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ABSTRACT

Blazars display variable emission across the entire electromagnetic spectrum, with timescales that can range from a few minutes
to several years. Our recent work has shown that a sample of five blazars exhibit hints of periodicity with a global significance
> 2 0 at y-ray energies, in the range of 0.1 GeV<E<800 GeV. In this work, we study their multiwavelength (MWL) emission,
covering the X-ray, ultraviolet, optical, and radio bands. We show that three of these blazars present similar periodic patterns in
the optical and radio bands. Additionally, fluxes in the different bands of the five blazars are correlated, suggesting a co-spatial
origin. Moreover, we detect a long-term (=10 year) rising trend in the light curves of PG 1553+113, and we use it to infer possible

constraints on the binary black hole hypothesis.

Key words: BL Lacertae objects: individual: PKS 0454-234, S5 07164714, OJ 014, PG 1553+113, PKS 2155-304 — galaxies:

active — galaxies: nuclei

1 INTRODUCTION

A blazar is an active galactic nucleus (AGN) with a supermassive
black hole (SMBH) launching a relativistic jet towards our line of
sight (e.g. Ulrich et al. 1997). Blazar emission is highly variable,
spanning the entire electromagnetic spectrum (Urry 2011) and a wide
range of timescales, from minutes to years (Urry 1996). Some blazars
have periodic multiwavelength (MWL) emission (e.g. Ackermann
et al. 2015). However, this temporal behavior is usually interpreted
as stochastic (e.g., Covino et al. 2019).

Complementary to periodicity analysis are temporal correlations
among the MWL light curves (LCs), which are used to measure time
lags between bands. This information helps to constrain the location
of the emission region(s), disentangle which jet models are favored,
and understand the variability mechanisms (e.g. Cohen et al. 2014;
Liodakis et al. 2018).

In Peiiil et al. (2022) (P22, hereafter), we reanalyzed 24 blazars
exhibiting possible periodicity in Fermi-Large Area Telescope (LAT,
Atwood et al. 2009) observations, which were originally presented,
as part of a larger sample, in Peiiil et al. (2020) (P20, hereafter).
From this sample, we selected the five blazars that exhibited the
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most significant periodicity in y-ray (=4.00 of local significance,
P22). In this study, we aim to characterize the MWL behavior of
these five sources, from radio up to y-rays, and to infer its cause.
Employing the same analysis pipeline presented in P22, we search for
similar periodic behavior at longer wavelengths. We further perform
MWL LC correlation studies and use complementary tools such as
fractional variability and structure function to characterize this MWL
variability. This paper is the second in a pair of publications. The first
publication (hereafter Paper I) focuses on the other 18 blazars from
P22 cataloged as low-significance. In Paper I, we employ the same
databases and perform the same variability analysis used in this paper.
Regarding periodicity, we used the same methodology as this paper,
obtaining 2 sources with a period with >3.00 (pre-trial). Moreover,
the correlation analysis reveals a high correlation between the y-ray,
optical, and IR bands with delays < 28 days and the radio band with
typical delays of a few hundred days. The structure function shows
variability timescales compatible with the periods associated with
the emission and shorter timescales, supporting that such variability
could originate from instabilities or fluctuations in the accretion disc.

The paper is structured as follows. In Section 2, we introduce
our sample of sources and discuss the data collected from Fermi-
LAT and MWL sources. Section 3 provides a description of the
methodology and analysis methods. In Section 4, we present our
results. Section 5 is on the discovery and characterization of new



2 P Peiil et al.

Table 1. Our sample of blazars given by their association name, AGN type,
redshift, period (in years), local significance, and global significance obtained
by P22. The AGN types are flat-spectrum radio quasar (fsrq) and BL Lacertae
(blD).

Association Name  Type  Redshift Period Local (S/N)  Global (S/N)
[yr] [yr]
PKS 0454-234 fsrq 1.000 3.6+0.4 410 200
S50716+714 bll 0.127 2.7+0.4 4.00 200
0J 014 bll 1.148 4.2+0.6 410 200
PG 1553+113 bll 0.433 2.2+0.1 500 3.00
PKS 2155-304 bll 0.116 1.7£0.1 4.10 200

types of variability in PG 1553+113 and PKS 2155-304. Section 6
offers an interpretation of the origin of the variability observed in
PG 1553+113. In Section 7, we summarize the main results and
conclusions drawn from our study. Additionally, there is an Appendix
that presents all the blazars MWL LCs and provides supplementary
information on our variability studies.

2 BLAZAR SAMPLE AND DATA
2.1 Source Selection

In this work, we consider five blazars with periods, T, detected in
their high-energy (HE, 0.1 GeV<E<800 GeV) y-ray emission with
global significance (>2.00-, P22). This sample was obtained from
the periodicity analysis of 12 years of Fermi-LAT observations, from
August 2008 to December 2020. These blazars are listed in Table 1,
and their MWL emission are shown in Appendix D.

2.2 Multiwavelength Archival Data

We use data from several observatories covering a broad swath of the
electromagnetic spectrum. For the X-ray and UV bands, we employ
data from the Swift/XRT) I, The raw count-rate data were taken
from the automatic processing of Stroh & Falcone (2013)2. Hard-
ness ratio estimations (HR, ratio between soft (0.3—2.0 keV) and hard
(2.0-10.0 keV) X-rays), also by Stroh & Falcone (2013), were used
in conjunction with the Swift/XRT detector response to estimate a
photon index, @, under the assumption that blazar emission in X-rays
can be represented by a simple power-law (PL) A(E)=KE~¢ (Ghis-
ellini & Tavecchio 2009; Middei et al. 2022). The count rate and
HR were then used to estimate a flux at each given epoch. We use
data from Swift-UVOT (Ultraviolet and Optical Telescope)® for the
filters ‘uvw2’ (1928 A), ‘uvm?2’ (2246 A) and ‘uvw1’ (2600 A)*. We
perform a data reduction of all available Swift-UVOT archival obser-
vations to provide the optical-to-UV LCs via the standard pipeline,
detailed in Poole et al. (2008). For all UVOT filters, the source regions
are selected as circles of 5"/, centered on the source. The background
is defined as a circle of 30’ away from the source to avoid contami-
nation. The task uvotsource is employed to extract the magnitudes,
which are then corrected for Galactic extinction according to the rec-
ommendations in Roming et al. (2008). Finally, the fluxes are derived
using the standard zero points listed in Breeveld et al. (2011).

For the optical bands, data from KAIT (Katzman Automatic

1 https://www.swift.ac.uk/analysis/xrt/

2 http://www.swift.psu.edu/monitoring/

3 https://www.swift.ac.uk/about/instruments.php

4 https://www.swift.ac.uk/analysis/uvot/filters.php
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Imaging Telescope, R-band)’, CSS (Catalina Sky Survey, V-band)®,
ASAS-SN (All-Sky Automated Survey for Supernovae, V-band)’,
and Tuorla (R-band, Nilsson et al. 2018)® are used. We also employ
the optical V- and R-bands and near-infrared (IR) I-band data of the
American Association of Variable Star Observers (AAVSO)Q. Data
from SMARTS (Small and Moderate Aperture Research Telescope
System, Bonning et al. 2012) 10'jn the optical B-, V-, and R-bands, and
the near-IR J- and K-bands are also used. The Steward Observatory'!
provides public optical data in V- and R-bands, with photometric and
polarimetric observations obtained approximately simultaneously.

We have combined the V- and R-band data from the optical obser-
vatories, and the combinations are herein denoted as “V-band” and
“R-band.” In some cases, non-calibrated V- and R-band data from
the Steward Observatory are used, which are not combined with data
from other observatories. We denote this data as “Steward-V”’ and
“Steward-R” in the figures of Appendix D.

Finally, 15 GHz data from OVRO (the Owens Valley Radio Obser-
vatory 40-m radio telescope) are used. OVRO has been engaged in a
blazar monitoring program supporting the Fermi satellite (Richards
et al. 2011)12. These data extend for longer than 12 years, to June
2020, when monitoring ceased, and the data were made publicly
available.

For all the MWL data, we use the same y-ray LCs and 28-day
binning as in P22, where the Fermi-LAT data analysis is described.
We search for long-term periodicity (~years) in the range of [1-6]
years.

3 METHODOLOGY

We apply the pipeline described in P22 to all data sets for the period-
icity search. The pipeline includes methods that can manage the gaps:
Lomb-Scargle (LSP, Lomb 1976; Scargle 1982), Generalized LSP
(GLSP, Lomb 1976; Scargle 1982), Phase Dispersion Minimization
(PDM, Stellingwerf 1978), Weighted Wavelet Z-transform (WWZ,
Foster 1996), Enhanced Discrete Fourier Transform with Welch’s
method (DFT-Welch, Welch 1967), and Markov Chain Monte Carlo
Sinusoidal Fitting (MCMC Sine, see P20). These methods can pro-
vide different results depending on different factors, independently if
they are based on the same algorithm. The performance of such meth-
ods depends on the sensitivity to the gaps in the LC (see P20), the
use or not of the uncertainties of the data to search for the periodicity
(e.g., GLSP), and the sensitivity to noise (see P22).

Analyzing non-stationary time series can be challenging (Feigel-
son et al. 2022). Specifically, a non-stationary time series is char-
acterized in the frequency domain through its time-varying power
spectrum (Vaughan et al. 2003). This implies that estimating the
power spectral density (PSD) cannot be applied uniformly to the en-
tire time series. In such instances, the underlying physical process
driving the variability changes over time, resulting in variations in
properties such as the PSD (Vaughan 2013). These random fluctua-
tions, typical of a red noise process, do not yield meaningful physical
insights (Vaughan et al. 2003).

http://herculesii.astro.berkeley.edu/kait/agn/
http://nesssi.cacr.caltech.edu/DataRelease/
http://www.astronomy.ohio-state.edu/asassn/index.shtml
http://users.utu. fi/kani/1m/
https://www.aavso.org/data-download/

10 http://www.astro.yale.edu/smarts/glast/home.php

1 http://james.as.arizona.edu/~psmith/Fermi/

12 https://sites.astro.caltech.edu/ovroblazars/
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One method to ensure stationarity in a time series is detrending.
Detrending is a recommended preprocessing step (e.g., Welsh 1999)
since a trend can introduce contamination in the low-frequency com-
ponents, potentially leading to the detection of false periodicities
in the time series (McQuillan et al. 2013). This helps in avoiding
erroneous results associated with any underlying trends in the data.
Nonetheless, detrending can introduce correlations in the data, par-
ticularly when data transformations are involved, such as the differ-
encing method, which can introduce autocorrelations if the differ-
enced series still retains some underlying patterns. In our case, we
employ linear detrending. Linear detrending can have the effect of
seemingly increasing noise correlation in the detrended data, even
though it does significantly reduce autocorrelation in the time series.
This noise correlation can happen if the linear component is not ad-
equately removed or if the noise in the original data contains some
non-random systematic patterns or fluctuations. However, in our spe-
cific case, we can rule out the latter scenario, as blazar LCs are known
for exhibiting red noise characteristics (e.g., Vaughan et al. 2003).

In our analyses, the methods of our methodology are effective
in managing non-stationary LCs. Moreover, we take steps to verify
the stationary nature of the data, post-detrending, to ensure that any
previous spurious effects associated with non-stationary time series
are eliminated. To accomplish this, we utilize the augmented Dickey-
Fuller test (Dickey & Fuller 1979) for validation of the stationarity
of our data (Feigelson et al. 2018).

We compute the cross-correlations of all the MWL data with
the corresponding Fermi-LAT LC for each source. The correlations
are performed by the z-transformed discrete correlation function (z-
DCF, Alexander 2013). We compute the cross-correlation of con-
temporary high-flux emission states selected with a Bayesian block
algorithm (Scargle et al. 2013).

The PSD, typically described as a power law, quantifies the vari-
ation of a time series as a function of frequency, which relates to
the physical origin of the emission (Abdo et al. 2010b). We estimate
its index with the Power Spectrum Response Method (PSRESP, Ut-
tley et al. 2002). Based on the PSD model, we employ the method
based on simulating LCs (Emmanoulopoulos et al. 2013) to estimate
the local significance (pre-trial correction, see §3.1). These simu-
lated LCs exhibit identical PSD and probability density function
(PDF) characteristics as the original LC, implying that they share
the same noise properties as the original LCs. Additionally, these
LCs undergo the same detrending process as the original ones. Con-
sequently, the significance is appropriately calibrated for detrending
across all the methods we employ. We use the implementation from
Connolly (2015) for simulating 20,000 non-periodic LCs.

3.1 Global significance

We correct the local significance inferred from the different methods
since we did not have prior knowledge of the periods of the potential
signal in our periodicity analysis. This correction is implemented
using the look-elsewhere effect to estimate the “global significance”
(Gross & Vitells 2010). We evaluate the “global significance” by
applying the trial factor to the local significance of each periodicity.
The trial factor combines the number of independent periods we
search for periodicity, 35, and the size of our sample of blazars, 351
(more details in P22). This yields:

(1) =3.50 for a local significance of 5.50
(i1) =2.80 for local significance of =50
(iii) =1.80 for a local significance of ~4.50
(iv) <lo for alocal significance <4.50.

4 PERIODICITY AND CORRELATION RESULTS
4.1 Periodicity

No relevant results are found for PKS 0454-234, S5 0716+714, OJ
014 (see Appendix A.1). The results of the periodicity analysis for
PG 1553+113 and PKS 2155-304 are shown in Table 2.

For PG 1553+113 (see Figure A4), we find a periodicity of ~2.213
yr in its UV, optical, and radio emission with local significance
>20, 250, and >50, respectively. Periods with local significance
<30 are considered non-significant in this work. These results are
compatible with the observed periodicity in y-rays and consistent
with Ackermann et al. (2015), who reported a ~2.2-yr period in y-
ray, optical and radio bands. In the X-ray band, we find a period of
~1.5 yr with local significance ~20". A secondary period compatible
with the finding by Huang et al. (2021), of 2.2 yr, is inferred by
LSP and PDM.

Finally, for PKS 2155-304 (see Figure AS), we find a period of
~1.7 yr for the X-ray band with local significance ~2.5¢0. Addition-
ally, we find a period of ~1.7 yr in the UV and optical bands, a period
compatible with that observed in y-rays, but not significant (<2.50
of local significance). However, our result is incompatible with the
period reported by Sandrinelli et al. (2016), who reported a period
of ~0.9 yr. Bhatta & Dhital (2020) reported a period of ~1.7 yr for
the optical band.

The local significance of the results typically ranges from 20 to
50, depending on the method. Even for the same dataset, the results in
terms of period and significance can differ. The disparity in outcomes
can be due to several factors. The shorter time coverage and uneven
sampling of the MWL data sets also lead to much larger errors of the
derived periods than those from the Fermi-LAT LCs. Specifically, the
methods are affected differently by the gaps in the LCs (see P20 for
the complete study). For instance, LSP is the most robust against the
missing data, and DFT is the most affected method (with differences
of 50% in detecting period and significance). Another factor is the
impact of red noise. Specifically, each method has a different bias to
red noise. For instance, the most robust is the GLSP, and the most
sensitive is the DFT, with differences in the detection capacity of 50%
(see P22). For this reason, some methods tend to have incompatible
periodicities and significance for the same dataset (e.g., S5 0716+714
in the UV band, see §9).

4.2 Correlation

Correlation results of PG 1553+113 and PKS 2155-304 are shown in
Table 3, including the periods inferred with the z-DCF. The correla-
tion results of PKS 0454234, S5 0716+71, and OJ 014 are included
in Appendix A.2. All delays < +28 days are compatible with zero lag
due to the 28-day binning we use for the Fermi-LAT LCs. Negative
lags imply that the y-rays are leading the MWL emission (i.e. the
y-ray flare precedes the other wavelengths), and vice versa.

Several studies have looked at MWL correlations for PG
1553+113. Liodakis et al. (2018) find time lags of =10 days with
~20 (significance before applying any trial correction, as for the
other significance reported in this section) between Fermi-LAT and
KAIT, and =100 days (=20°) between Fermi-LAT and OVRO. In
Ackermann et al. (2015), a zero time lag is observed for the optical

13 All quantities referred to in the text are given without the associated
uncertainties to make the text more readable. However, all reported numbers
can be found in their respective tables, with the associated uncertainties. We
refer the reader to those for details

MNRAS 000, 1-15 (2023)
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Figure 1. z-DCF autocorrelation of PG 1553+113 (V band). The figure shows
a period of 2.2 yr. T denotes the time lag in days.

band and ~ —100 days for radio. A negative time lag denotes that the
y-ray emission is leading the radio. A time lag in the radio band of
—530 days is claimed by Max-Moerbeck et al. (2014). In this work,
we do not obtain any time lag between the y-ray, X-ray, and optical
bands (with >307), with a delay of radio of ~ —200 days (>20).
The autocorrelation shows a period in optical and radio of 2.2 yr,
compatible with y-rays, but not significant (see Figure 1).

Finally, for PKS 2155-304, Patifio-Alvarez et al. (2013) report
zero lag in the optical band, in agreement with our results. We also
find zero lag correlation with the X-ray band. In the autocorrelation,
we obtain a compatible period in X-ray band with respect to the one
inferred in y-rays, but it is not significant. Similar results are obtained
in the optical band.

4.2.1 Correlation results between X-rays and y-rays

A lack of correlation between X-rays and y-rays would signify that
different regions are involved in the origin of both emissions. How-
ever, the results of Table 3 show correlations approximately compat-
ible with zero lag between y-rays and X-rays (all lags < +28 days are
compatible with 0 lag due to the 28-day binning of the Fermi-LAT).
These results may imply a common origin of both emissions, con-
sidering the uncertainties due to the 28-day sampling. Sikora et al.
(2013) discuss two emission scenarios that could help in understand-
ing the disparity in the X-ray and yy-ray correlations in FSRQs. If the
X-ray emission produced by the synchrotron self Compton (SSC) and
generated at d > 10 pc dominates over the X-ray emission produced
in the BLR, no correlation is expected. On the other hand, a corre-
lation between X-rays and y-rays (and, thus, a co-spatial origin) is
possible when the Comptonization of hot dust radiation produces the
external Compton (EC), dominating the X-ray emission. This takes
place at a parsec scale. Regarding the BL Lac objects, the 0-lag cor-
relation of our results may support the model that the y-ray and X-ray
emissions are likely produced by the same population of relativistic
electrons through synchrotron and SSC processes, respectively (e.g.,
Abdo et al. 2010a).

5 LONG-TERM TRENDS
5.1 Long-Term Trend in the MWL Emissions of PG 1553+113

Observing the MWL bands of Figure A4, we can see an increase
of the flux (trend) with time in PG 15534113 in the y-ray (Rueda
etal. 2022), UV, optical, and radio bands. We estimate each trend by

MNRAS 000, 1-15 (2023)
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Figure 2. Trend decomposition of the y-ray emission of PG 1553+113. R2 is
the R-squared criterion to measure the goodness of the fit.

fitting the corresponding LC to a first-degree polynomial function'4.

The R-squared (R2) criterion is used to measure the goodness of
the fit. We consider a fit reliable when R? >75% (Hair et al. 2013).
Examples of this analysis are shown in Figure 2 and Figure 3. The
different slopes inferred from the trend analysis for each waveband
have compatible values (with a slope ~2x 10‘4). We also estimate the
average amplitudes of the oscillations in the different bands. Firstly,
we normalize the LC with the maximum flux of each LC. Then, we
measure amplitudes from the consecutive peak-minimum flux in the
different bands. Then, we obtain the averaged amplitude. The nor-
malized amplitudes present compatible values within uncertainties:
1.4+0.2 for 7y rays, 1.4+0.4 for X rays, 1.5+0.2 in the optical band,
and 1.5+0.1 for radio. Finally, our results indicate that the y-ray flux
(r2.5x10°8 ph cm~2 571 and radio (20.15 Jy) begin to increase
around the same time, between the years 2011-2013, but in X-ray,
UV, and optical bands, the minimum is observed around 2014-2015.

5.2 Decreasing Long-Term Trend in the MWL emissions of
PKS 2155-304

A trend is also observed in PKS 2155-304, but, in this case, it is a
decrease in the flux (observed in the optical band in Zhang et al.
2014). We perform the same trend fit presented in §5.1. The slopes
of the y-ray and X-ray bands have comparable values of ~—3x1073.
Regarding the optical band, the slope inferred is ~—2x10~4. The
normalized amplitudes are comparable values: 1.3+0.1 for y-ray,
0.8+0.3 for X-ray, and 1.2+0.1 in the optical band. Finally, the results
show that the end of the flux decrease occurs at approximately the
same time, around 2014, in all the wavebands.

6 THE BINARY HYPOTHESIS FOR PG 1553+113

Trends can be associated with red noise, which can mimic periodicity
(e.g. Vaughan et al. 2016) or lead to the detection of false periodicity
in a time series (McQuillan et al. 2013). Nonetheless, it is instructive
to consider interpretations based on the binary hypothesis since there

14 Using the Python package Statsmodels
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Figure 3. Long-term trend decomposition of the V-band emission of
PG 1553+113.

are well-established binary accretion dynamics that might naturally
explain such trends.

As the basis for an illustrative discussion on long-term trends in
AGN LCs, we consider the binary hypothesis for PG 1553+113. In
addition to near-orbital modulations in the jet luminosity, for certain
binary parameters (D’Orazio et al. 2013; Miranda et al. 2017; Duffell
etal. 2020; Zrake et al. 2021), alonger period is observed in circumbi-
nary accretion simulations (MacFadyen & Milosavljevi¢ 2008). This
longer period is set by the orbital period associated with an overden-
sity (the “lump”) in the circumbinary cavity wall (see the description
in, e.g. Miranda et al. 2017). For year-like orbital periods appropriate
for PG 1553+113, the lump period is measured to be ~ 5 — 10 orbital
periods in simulations with baroclinic thermodynamics and radia-
tive cooling (e.g. Farris et al. 2015; Westernacher-Schneider et al.
2022). If the long-term MWL trends for PG 1553+113 are due to a
lump, then visual inspection of the V-band currently indicates that the
lump period is at least roughly eight orbits — see Figure A4. Whether
the observed long-term trends are due to a lump implies different
constraints on the binary parameters described in this section.

Firstly, we can derive a constraint on the binary eccentricity in-
dependently of the interpretation of the long-term MWL trends by
showing that the binary is likely in the gravitational wave-driven
(GW-driven) regime. A mass estimate of (0.4 — 8) x 108 M, for the
central black hole in PG 1553+113 was made based on LC variabil-
ity (Dhiman et al. 2021). Holding a binary SMBH’s semi-major axis
fixed, the binary is further from the GW-driven regime for lower total
mass, higher accretion rate, lower eccentricity, and lower mass ratio
(Westernacher-Schneider et al. 2022). Thus, we can attempt to place
the binary outside of the GW-driven regime by assuming its mass
is the lower end of the above estimate 0.4 x 108 Mo, it accretes at
the Eddington limit (with a fiducial radiative efficiency of = 0.1),
and it is circular eccentricity (e = 0). We must also assume a fiducial
accretion “eigenvalue” [ (we choose [ = 1) (Paczynski 1991; Popham
& Narayan 1991), and we assume that the periodicity obtained in the
LCs is roughly the redshifted orbital period ~ 1.5 X (1 + z) yr for

z = 0.433. Doing so (following Westernacher-Schneider et al. 2022),
we find the binary is in the GW-driven regime for all mass ratios
g 2 0.02. 15 Simulations show that mass ratios of accreting binaries
are driven rapidly upward from such low values as ¢ = 0.02 (e.g.
Duffell et al. 2020). Thus, the hypothetical binary in PG 1553+113
likely has g > 0.02, and is, therefore, likely in the GW-driven regime.

The fact that the hypothetical binary in PG 1553+113 is likely
in the GW-driven regime, combined with simulation results, im-
plies a constraint on the binary eccentricity. Simulations suggest an
equilibrium value of binary eccentricity in the gas-driven regime of
e ~ 0.4-0.6 (Roedig et al. 2011; Roedig & Sesana 2014; Zrake et al.
2021; D’Orazio & Duffell 2021), with the most recent results point-
ing to e ~ 0.4. Since GW emission circularizes binaries, we expect
the putative binary in PG 1553+113 to therefore have eccentricity
e < 0.4. This is our first constraint on the supposed binary. Note
that simulations also predict that lump periodicity manifests when
binaries have mass ratios g 2 0.2 (e.g. D’Orazio et al. 2013; Duffell
et al. 2020) and eccentricities ¢ < 0.1 (e.g. Miranda et al. 2017;
Zrake et al. 2021).

We consider the following three scenarios for a hypothetical binary
in PG 1553+113:

(i) The long-term MWL trends are due to a lump.

(i) The long-term MWL trends are not due to a lump because the
lump is not present in the system.

(iii) The long-term MWL trends are not due to a lump, even
though the lump is present in the system.

In the first scenario, a lump must exist; thus, the constraints on the
binary from simulations are ¢ > 0.2 and e < 0.1. In the second
scenario, the lump does not exist; thus, we either have a constraint on
the mass ratio (¢ < 0.2) or a constraint on the eccentricity (e 2 0.1),
or perhaps both. In either case, since the binary is likely in the GW-
driven regime, the eccentricity is also constrained by e < 0.4. All of
the constraints in this second scenario are consistent with the binary
model proposed by Cavaliere et al. (2017) (¢ = 0.1, e = 0.2), which
was arrived at on the basis of different considerations. In this case,
the long-term MWL trends are left unexplained and are presumably
stochastic in the absence of another plausible mechanism. In the
third scenario, lump periodicity does not transmit to jet variability in
sufficient measure.

Two mechanisms by which lump periodicity could imprint on
blazar emission are via transmittance of lump periodicity to mass
accretion rates (a phenomenon which depends upon disk parameters;
compare the simulations from, e.g., Farris et al. 2015; Westernacher-
Schneider et al. 2022), and periodic modulations in the supply of
seed photons from the disk. In the accretion rate mechanism, one
expects a systematic modulation of jet processes, manifesting in
the SED via both the low-energy synchrotron component (e.g. via
modulation in the supply of electrons to the jet) and, consequently,
the high-energy SSC component. In the seed photon mechanism,
seed photons from the disk, modulated on the lump period, undergo
inverse-Compton scattering in the jet(s) and/or disk corona (“external
Compton” (EC, e.g. Band & Grindlay 1986; Levinson & Blandford
1996), thereby resulting in a modulation of the EC component of
the SED on the lump period. The third scenario enumerated above

15 Note that if the binary instead had a super-Eddington accretion rate, which
simulations suggest can be physically realized (see, e.g. Jiang et al. 2019),
then the range of GW-driven mass ratios is narrower. For example, for 10x
Eddington accretion, the binary would be in the GW-driven regime for g >
0.25.
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would require that both of these imprint mechanisms are inefficient
relative to other mechanisms of long-term variability. It is important
to note that the SED of a BL Lac blazar like PG 1553+113 is often
fit without an EC component (see, e.g., Aleksi¢ et al. 2012), so if
an EC component is non-negligible in the high-energy SED, then it
must appear sufficiently degenerate with the SSC bump.

On the other hand, the first scenario enumerated above instead
seems to require that both of these imprint mechanisms are efficient
and comparably so. This is because the minimum of the long-term
trend in optical, apparently occurring near 2015, does not appear to
correspond to a minimum in y-rays (see Figure A4), although a longer
temporal baseline is needed for higher confidence. Simulations have
shown that there is a lag of order 20 — 30% of a lump period
between lump modulations in thermal disk emission and accretion
rates (see Figure 5 in Farris et al. 2015). Supposing that high-energy
emission receives non-negligible contributions from both the SSC
and EC components and that lower-energy emission does not receive
a significant contribution from the EC component, one may therefore
expect the lag between accretion and the external supply of seed
photons could manifest as a multi-year shift of the minimum in the
long-term MWL trend in y-rays with respect to e.g. optical & UV.

Future theoretical work should address the efficiency of the mech-
anisms by which lump periodicity can imprint on blazar SEDs. If
the long-term MWL trends in PG 1553+113 are due predominantly
to lump periodicity, then we expect the recent upward trends reverse
over the next few years, which is a strong motivation to continue mon-
itoring PG 1553+113 across the entire electromagnetic spectrum.

7 SUMMARY

In this work, we have implemented a variability study of the MWL
(radio, IR, optical, UV, and X ray) emission of the five blazars iden-
tified as having evidence of periodicity in Peiiil et al. (2022). We find
that two of them, PG 1553+113 and PKS 2155-304 show similar
periodic behavior in their MWL emissions. The correlation y ray-
optical does not indicate any lags with the limitation of 28 days due to
the sampling of the Fermi-LAT LCs. This result suggests a common
spatial origin of both emissions. In the y ray-radio correlation, 0 and
~200 days of delay have been observed in two blazars. No signif-
icant correlation above 3¢ is observed between y-rays and X-rays.
Regarding PG 1553+113, we made the first analysis of a long-term
trend of increasing/decreasing flux in all bands. We explored an inter-
pretation in terms of a hypothetical supermassive black hole binary
central engine.
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Table 2. List of periods and their associated uncertainties (superscript), local significances (left subscript), and global significances (right subscript) of PG
1553+113 and PKS 2155-304. The symbol "x" is utilized to represent two periods that have been derived from the same energy band and exhibit similar
significance. These periods are organized based on their peak amplitudes. The symbol T is used to denote the periods where the PDM results exhibit the harmonic
effect as described in P20. The symbol f is used to indicate periods that are consistently presented in the WWZ for all the LC. The MCMC sine fitting results
provide information solely about the inferred period and its associated uncertainties. The period values are expressed in years.

Association Wavelength LSP + GLSP LSP + PDM wWwzZ DFT-Welch MCMC Sine
Name Power-Law Simulated LC Fitting
Swift/XRT* 1.5;'}3/0'00 1'5;!.06'37/0.00 l‘sli»%fr/o-Otr 13.0592 5'33.19}3/0.00 l'sf%clr/o.()a 1.5+0:8
23580 000 23y 000 G .
UVOT (ow2) 22302 " 14§l o 2002 T4'4i.61¢3r/0.00' 201390 0w 213% 00e 212011
PG 1553+113 VOT D 22367100 1.4%.%/0‘0“ *iclose :3:209:?/0400 Z.Oi'z%/o'oa 2-1§d§r/o.og o
UVOT @wl) 22552 1 0 495001000 22550 300 290/00e 200501000 22200 10.00 21201
V-BAND 2‘3§03‘rzr/3~ltr 2'3:-00'(27/04&r 2'35%00'3—/24% 2-2545[2/()'()” 22;.%3/2.80 Z'Zio().g'/o,ﬁo' 23201
R-BAND 2'3§%<2r/3.0¢r z'liolhrar/O-Srr 2']202}3/1.10 T4.4§;"5‘7/0'0” iz‘zsi.(g)}()r/m(r z'lﬂ‘i/o.sg 21201
OVRO 2222 0w 2Bdepos AN nos > Hso 000 22557 00 22050050 230.3
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UVOT (uvw2) 1'8;04.2'/0.00' l'gli%cl,—/o.ocr l'9§.()d(1r/o.0¢r 1'9;05';/0400 1'9;£%r5)'/().()(r I'S:It%clr/o.()a' 1.870L
UVOT (uvm2) 1‘83(;{;/0‘00 1 'ZT.OAQIT/O.OU 1'85%3/00(7 1'9302'37/&0a 1'911.043/0400 1'63117/0‘()@ 2.0£0.5
UVOT (uvwl) 1'8;09';/0.00 1'411.01';/0.00 1'8;:.01}27/0.00 1'9;01}17/0.00 1'9;!.04(57/0.00 1'6;!.02';/0.% 2.1£0.5
PKS 2155-304 | SMARTS-B 1‘@%3/0.00 3'6I£416.c2r/0.0cr 1'7;01}17/0.% 3'3506';/0.00 fl '75.042/0.0{7 1'6100.;/0.60— 1-7t%'v51
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Table 3. Results of the z-DCF cross-correlation analysis for PG 1553+113 and PKS 2155-304. The table also shows the period inferred from the cross-correlation
with the y-ray LC and the auto-correlation. These periods are associated with the significance levels of the oscillations (high-level, low-level, see Figure 1).
We report one significance when the high and low significance levels are the same. The correlation with the y rays is limited by the 28 days sampling of the
Fermi-LAT LCs.

Association Wavelength Correlation  Cross-correlation  Auto-correlation
Name Lag [days] Period [years] Period [years]
. - - 2.2i()41
Fermi-LAT —y ss0.1 2.2202 i
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T>2.00 20 20
- — 1.71042
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worawy T TEne s,
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UVOT (wwi) 106557 L7 1.7£0.4
- (3-1)
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6.95 . 1.6(173)0 1.7(20_21)
R-BAND 48201 LY, vt
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_465 1o — B

MNRAS 000, 1-15 (2023)



MWL Analysis of Blazars with High-Significance Periodicity 9

APPENDIX
A Periodicity and correlation results
A.l Periodicity

The results of the periodicity analysis are shown in Table Al. PKS
0454-234 has no significant evidence of periodicity inferred from
the analysis in the available bands. However, the optical data have
insufficient temporal coverage (=7.0 yr, see Figure A6) to reliably
rule out the period observed in y-rays (~3.6 yr).

For S5 0716+71 (see Figure A7), we find a period compatible with
that observed in y-rays and in the V-band, ~2.7 yr (similar to Bhatta
2021). A period of ~1 yr is also inferred by some of the employed
methods. This is compatible with the results from P22, where both
periods were obtained in y-rays. However, this V-band period of
~2.7 yr is not significant (<30 of local significance). Sandrinelli
et al. (2017) report no significant evidence of periodicity in the R-
band. We do not observe significant periodicity in X-ray and radio
bands.

We do not find any evidence of periodicity for OJ 014 in the radio
band. The periodicity analysis for the optical band was not performed
due to insufficient temporal coverage of the data (Figure A8).

A.2 Correlation

Correlation results are shown in Table A2, including the periods
inferred with the z-DCF.

For PKS 0454-234, Cohen et al. (2014) claim a delay between
y-ray and the optical bands of =150 days; instead, we find a zero
lag with local significance of >4¢. No period is inferred from the
autocorrelation, in agreement with the results in §A.1.

Regarding S5 0716471, we find a lag of =0 days in the X-ray,
optical, and radio LCs (>207). Additionally, the cross-correlation
analysis suggests a ~2.7 yr period for both optical and radio bands,
compatible with the one from P22, but not significant. The auto-
correlation also suggests a compatible period for the V-band, but not
at a significant level.

0J 014 presents no time lag between its y-ray and optical emission.
For radio, the lag is —40 days (>40). Both correlations show a
compatible period with y-rays but it is not significant.

In some cases, the results of Table A1 and the autocorrelations are
significantly different (e.g., S5 0716+71). There are several factors
that contribute to the divergent results. The shorter time coverage
and uneven sampling of the MWL data can lead to much larger
errors in the derived periods than those derived from the Fermi-LAT
LCs, including resulting in the absence of a period (note that all of
the autocorrelations for y-rays are compatible with those reported in
P22). Additionally, the methods handle LC gaps differently (see P20).
Finally, each method is impacted differently by the choice of binning
in each analysis (periodicity and autocorrelation Otero-Santos et al.
2023).

B Variability Study

LC variability is studied using the fractional variability (Fyq;), the
structure function (SF), as well as the PSD and PDF. F),,;- and the SF
are respectively used to quantify the variability (Vaughan et al. 2003)
and measure the characteristic variability timescales. Fy,; is affected
by the time coverage, sampling, and binning of the data (see Vaughan
et al. 2003; Schleicher et al. 2019). Consequently, employing a sim-
ilar time window and binning to analyze MWL data. Additionally,

using nonsimultaneous data can also lead to inconsistencies in Fygr
(Schleicher et al. 2019).

Finally, We also analyze the polarization of blazar emission using
polarimetric data from the Steward Observatory.

B.1 Fractional Variability

We have evaluated the amount of variation displayed by our blazar
sample through the evaluation of Fy,r. The results are presented in
Table A4. The Fy,r values, typically >0.25, prove the variable nature
of the sources studied here. We also observe that the most variable
source of the sample (that with the highest Fy,; in the different bands)
is the only FSRQ included in this study, PKS 0454-234. On the
other hand, BL Lac objects tend to have smaller values of Fy,; (e.g.,
Bhatta & Dhital 2020). In fact, for the four BL Lac objects included
here, the two showing the synchrotron peak at lowest frequencies
(0J 014 and S5 0716+714) are those with the highest Fy,- among
the BL Lacs, while PG 1553+113 and PKS 2155-304, with higher
synchrotron peak frequencies, are less variable in our study. Despite
the small number of sources studied here, this trend of increasing
Fyar with the decreasing value of vsypc is in line with the results
reported in other studies (e.g., Bhatta & Dhital 2020). Hence, FSRQs
and low-synchrotron-peak BL Lacs are typically more variable than
high-synchrotron-peak BL Lacs.

We note that the calculation and comparison of the MWL Fy,r
might be highly affected by the non-simultaneity of the data between
the different bands (Schleicher et al. 2019). Therefore, as a cross-
check, we have calculated Fy, using only the simultaneous data in
all the bands. Fy,r derived for simultaneous data (i.e., taken within
the same 24-hour period) yields values with no significant differ-
ences in comparison to Fy,r obtained with all the data of the LCs
(see figures of §D), except for the case of the X-ray Fy,r values of
PG 1553+113 and S5 0716+714, which Fy,r of the simultaneous
data are ~15% higher than Fy,, obtained with all the X-ray data (see
Figure Al). Nevertheless, the evolution with the frequency of Fyar
remains unchanged with both approaches.

By studying the evolution with the frequency of Fy,; in the dif-
ferent bands, we can also retrieve information on the processes and
particle populations dominating the variability. However, for the five
sources analyzed here, the MWL coverage is not always optimal for
evaluating the evolution of Fy,, with the frequency. Nevertheless, we
observe the minimum variability for PG 1553+113 at radio wave-
lengths (see Figure Al), increasing up to its maximum in the X-ray
band. Then, Fyar decreases in the HE y-ray band. We do not have
data in the very-high-energy (VHE, E>100 GeV) y-ray band. We
note that Aleksic¢ et al. (2015a) report for VHE an Fy,, close to that
in the X-ray band. This could point towards a double-peaked shape,
observed in the past for several sources (Aleksic¢ et al. 2015b). Since
this source is a high-synchrotron-peak BL Lac object with its X-ray
emission corresponding to the end of the synchrotron bump, a higher
variability in this regime and in the VHE y-ray band could indicate a
higher variability of the high-energy electron population responsible
for the emission. In comparison, we can see the case of S5 0716+714
(see Figure Al), where the maximum, ~1.2, is found at UV wave-
lengths, in comparison with its minimum in the X-ray band. In this
case, the source is an intermediate-synchrotron-peak BL Lac, and its
X-ray emission is found in the transition between the low- and high-
energy SED peaks. Hence, depending on Fy, structure and SED
characteristics, we can observe differences between sources that may
reveal information regarding the particle populations responsible for
the emission and variability observed.

MNRAS 000, 1-15 (2023)
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Figure A1l. Fractional variability for the MWL simultaneous data (taken within the same 24-hour period) for S5 0716+714 (left), and PG 1553+113 (right).
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Figure A2. Structure function of the UVOT LC of PKS 2155-304. The
vertical line shows the dip that denotes the presence of a period in the signal.

B.2 Characteristic timescales

The results of Table A4 reveal different variability timescales, ranging
from ~100 days to ~4 yr. The emission is most stable in the radio.
The most variable is in the optical, as inferred by the set of timescales
derived from the structure functions (SF, see Figure A2).

The average slope of the SFs analyzed in this work is 0.5+0.1.
This result is compatible with a slope of 0.44+0.03 associated with
a model based on instabilities in the accretion disk, as derived by
Hawkins (2002). Regarding the periodicity, most of the periods in-
ferred with the SF (see Table A4) are compatible with the ones shown
in Table 2 and Table Al.

B.3 Power Spectrum Index Estimation

The results of the power spectrum index estimation are shown in
Table A3. The slopes obtained for the optical and radio bands range
between 1.2 and 1.5, compatible with slopes of the y-ray emission
presented in P22. This index range can be associated with an admix-
ture of flickering (pink) noise, consisting of short-scale variability
and red noise associated with long-term variability. According to
Abdo et al. (2010b), these oscillations are associated with instability
and turbulence in the accretion flow through the disk or the jet.

B.4 Polarized Light

Blazars are characterized by high levels of radio and optical polar-
ization. This polarized emission is also extremely variable, and it
depends on the structure of the magnetic field of the emitting re-
gion. Thus, it can provide valuable information about the origin of
the emission in blazars. Raiteri et al. (2013) interpret the long-term
flux variability of the polarized optical emission according to two

MNRAS 000, 1-15 (2023)
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Figure A3. Helical magnetic field (HMF) polarization models for
PKS 0454-234 and S5 07164714 (Raiteri et al. 2013). The dashed lines
denote the viewing angle ,ps.

different models: helical magnetic fields and transverse shock waves.
Both models predict two different behaviors of the polarization de-
gree w.r.t. the viewing angle 6 (see Figure A3). In both models, when
0 < Omax (With Omax = 1/T the angle of maximum polarization and T’
the bulk Lorentz factor of the jet), the polarization degree increases
with the viewing angle of the jet. The opposite is expected when
6 > Omax (distinguishing two regions, see Figure A3). Additionally,
the observed flux increases for decreasing the viewing angle (Raiteri
et al. 2013). Therefore, in the first (second) region, the polarization
degree is anti-correlated (correlated) with the observed flux. Conse-
quently, the correlation between the polarized and total emission can
constrain the scenarios responsible for the variability. Specifically,
inferring a correlation for viewing angles < 6nax between the polar-
ized and total flux could indicate that the variability is not associated
with internal-jet processes but produced by external phenomena af-
fecting the jet (e.g., the accretion disc, or the single/binary black hole
system, Raiteri et al. 2013). In Figure A3, the polarization degree as
a function of the viewing angle is represented for the helical magnetic
field model (the transverse shock model has a similar behavior, see
Figure 17 in Raiteri et al. 2013). We use I' = 12.2 and 6 = 3.0° for
PKS 0454-234 (Ghisellini et al. 2009), and " = 10.3 and 0,5 = 5.2°
for S5 0716+714 (Hovatta et al. 2009). Observing the plot for both
blazars, polarization increases as the viewing angle increases from
0=0° to Omax, and then slowly decreases for higher viewing angles.
In this context, we evaluate the correlation of V-band emission of
PKS 0454-234 and S5 0716+714 between the polarized and total
flux (since only these sources have available data in the Steward
database). For PKS 0454—234, both emissions are correlated, with
a time lag of 4.9 + 11.9 days (>20, significance before applying
any trial correction, as in the other significance reported in this
section). A similar result is observed for S5 0716+714, where a
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correlation is obtained, with a time lag of —0.1+8.5 days (>30).
Consequently, the variability of both objects can not be explained by
internal phenomena associated with the jet, according to the models
in Raiteri et al. (2013).

C Software

(i) astropy (Astropy Collaboration et al. 2013, 2018),

(i) emcee (Foreman-Mackey et al. 2013),

(iii)) Fitdistrplus (Delignette-Muller & Dutang 2015),

(iv) PSRESP (https://github.com/wegenmat-privat/
psresp),

(v) Statsmodels (https://www.statsmodels.org/
stable/index.html),

(vi) SciPy (Virtanen et al. 2020),

(vii) Simulating light curves (Connolly 2015),

(viii) z-DFC (Alexander 2013).

D Figures
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Table Al. List of periods and their associated uncertainties (superscript), local significances (left subscript), and global significances (right subscript) of PKS
0454-234, S5 0716+714, OJ 014. The symbol "x" is utilized to represent two periods that have been derived from the same energy band and exhibit similar
significance. These periods are organized based on their peak amplitudes. The symbol T is used to denote the periods where the PDM results exhibit the harmonic
effect as described in P20. The symbol f is used to indicate periods that are consistently presented in the WWZ for all the LC. The MCMC sine fitting results
provide information solely about the inferred period and its associated uncertainties. The period values are expressed in years.

Association Wavelength LSP + GLSP LSP + PDM WWZ DFT-Welch MCMC Sine
Name Power-Law Simulated LC Fitting
+0.1 +0.1 +0.T +0.1 +0.4
L8 o000 30000 1330000 34050000 FTide/0.00 1-7;%}27/0.00 33403
V-BAND 2,002 2.10:2 3.10.2 9 9+0.2 2,002 +0.5 e
STEWARD-V 172.20/0.000 ’ 4~06417/1-9<T ’ 4-(?(27/0-60 ““4.00/0.60 2.00/0.00 2-650”/()‘0(, 3.6+0.1
+0. +0. 0.2
PKS0454-234 | crpwarpR  Dosoooe  Z0denoe  Fsen0e 350006 2000000 2635000 S22
3 1202 1.720.3 17203 3 420.1 1.7%0.5 17204 17404
R-BAND* *72.00/0.000 1 2.40/0.00 113.20/0.00 “2.20/0.00 T2.10/0.00 *13.20/0.00 :
3350 000 3 Mo i000 3'4;02';/0.00
- 0.6 0.2 303 02 05 02
Swift/XRT 3.03 60 /0.00 L8 o000 Y0000 3%00/000 Foso000  dej000 1742
+0.2 +0.1 +0.4 +0.1 +0.6 +0.3
UVOT (uvw2) 3~4T,4U/o_og 1 '41+.3a/0.0<r 3'4;3”/0400 3'4;.70/0,00' 1'61+.o(r/o.0<r L4 35 1000 1.4%_01
0.2 +0.2 +0.2 +0.2 +0.5 +0.5
UVOT (uvm2) 1-5;30/0,00 1'61.80-/0.00- L6 o000 29500/0.00 1'61+.1a/o.0[r 40055 /0.00 1.5+0.1
+0.2 +0.2 +0.2 +0.1 +0.8 +0.6
S50716+714 | UVOT wwwl) 167 00, 24 50000 10950000 29980000 3Hie/0.00 45501000 1-5i(())~81
+0.1 +0.1 +0.2 +0.3 0.1 0.5 +0.
V-BAND 2'52.3(7'/0.0(7' 287 55000 25330/000 3 de/000 2'9200-/0.60— 275 4o 1000 28554
+0.1 +0.4 0.5 +0.3 +0.1 0.1
R-BAND 35501000 34 55 /000 3'5;30/04% 3-55 6 /0.00 12'9;00/0.0(: 3'51+.3<r/o.0<r 3‘41?‘52
+0.1 +0.1 0.1 +0.2 0.6 +0.7 +1.
OVRO L0 30000 12500000 1060000 2%0a000 4350000 3850000 2375
+0.2 +0.2 +0.2 +0.2 +1.2 +[.1
0J 014 OVRO 555000 S N55000 oo OB6e000 351755 5.2 6o f0.60 5.5+0.1

Table A2. Results of the z-DCF cross-correlation analysis for PKS 0454-234, S5 0716+714 and OJ 014. The table also shows the period inferred from the
cross-correlation with the y-ray LC and the auto-correlation. These periods are associated with the significance levels of the oscillations (high-level, low-level,
see Figure 1). We report one significance when the high and low significance levels are the same. The correlation with the y rays is limited by the 28 days
sampling of the Fermi-LAT LCs

Association ‘Wavelength Correlation ~ Cross-correlation  Auto-correlation
Name Lag [days] Period [years] Period [years]
Fermi-LAT 4 6:'1'5 - 3'53??3
“U>3.0
5214/;1/&51;3 1-@3’?‘): 1520 15202
STEWARDY ~ —542) S S
- T >4.00 - -
PKS 0454-234 R.BAND 12.55‘400 ~ ~
STEWARD-R  _ 14~9t3.% — _
SMARTS-J ) 6;_ 07 _ _
SMARTS-K T 2200 - _
1_3i3.3
3.0
Fermi-LAT 16.(;‘2'0 - 2.5;2_’2
Swift/XRT Ry - -
114
UVOT (uvw2) jg-gtf - -
UVOT (wvm2) 145570, - -
SSOTOHTH | GvOT (wr)  11.4203 - -
V-BAND 4.8515 2.732_-2 2.8%03
R-BAND . 8:3;2" 2.8 z
OVRO . >3.§)l(r8 2 7;0.3 _
Yl .
—13.625 50 o
Fermi-LAT - - 4203
01014 css 1192530, 4507 -
+0. +0.5
OVRO _40,4“!3»%” 4.6(3_4)0 4.850
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Table A3. List of power spectral indices inferred with the PSRESP method for the MWL LCs of the blazars. The uncertainty and the probability of each index
are also shown. The ‘X’ denotes that the PSRESP method does not converge to a specific value. The “success fraction” indicates the goodness of fit of PSRESP
by giving the probability of a model being accepted. The power spectral indices of the y rays are obtained from P22.

Association Name Wavelength PSD Fit  Success Fraction | y-ray PSD Index

Swift/XRT) 0.8+0.6 8.5
UVOT (uvw2)  1.3+0.8 93.7
UVOT (uvm2)  1.2+0.8 94.5

PG 1553+113 UVOT (uvwl)  1.0+0.7 13.5 1.2+0.4
V-BAND 1.5+0.5 44.6
R-BAND 1.5+0.5 66.5
OVRO 1.6+0.4 772
Swift/XRT) 0.6+0.3 7.8
UVOT (uww2)  1.3+0.6 71.1
UVOT (uvm2)  1.3x0.5 577
UVOT (uwwl)  1.5+0.7 90.1

PKS 2155-304 SMARTS-B 1.2+0.4 27.4 1.0£0.6
V-BAND 1.5+0.7 26.6
R-BAND 1.5+0.5 71.6
SMARTS-J 1.4+0.3 5.6
SMARTS-K 1.4+0.2 4.1
V-BAND 1.5+0.4 60.4
STEWARD-V  1.5+0.8 78.9

PKS 0454-234 R.BAND 1740.6 3 1.3+0.3

STEWARD-R X X

Swift/XRT) 1.4+0.3 13.8
UVOT (uwww2)  1.1+£0.6 94.4
UVOT (uvm2)  1.2+0.7 92.3

S50716+714 UVOT (uwwl)  1.0+0.7 84.6 1.1+0.3
V-BAND 1.2+0.6 62.0
R-BAND 1.1+0.6 69.8
OVRO 1.2+0.2 20.8

0J 014 OVRO 1.6+0.8 19.0 1.2+0.4

MNRAS 000, 1-15 (2023)



14 P Peiil et al.

Table A4. Results of the fractional variability and the periods inferred from the structure functional (see §B).

Association Wavelength Fyar TSF
Name
Fermi-LAT 0.24+0.06 -
Swift/XRT 0.43 £0.08 04+2.1
UVOT (uvw2)  0.25£0.01  2.4+0.1
UVOT (uvm2)  0.25+0.01 2.4+0.1
PG 1553+113 UVOT (uvwl)  0.25£0.01  2.4+0.1
V-BAND 0.21+£0.02  2.4+0.1
R-BAND 0.22+0.01  2.5+0.1
OVRO 0.12+0.02  2.4+0.1
Fermi-LAT 0.47+0.04 -
Swift/XRT 0.14+0.22 1.3£0.1
UVOT (uvw2)  0.37+0.01 1.3£0.1
UVOT (uvm2)  0.37+0.01 1.3£0.1
UVOT (uvwl)  0.37+0.01 1.3£0.1
PRS2155-304 | SMARTS-B 037:0.01  1.8+0.1
V-BAND 0.37+0.01 1.7£0.1
R-BAND 0.35+0.01 2.1+0.1
SMARTS-J 0.37+0.01 1.8+0.1
SMARTS-K 0.43+0.01 1.8+0.1
Fermi-LAT 0.71+0.02 -
SMARTS-B 0.75+0.01 1.9+0.2
V-BAND 0.72+0.01 1.8+0.2
STEWARD-V  0.66+0.01  2.5+0.2
PKS 0454-234 R-BAND 0.75+0.01 3.4+0.2
STEWARD-R  0.67+0.01 3.4+0.2
SMARTS-J 0.62+0.01  2.3+0.2
SMARTS-K 0.62+0.01  2.3+0.2
Fermi-LAT 0.57+0.02 -
Swift/XRT 0.11£0.22  3.320.2
UVOT (uvw2)  0.68+0.02  2.9+0.2
UVOT (uvm2)  0.68+0.02  2.9+0.2
S5 0716+714 UVOT (uvwl)  0.68+0.02  2.9+0.2
V-BAND 0.51£0.02  2.5+0.2
R-BAND 0.53+0.02  2.4+0.2
OVRO 0.34+0.01  2.9+0.2
Fermi-LAT 0.59+0.06 -
0J 014 CSS 0.55+0.01 1.2+0.1
OVRO 0.38+0.02  5.2+0.1
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Figure A4. Multiwavelength light curves of PG 1553+113. From top to bottom: Fermi-LAT (E > 0.1 GeV), Swift/XRT), UVOT (filter "'uvw2’), V-band
(combination of CSS and ASAS-SN), R-band (combination of Tuorla and KAIT) light curves. The dashed grey line denotes the increasing/decreasing trend.
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Figure A6. MWL light curves of PKS 0454 -234. From top to bottom: Fermi-LAT (E > 0.1 GeV), B-Band (SMARTS), V-band (combination of SMARTS and
CSS), non-calibrated V-band (Steward Observatory), polarized V-band (Steward Observatory), R-band (combination of KAIT and SMARTS), non-calibrated
R-band (Steward Observatory), J-band (SMARTS), and K-band (SMARTS) light curves.
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Figure A7. MWL light curves of S5 0716+714. From top to bottom: Fermi-LAT (E > 0.1 GeV), Swiff\XRT), UVOT (filter 'uvw2’), V-band (combination of
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Figure A8. MWL light curves of OJ 014. From top to bottom: Fermi-LAT (E > 0.1 GeV), and V-band (combination of CSS and ASAS-SN) light curves.
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