.04 1.7
15.90 +£0.03 0.07 +0.01 3.0 16.43 0.04 1.9
11.26 + 0.01 0.19 +£0.01 5.3 11.69 0.04 2.2

138



Appendix H

Tables of detected timescales of QPOs in
X-rays

H.1 Tables of intra-day timescales of QPOs in X-rays

1ES 0236+61

Table H.1: Period of the detected IDVs in the X-ray flux sequence of 1ES 0236+61.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) . .0d (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N

2454298 1170.66

1H 0323+342

Table H.2: Period of the detected IDVs in the X-ray flux sequence of 1H 0323+342.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N

2453922 1167.02 37.99 +£0.23 0.06 £0.02 34 37.29 0.07 2.4 31.47 0.69 12.3
31.62 0.06 2.1

JD  Duration (min)

PKS 0716+714

Table H.3: Period of the detected IDVs in the X-ray flux sequence of PKS 0716+714.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD Duration (min) Period (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N

2457061 1069.89 33.55+£0.21 0.07+0.02 3.7 35.14 0.11 3.5
2457062 1318.67 260.31 +8.36 0.06 £0.02 2.2 257.76 0.09 2.5
49.73 £ 0.21 0.09+0.02 4.3 51.55 0.10 3.1
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1ES 0836+71

Table H.4: Period of the detected IDVs in the X-ray flux sequence of 1ES 0836+71.

JD  Duration (min)

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

Period (min) Amplitude

S/N  Period (min) Amplitude

S/N  Period (min) Amplitude S/N

2454194  1361.8224
2454849 882.42 73.76 £1.33 0.02 £ 0.01 4.5 73.80 0.0 2.4
3459 £0.22 0.02+£0.01 4.8 32.80 0.0 2.5
Mrk 421
Table H.5: Period of the detected IDVs in the X-ray flux sequence of Mrk 421.
JD  Duration (min) Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N
2456302 1168.26 45354+0.13 036+0.05 5.6 44.64 0.23 38
8.08 £0.01 0.17+£0.05 34 8.61 0.24 3.9
2456307 686.62 1949 +£0.13 029+0.13 1.5 21.29 0.61 4.2
8.89+£0.03 025+0.13 438 7.45 0.57 3.6
2456312 489.50 71.56 £ 0.76 0.64 +0.08 1.2 68.30 0.46 9.3
56.33 £0.39 0.77+0.08 2.0 59.76 0.64 17.5
2633 +£0.19 036+0.08 3.2 28.12 0.27 3.1
2456368 499.39 158.17 £ 0.87 5.83 +£0.18 17.8 155.52 4.42 118.4
78.13 £0.22 5.56+0.18 232 77.76 4.10 101.9
3363 £0.09 244+0.18 6.8 34.56 2.37 34.1
14.69 £ 0.07 0.64 +£0.18 2.5 14.81 1.05 6.7
2456385 306.79 30.64 £0.77 0.90+0.41 2.1 31.25 0.97 5.7
19.84 £ 0.35 0.84 +0.41 3.9 20.83 0.72 3.1
11.34+ 023 042+041 2.0 12.02 0.59 2.1
2456394 507.66 16.66 £ 0.03 3.12+097 1.7 16.49 2.41 3.1
15.11 £0.04 238+0.97 3.4 15.07 3.19 5.5
10.37 +£0.02 235+097 1.3 11.65 2.97 4.8
2456395 495.63 2576 £022 464+139 1.2 27.84 3.17 4.2
16.23 £ 0.08 5.06 +1.39 34 15.47 3.93 6.4
1134 £ 0.06 348+139 22 11.60 2.69 3.0
2456396 505.84 108.57 +0.18 20.91 £0.79 4.2 105.12 5.95 81.7
47.524+0.07 10.34+0.79 1.9 47.78 1.89 83
38.54 £0.08 590+0.79 1.5 37.54 2.96 20.3
946 £0.02 121+£079 14 9.73 1.62 6.1
2456397 297.75 3271 £0.03 7.72+0.41 49 32.12 4.60 11.4
21.33+0.04 231+041 1.5 21.98 2.89 4.5
1540 +£0.01 3.54+041 23 14.91 2.81 4.2
12.02 £ 0.01 2.68+0.41 1.7 11.60 2.79 4.2
2456398 900.36 92.19 £0.11 14.65+0.46 5.0 92.64 5.46 95.0
76.12 £0.26 4.18+0.46 1.9 79.41 3.46 383
1798 £0.03 1.76 +0.46 2.2 17.37 1.19 4.5
2456399 603.91 196.75 £ 0.95 589 £0.16 33.1 200.88 3.79 60.7
54.07 £0.11 3.74+0.16 8.8 53.57 2.39 24.2
32.79 £ 0.06 2.41+0.16 99 32.14 1.72 12.4
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Table H.5 continued from previous page

2456743 587.39 14.61 £0.30 026 £0.39 1.1 15.36 0.62 2.7
2457785 683.24 1853 £0.16 0.54+0.32 1.2 19.10 0.68 4.0
2458136 678.69 23.07 £0.03 2536+ 1.72 6.2 23.45 3.70 6.5
17.80 £0.07 6.78 £1.72 1.2 18.24 5.38 13.7
12.55£0.02 9.69+1.72 2.0 12.01 2.95 4.1
2458137 675.29 88.05 £ 0.11 14.69 +£0.25 11.2 92.57 5.94 108.5
40.63 £0.12 270+ 025 1.7 38.12 1.01 3.1
23.80 £0.05 2.21+025 27 24.00 1.85 10.5
16.58 £0.04 143+0.25 2.7 16.62 1.21 4.5
1477 £0.05 090+0.25 24 14.40 1.31 53
3C 273
Table H.6: Period of the detected IDVs in the X-ray flux sequence of 3C 273.
JD  Duration (min) Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude S/N
2453561 399.43 22.72 £0.29 0.07 £0.03 22.7 20.16 0.13 1.4
10.37 £0.06 0.07 £0.03 11.5 11.20 0.24 5.1
2454112 889.08 80.04 +0.84 0.23 +£0.05 1.3 81.12 0.37 16.3
12.65£0.04 0.11£0.05 19 11.06 0.23 6.3
2454442 206.32 14.05 £0.28 0.12+0.06 27.2 15.06 0.28 2.5
13.06 0.37 4.3
2454443 204.48 17.82 £0.73 0.07 £0.06 6.6 17.57 0.25 1.9
2455540 1057.36 18.22 £0.05 0.124+0.03 5.2 20.97 0.16 2.8
11.82+0.03 0.09 £0.03 2.6 10.17 0.14 2.1
2455905 989.25 10.19 £0.02 0.09 £0.03 5.8 10.80 0.10 2.1
2456109 399.97 27.51 £0.37 0.08 +0.03 5.8653 25.40 0.10 1.3
13.83 £0.07 0.10 £0.03 11.5 12.70 0.11 1.5
2456124 792.22 21.11 £0.06 0.21 £0.04 59 21.72 0.24 4.6
11.49 +0.03 0.10+£0.04 8.4 10.86 0.23 4.4
2457217 968.11 29.62 +£0.10 0.12+0.02 5.8 29.09 0.08 1.9
12.48 £0.03 0.08 £0.02 3.8 12.12 0.11 33
2457566 588.99 39.52 £0.13 040+0.05 48 37.03 0.42 7.6
32.01 £0.21 0.17+0.05 1.6 32.40 0.27 32
11.50 £ 0.03 0.15+0.05 2.8 11.78 0.25 2.7
2457931 782.04 34.54 £ 0.20 0.30+0.07 4.5 35.28 0.38 8.5
8.16 +£0.02 0.20+0.07 7.2 8.47 0.20 2.3
2458304 1352.02 7.78 +£0.01 0.06 £0.03 3.6 6.13 0.14 33
2458667 598.02 14.96 +0.05 0.10 £0.02 6.13 13.75 0.11 2.3
6.15+0.01 0.08 +0.02 4.66 6.57 0.16 5.0
2459036 1058.70 59.69 £0.35 0.21 £0.04 2.8 62.64 0.58 27.9
2459375 604.22 158.19 +3.05 0.28 £ 0.04 2.2 156.96 0.29 6.7
747 £0.02 0.12+0.04 2.5 6.54 0.21 34
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3C279

Table H.7: Period of the detected IDVs in the X-ray flux sequence of 3C 279.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) |, od (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude /N
2453748 137542 891 +£001 002+001 46 8.60 0.04 47
2453749 135858 12.85+0.02 0.03+001 43  11.62 0.05 4.0
2453752 1367.61 2443 +0.09 0.013+0.005 3.7  27.05 0.02 2.4
10.67 + 0.01 0.020+0.005 50 1222 0.02 2.1
870+ 0.01 0.018 +0.005 4.6 8.42 0.02 27
2453753 1363.68  11.65+0.02 002+001 28  10.02 0.03 23
2454795 794.02 8144002 0024001 50  9.12 0.04 2.1
2454796 1167.84 7424001 0034001 3.5 8.11 0.05 52
2454799 125628 72314059 0024001 33 7027 0.04 8.1
10354002 001+001 43 1133 0.04 5.9
8914001 0.02+001 47 8.37 0.03 2.8
2454800  1162.63  101.92+0.65 0.07+001 87  23.20 0.06 53 102.85 046 2.1
23324009 0.03+001 80

PKS 1553+113

Table H.8: Period of the detected IDVs in the X-ray flux sequence of PKS 1553+113.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD  Duration (min) , .0d (min) Amplitude S/N Period (min) Amplitude S/N  Period (min) Amplitude /N
2453649 126246  41.97 £ 0.17 026 £ 0.06 4.3 4032 03 3.28
30.18 £ 0.08 0.30 £ 0.06 5.7 32.26 0.3 3.851
2422 +0.04 042 +0.06 5.9 23.04 04 43674
2459235 1352.58
2459244 135295 8814001 0224005 7.4 8.29 0.4 4.10
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Mrk 501

Table H.9: Period of the detected IDVs in the X-ray flux sequence of Mrk 501.

JD  Duration (min)

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N
2454395 1402.92 5443 +£0.30 0.16 £0.04 3.0 56.16 0.2 3.51
26.43 £0.05 023 £0.04 84 24.07 0.2 433
2454979 1350.06 11.17+0.02 0.12 +£0.04 7.2 12.96 0.2 1.43
2456395 783.82 2770 £0.17 0.11 £0.04 3.3 25.00 0.1 1.20
19.60 + 0.06 0.15+0.04 7.7 19.65 0.1 1.51
9.91 +£0.03 0.09+0.04 3.0 9.48 0.1 1.20
7.33+£0.02 0.08+0.04 29 7.43 0.2 3.66
2456487 402.54 1552 +£0.14 0.23 +0.10 5.8 14.40 0.2 1.1999
10.78 £ 0.06 0.26 £0.10 2.6 10.29 0.4 3.72
6.63 +0.03 021 +0.10 3.6 6.75 0.3 1.48
2456748 579.37 11.49 £ 0.06 0.12+0.05 54 11.87 0.4 545
2457871 590.00 77.03 £ 1.67 023 £0.07 1.1 76.32 0.8 29.95
2575 +£0.15 0.28 £ 0.07 3.9 25.44 0.4 6.15

1ES 1959+650

Table H.10: Period of the detected IDVs in the X-ray flux sequence of 1ES 1959+650.

D  Durati i
J uration (min) |, . (min) Amplitude

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
S/N  Period (min) Amplitude

S/N  Period (min) Amplitude S/N

2453479 776.30

2453878 306.58

2453882 690.64 42.69 +£0.29 0.29 +£0.10

2453883 296.58 55.90 +£2.23 0.21 £0.08
27.45 +£0.44 0.25 £ 0.08

2453884 300.20 79.87 £ 1.35 0.57 £0.07

53

43
6.8

34.6

40.19

57.60
28.80

77.14

0.21

0.52
0.50

0.37

4.5
4.2

2.4

BL Lac

Table H.11: Period of the detected IDVs in the X-ray flux sequence of BL Lac.

D Duration (mi
J uration (min) Period (min) Amplitude

S/N

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude

S/N  Period (min) Amplitude S/N

2453883 317.92

2455028 1366.59
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3C454.3

Table H.12: Period of the detected IDVs in the X-ray flux sequence of 3C 454.3.

Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
Period (min) Amplitude S/N  Period (min) Amplitude S/N  Period (min) Amplitude S/N
2453485 1366.34 18.46 +0.04 0.10 £0.03 4.2 18.14 0.14 2.4

JD  Duration (min)

H.2 Tables of short-term timescales of QPOs in X-rays

1ES 0236+61

Table H.13: Period of the detected STVs in the flux sequence of 1ES 0236+61 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457566-2458050 484 2596 £0.13 0.05+0.01 4.9 19.60 0.06 3.8 25.94 0.40 32
18.30 £0.10 0.03 +0.01 3.1 13.36 0.05 2.7 13.34 0.47 4.4
13.34 £ 0.03 0.06 +0.01 5.6
1ES 0836+71

Table H.14: Period of the detected STVs in the flux sequence of 1ES 0836+71 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D
J (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456675-2457664 989 30.65£0.05 0.13+0.02 438 31.11 0.6 3.475
0J 287
Table H.15: Period of the detected STVs in the flux sequence of OJ 287 in X-rays.
D Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram
(days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457024-2457555 531 27.18+£0.12 8.71+141 5.0 25.95 11.4 9.71
22.08 £0.11 628 +£141 3.6 21.63 8.8 5.87
1554 £0.06 574+141 33 15.26 5.3 2.13
2458090-2458294 204 5840 £2.16 11.99 +£2.80 3.4 60.60 13.2 5.40
25.17+0.42 11.51+280 3.3 23.31 11.2 3.85
1191 £020 535+2.80 1.5 11.22 9.1 2.56
2459130-2459377 247 87.57 £2.30 1228 +1.65 6.1 90.00 16.4 43.10
68.19 £ 1.06 16.16 +1.65 8.0 72.00 4.7 3.61
2720 +£0.21 12.69 £1.65 6.2 24.00 6.4 6.67
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Mrk 421

Table H.16: Period of the detected STVs in the flux sequence of Mrk 421 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457024-2457555 531 2718 £0.12 871+ 141 5.0 25.95 11.4 9.71
22.08 £0.11 628 +1.41 3.6 21.63 8.8 5.87
1554 £0.06 574+141 33 15.26 53 2.13
2458090-2458294 204 5840 +£2.16 11.99 +£2.80 3.4 60.60 13.2 5.40
25.17+£0.42 11.51 £2.80 3.3 23.31 11.2 3.85
1191+ 0.20 5354280 1.5 11.22 9.1 2.56
2459130-2459377 247 87.57 £2.30 1228 £1.65 6.1 90.00 16.4 43.10
68.19 + 1.06 16.16 +£1.65 8.0 72.00 4.7 3.61
2720 £0.21 12.69+1.65 6.2 24.00 6.4 6.67
3C 273

Table H.17: Period of the detected STVs in the flux sequence of 3C 273 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2455170-2457217 2047  78.97 £0.27 0.61 £0.10 4.9 78.60 0.5 436
3897 £0.10 0.39+£0.10 3.2 39.30 0.3 2.14
Mrk 501

Table H.18: Period of the detected STVs in the flux sequence of Mrk 501 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2455623-2456138 515 83.06 £ 1.80 1.034+0.25 3.3 82.50 1.5 10.08
721 £0.01 2.10+025 6.7 7.67 1.0 4.71
2456717-2456946 229 47.81 £0.56 2.82+0.29 7.8 45.00 1.6 4.13
3791 £048 2.07+0.29 5.7 38.57 2.1 6.92
3253 £0.25 2.854+0.29 7.9 33.75 1.4 3.21

1ES 1959+650

Table H.19: Period of the detected STVs in the flux sequence of 1ES 1959+650 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457045-2457797 752 5421 £043 1.82+036 4.0 51.60 1.63 2.6
22304+ 0.07 1.84+036 4.1 22.43 2.85 7.8
2457900-2459317 1417  73.16 £0.52 197+ 049 3.2 75.00 242 4.1
5039 £0.25 1.94+049 32 50.00 2.65 4.9
39.12 £0.14 2.14+£049 3.5 39.47 2.26 3.6
25.83+£0.07 1.83+£049 3.0 22.73 2.88 5.8

145



BL Lac

Table H.20: Period of the detected STVs in the flux sequence of BL Lac in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

JD (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2456175-2457423 1248 7242 4+0.89 0.07 £0.03 2.2 76.71 0.07 16.8
51.70 £ 0.45 0.07+0.03 2.3 51.14 0.05 9.6
36.39 £ 0.17 0.09+0.03 2.9 35.80 0.06 12.0
30.15+0.17 0.06 +0.03 2.0 29.03 0.05 9.3
CTA 102

Table H.21: Period of the detected STVs in the flux sequence of CTA 102 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2457560-2457970 410 5396 £ 1.06 0.13+0.03 3.0 100.50 0.2 16.36 96.0 0.4851  4.7059
40.41 £0.63 0.12+0.03 2.8 50.25 0.1 3.58
40.20 0.1 2.11
3C 4543

Table H.22: Period of the detected STVs in the flux sequence of 3C 454.3 in X-rays.

Duration Discrete Fourier Transform (P04) Fast Fourier Transform (Python) Lomb-Scargle Periodogram

D (days) Period (days) Amplitude S/N Period (days) Amplitude S/N Period (days) Amplitude S/N
2454613-2455213 600 74.08 £ 0.48 0.54+0.05 8.6 74.57 0.3 16.30
53.10 £0.32 0424+0.05 6.7 52.20 0.5 31.84
41.24 £0.15 0.55+0.05 8.7 40.15 0.2 7.87
37.04 £0.14 0454+0.05 7.2 37.29 0.4 19.86
25.00 +£0.08 0.38 +£0.05 6.1 24.86 0.2 3.56
23.26 £0.06 043 £0.05 6.9 23.73 0.1 2.31
19.59 +£0.09 0.20+0.05 3.2 18.00 0.2 4.95
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