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Abstract

This study explores the detection of quasiperiodic oscillations (QPOs) in blazars as a method to identify kink
events within their jets, utilizing both y-ray and polarized light observations. Focusing on a sample of nine blazars,
we analyze ~-ray light curves to identify significant QPOs. In addition to ~-ray data, we incorporated polarized
light data corresponding to the same temporal segments to cross-validate the presence of QPOs. However, the
limited availability of comprehensive polarized data restricted our ability to perform a thorough analysis across all
data sets. Despite these limitations, our analysis reveals a segment where QPOs in polarized light coincided with
those observed in ~-rays, providing preliminary evidence supporting the kink origin of these oscillations.

Unified Astronomy Thesaurus concepts: Astronomy data analysis (1858); Gamma-ray astronomy (628);

Blazars (164)

1. Introduction

Blazars are active galaxies hosting relativistic plasma jets
arising from supermassive black holes that point very close to
our line of sight. Due to the relativistic beaming effects, they
are the most numerous extragalactic y-ray sources detected by
the Fermi Large Area Telescope (Fermi-LAT; W. Atwood et al.
2009). They exhibit highly variable nonthermal-dominated
emission across the entire electromagnetic spectrum. The
variable multiwavelength emission comes from an unresolved
region, often referred to as the blazar zone, that locates
somewhere between subparsec to a few parsecs from the
central engine. The GeV to TeV ~-rays can flare in as short as a
few minutes, as observed by Fermi-LAT and ground-based
TeV air Cherenkov telescopes (F. Aharonian et al. 2007;
J. Albert et al. 2007; M. Ackermann et al. 2016), indicating
extremely efficient particle acceleration within the blazar zone.
The low-energy spectral component, ranging from radio to
optical-UV, in some blazars up to X-rays, originates from
synchrotron emission by nonthermal electrons in a partially
ordered magnetic field. This is evident by the high polarization
observed in radio to optical, and recently in X-rays for some
blazars (R. Scarpa & R. Falomo 1997; M. L. Lister et al. 2018;
I. Liodakis et al. 2022). The high-energy emission may have a
hadronic contribution, as suggested by the recent detection of
the contemporaneous IceCube neutrino and Fermi-LAT flare
event in the blazar TXS 0506+056 (IceCube Collaboration
et al. 2018). However, in most cases, the X-ray to ~-ray
emission is well modeled by inverse Compton scattering by the
same electrons that synchrotron emit the radio to optical
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spectral component. Under this scenario, the >GeV ~-rays
observed by Fermi-LAT are coming from the roughly same
electrons that produce the optical emission. It is generally
believed that the blazar jet is highly magnetized at the jet
launching site (R. D. Blandford & R. L. Znajek 1977;
A. Tchekhovskoy et al. 2010). However, how the magnetic
energy dissipates to drive the bulk relativistic motion of the jet
and acceleration of nonthermal particles remains unclear.
Given the strong particle acceleration in the blazar zone, it is
often considered the main location where the bulk jet energy
dissipates. But the energy partition at the blazar zone is also
under debate. It is therefore important to understand how the
magnetic field affects the jet propagation and interaction with
the surrounding medium, which determines the locations of
energy dissipation and the energy partition therein. In
particular, we need to identify characteristic signatures that
can reveal the jet dynamics and energy partition.

Kink instabilities are a type of current-driven magneto-
hydrodynamic (MHD) fluid instability. They can happen in a
blazar jet where the magnetic energy takes a significant portion
of the total jet energy and the toroidal magnetic field
component is considerable. Kink instabilities can cause
transverse displacements of the jet plasma and twist the
magnetic field into spiral-like structures. Earlier works show
that in a relativistic jet pervaded by helical magnetic fields, kink
instabilities can naturally develop and convert a significant jet
magnetic energy into other forms, which can lead to the
acceleration of nonthermal particles through magnetic recon-
nection and/or turbulence (M. C. Begelman 1998; E. P. Alves
et al. 2018; J. Davelaar et al. 2020). The spiral-like magnetic
field and current density in the kinked region form a clear
quasiperiodic structure. Each repeating quasiperiodic segment
is often referred to as a kink node. Kink instabilities will
eventually saturate and likely develop turbulence-like struc-
tures, making the quasiperiodic structure a transient physical
phenomenon. In principle, kink instabilities can strongly twist
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the jet and eventually disrupt the jet propagation. But large-
scale MHD simulations of magnetic-driven jets have often
shown that, very interestingly, kink instabilities mostly affect
the central spine of the jet, but they do not disrupt the global jet
structure and propagation (X. Guan et al. 2014; R. Barniol
Duran et al. 2017). This is very likely due to the returning
poloidal magnetic field component that envelops the jet, which
can stabilize the MHD instabilities toward the jet boundary.
Strong kink instabilities in the central spine of the jet can be
sites for strong magnetic energy dissipation and particle
acceleration, a promising scenario for the blazar zone.

The characteristic magnetic field morphology in kink
instabilities can leave unique observable signatures in polariza-
tion. H. Zhang et al. (2017) simulate local kink instabilities
inside the blazar zone and find that they can produce
simultaneous variations in synchrotron flux and polarization.
L. Dong et al. (2020) perform the study in a global MHD jet
simulation, and for the first time, show that kink instabilities
can drive simultaneous quasiperiodic oscillations (QPOs) in
flux and polarization. Such QPOs originate from a part of or
roughly one kink node that becomes very bright due to local
physical conditions, such as shocks or changes in the density of
the ambient medium that enhance the local kink instabilities.
Given that quasiperiodic structures generated by kinks are
transient phenomena, such simultaneous QPOs in flux and
polarization are also transient and can disappear after a number
of cycles. S. Acharya et al. (2021) confirm the QPOs in flux
from one kink node based on a local kink instability simulation
and show that if multiple kink nodes are comparably bright, the
QPOs from all kink nodes will be washed out, probably
because the QPOs in each kink node are not synchronized in-
phase. This explains why H. Zhang et al. (2017) do not find
QPOs since that work is focused on the radiation and
polarization signatures from the entire segment of the kinked
jet containing multiple kink nodes. These theoretical studies
provide a novel method to identify kink instabilities in blazars
via the detection of transient simultaneous QPOs in multi-
wavelength flux and polarization signatures. If confirmed by
observations, kink instabilities in the blazar zone unambigu-
ously infer that a significant amount of the jet energy is still in
the form of magnetic energy at the blazar zone, and magnetic
reconnection and turbulence likely drive the particle accelera-
tion there.

S. G. Jorstad et al. (2022) report the first and so far the only
confirmed kink-driven transient QPOs in blazars. This paper
presents the simultaneous long-term monitoring of optical flux
and polarization of the blazar BL Lacertae (BL Lac), performed
by the Whole Earth Blazar Telescope team. In 2020 August
(starting from MJD 29076), during a flaring state, BL. Lac made
more than 10 cycles of simultaneous QPOs in optical and ~-ray
flux and optical polarization with a period of ~0.55 day, which
can be well interpreted by the kink-driven transient QPOs.
Interestingly, the paper also shows a curved radio jet image
right after the QPO flaring event, further suggesting the
presence of kink instabilities in the blazar. Transient QPOs in
various observational bands have been reported in other blazars
as well, with periods ranging from a few days to a few months
(N. Hayashida et al. 1998; B. Rani et al. 2009; J. Zhou et al.
2018). Although some recent works suggest that they may be
associated with the kink-driven QPOs (R. Prince et al. 2023;
H. Lu et al. 2024; A. Tripathi et al. 2024), their results are
unfortunately inconclusive, mainly for three issues. First, there
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is a limited amount of continuous optical polarization
monitoring data. The highly variable nature of kink-driven
QPOs in polarization demands high cadence and continuous
optical polarization monitoring, which requires coordinated
observational campaigns involving multiple optical polari-
meters across the globe. Second, it is unclear how to trigger a
dedicated multiwavelength campaign for kink-driven QPOs.
Since they are by nature transient, they rely on blazar
monitoring telescopes such as Fermi-LAT to trigger cam-
paigns. However, it is not like a traditional trigger that is based
on the flux level; it is a time-domain trigger that is based on a
specific temporal pattern. Lastly, kink-driven QPOs lack
standard analysis procedures. So far, we do not know how
many cycles of transient QPOs are statistically significant to
confirm kink instabilities and how gaps in multiwavelength
flux and polarization data and systematic uncertainties may
affect the results. Additionally, accurately determining the
presence of a QPO requires more than simply counting the
number of observed cycles. A robust identification demands
statistical evidence that effectively distinguishes the signal
from a noise origin. It is crucial to account for the stochastic
nature of potential QPOs, as random noise can produce
spurious periodic patterns, potentially leading to false detection
(S. Vaughan et al. 2016). These last issues are of particular
importance as they also determine how much optical polariza-
tion data is needed.

This paper aims to establish a general analysis procedure for
the kink-driven transient QPOs in blazars. We will show that
the highly correlated flux and polarization QPOs are unlikely
reproduced by red noises, but strongly favor a physical origin.
Additionally, we find that only a few cycles are sufficient to
confirm a kink-driven QPO event, ideal for dedicated multi-
wavelength campaigns to probe such transient phenomena. The
continuous v-ray monitoring capability of Fermi-LAT is crucial
to trigger multiwavelength observations with polarization to
identify more kink-driven QPOs. This paper is organized as
follows. Section 2 describes a semi-analytical model for kink-
driven QPOs, based on the MHD simulations and QPO models
in L. Dong et al. (2020). Next, Section 3 describes various tests
to enhance the reliability and robustness of our results. In
Section 4, we present the data sample analyzed along with the
multiwavelength data collected. Section 5 outlines the
periodicity analysis methodology. Section 6 provides the
results of our study. Finally, we summarize our findings in
Section 7.

2. Kink-driven QPO Model

Kink instabilities are complex plasma dynamical processes
that are impossible to be fully described by semi-analytical
formulae. Nonetheless, L. Dong et al. (2020) and S. G. Jorstad
et al. (2022) have shown that the kink-driven QPOs can be
approximated by a strictly periodic component plus a turbulent
component. L. Dong et al. (2020) have shown that if one or a
part of a kink node becomes very bright due to interactions
with the surrounding medium, this kink node can quasiper-
iodically inject nonthermal electrons in its central spine, where
the poloidal magnetic field dominates over the toroidal
component. The resulting QPOs are not only in the total flux,
but also have a preference in the polarization direction (electric
vector polarization angle (EVPA)), which is perpendicular to
the jet direction. The period can be approximated by 7T} = VR"F,
where R;; is the cross section of the enhanced kinked node,[rvtr
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is the transverse speed of the kinked plasma, and I is the bulk
Lorentz factor of the jet. Here we characterize the QPOs in flux
and polarization via the following analytical formulae.

We assume that the jet is axisymmetric and moving in the
z-axis, pervaded by a helical magnetic field. By nature, kink
instabilities are not axisymmetric physical processes, but we
find that this approximation can greatly simplify the calcula-
tions while still capturing the key QPO features of the kink-
driven QPOs. A follow-up numerical simulation paper will
show how this formula can match the key radiation patterns
derived from MHD simulations. The poloidal magnetic field
component, which is along the jet propagation direction, is
called B,. The toroidal component that is perpendicular to the
jet direction is called By. In the linear stage of kink instabilities,
the helical magnetic field will be twisted into a spiral shape
(H. Zhang et al. 2017). But it is still a reasonable approximation
to consider B, = a(r)By and B, = b(r)By as two orthogonal
components of the magnetic field, where a(r) and b(r) describe
the dependence of the magnetic field components on radius
and B, is the average magnetic field strength, although the
definition of B, should be generalized to be the magnetic
component perpendicular to the jet direction instead of just the
toroidal magnetic field. It is well known that the blazar is
observed very close to the line of sight (within 1/T" from the jet
direction), which corresponds to an angle 6 between 0° and 90°
in the comoving frame of the jet. Since the magnetic field
component parallel to the line of sight has minimal contribution
to the observed synchrotron emission, we define the magnetic
field component projected onto the comoving plane of sky that
is perpendicular to the jet direction as B, and the parallel
component Bj. Then we have

BL = 7BG‘7 sin (b
= —b(r)Bysin ¢
B = —B;cos ¢ cost + B_sin@
= —b(r)Bgcos ¢ cosf + a(r)Bysinb. (D)
We can find the synchrotron emission as
I x fdr fd(b n(r)(Bf + BH2)
x 7TBozfdr n(r)(b2(r) + b2(r)cos? 0 + 2a2(r)sin?h),

@)

where n(r) is the nonthermal electron density that makes the
optical synchrotron emission in the observer’s frame. We can
similarly find the Stokes Q of the synchrotron emission

0 x fdr fd(b O(r)n(r)(B? + B|2)cos2z11rctanl'%|

x 7rBO2fdr (P n(r)(2a(r)sin?§ — b*(r)sin?6), (3)

where II(r) is the corresponding maximal synchrotron
polarization degree. Here, we take the convention that the
polarization angle is 0 if the EVPA is perpendicular to the jet.
Stokes U is 0 given the axisymmetric assumption, and Stokes V
is O since isotropic synchrotron emission is generally linearly
polarized. If we further assume that the nonthermal electrons
follow the same power-law spectral index everywhere in the
kinked jet, then II(r) = Ily is a constant. Now we define
P. x 78§ fdr n(r)a®(r) and P, o< TB¢ fdr n(r)b%(r), then
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we have the general expressions for synchrotron Stokes
parameters in an axisymmetric jet as

I=P,(1 + cos?0) + 2P, sin* 0
0 =TI)(2P si? 6 — P, sin?6). @)

If the blazar flux variability completely originates from
nonthermal electron injection by kink instabilities, then P, and
P4 can be expressed as a steady component and a variable
component. We assume that the steady components are
P, = ZyPy and P, = By, where Z, describes whether synchro-
tron emission from the poloidal or toroidal magnetic comp-
onent is stronger. Since the injection is preferentially in the
central spine where the poloidal component is stronger, we
assume that the synchrotron emission due to the quasiperiodic
injection is completely in the poloidal component,
P_(t) = F(t/T\)Py, where F(¢t/T)) is a periodic function. Then
we have

I = Py(1 + cos20) + 2(ZyPy + F(t/T;) Py)sin® 0
= A + BiF(t/Ty)
0 = T1y(2(ZoPy + F(t/T)Py)sin® 6 — Pysin?0)
=G + oBF(t/Th), %)

where A1 = P()(l + COS2 0) + ZZQPO sin20 and C1 = 2Z()P0 —
Py sin? @ are steady in time, and B; = 2P, sin? 0 is related to the
periodic parts.

Alternatively, if the kinked jet propagates through a standing
shock, the shock front can compress the toroidal magnetic field
component and enhance the magnetic reconnection therein.
This leads to quasiperiodic injection of nonthermal electrons
following the spiral shape of the kink node, where the toroidal
magnetic component is stronger. In this case, the period can be

ki

approximated by T; = vL_r’ where L,; is the length of the
segment of the jet with ssthrong kink instabilities, and vy, is the
propagation speed of the shock in the comoving frame of the
kinked jet. Following the above derivation, now the quasiper-
iodic injection is completely in the toroidal component,
Py4t) = G(t/T>)Py, where G(t/T,) is a periodic function, we
have

I =(Py+ G(t/T)Py)(1 + cos?0) + 2ZyPysin 6
=A + B,G(t/Ty)
Q =11y(2ZyPysin* 6 — (Py + G (t/Tr) Py)sin® 6)
=1IyC, — IyBG(t/Th), (6)

where A = Py(1 + cos? 9) + 2ZyPy sin?@ and C, =27ZyP, sin?f —
P, sin? § are steady in time, and B, = P, sin? 6. This scenario will
also be tested in the follow-up numerical simulation paper.

We can see that in either scenario, the Stokes I and Q have
strictly in-phase or anti-phase periodic patterns, although the
amplitude and mean value are different. We note that the above
formulae do not include turbulence or non-axisymmetric
magnetic reconnection in the kink node, which can contaminate
the periodic patterns. Additionally, turbulence does not
contribute to Stokes / and Q equally as shown in previous
simulations (H. Zhang et al. 2023). Nonetheless, as long as the
nonthermal electron injection is dominated by kink instabilities,
we should expect in-phase or anti-phase correlated QPOs in
Stokes I and Q for kink-driven transient QPOs.
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Under the leptonic scenario, the nonthermal electrons that
produce the optical synchrotron emission can upscatter photons
to the Fermi-LAT bands. The target photons can be the electron
synchrotron itself or external radiation fields. Thus, the ~-ray
flux is given by

F, x fdr qub n(y)upn(r), @)

where up,(r) is the target photon energy density. This photon
field can vary in time, which can complicate the temporal
patterns. But as long as the flux variability is dominated by the
quasiperiodic injection of n(r), the y-ray flux can be similarly
expressed as a steady component plus a periodic component,
similar to the above Stokes /. Given that in most blazar
observations, Fermi-LAT has continuous monitoring while
optical data often has large gaps, we can treat the Fermi-LAT
data as the Stokes 7 to look for in-phase/anti-phase correlated
QPOs with the Stokes Q of optical synchrotron emission.

We emphasize three observational features of the kink-
driven QPOs that are not explicitly shown in the above
analytical formulae and can affect the analyses of observational
data. First, the quasiperiodic injection leading to QPOs in
Stokes I and Q has an implicit assumption that the injected
electrons are mostly cooled within one cycle, i.e., the cooling
timescale of these electrons should be much shorter than the
period. For typical blazar parameters, this assumption means
that the QPOs are only present near or beyond the cooling
turnover of the spectrum. For low- and intermediate-synchro-
tron-peaked blazars, this corresponds to the neighborhood of
the optical band (or Fermi-LAT bands in the Compton
scattering spectral component). For the high-synchrotron-
peaked blazars, this corresponds to the X-ray and TeV bands.
Second, the electron acceleration is through magnetic recon-
nection and turbulence mechanisms in the kinked jet.
Reconnection is known to make very strong and fast flares
from numerical simulations (D. Giannios et al. 2009; H. Zhang
et al. 2022, 2024). Therefore, it is possible that different cycles
of the kink-driven variability have different flare amplitudes
and flux levels. This is beyond the traditional definition of
QPOs, and we do not have a well-established method to
identify such temporal patterns. Hence, we restrict our search to
the usual QPOs with similar flux levels and flare amplitudes;
thus, we will filter out observational epochs with high flux and
strong variability. This does not mean that these epochs cannot
result from the kinked jet. Finally, we show that polarization
signatures, though showing correlated QPOs with the flux, do
not necessarily have the same period or the in-phase or anti-
phase correlation. We use the QPOs driven by one or part of
the kink node as an example. It is clear from the expression for
Stokes Q that C; can be negative. Hence, we have three
possibilities here: (1) C is positive; (2) C is negative and the
maximum of Q is still negative, i.e., the maximum of B F(¢/T})
is smaller than the absolute value of Cy; (3) C, is negative but
the maximum of BF(t/T}) is larger than the absolute value of
Cy, so Q can change sign in time. In the former two cases, the
in-phase or anti-phase correlation between Stokes / and Q
directly results in in-phase or anti-phase QPOs in flux and
polarization degree. The simulation in L. Dong et al. (2020)
falls into this category. In the latter case, however, the
polarization degree can drop to zero, then increase again when
QO changes sign. In this case, one cycle in flux may be
accompanied by two bumps in polarization degree, and the

Peiiil et al.

polarization angle rotates twice at 90°, and each corresponds to
one bump in the polarization degree. The directions of two 90°
rotations depend on the non-axisymmetric and turbulent
component of the kink instabilities, which cannot be modeled
analytically. But they have only two options, either in the same
direction to complete a 180° angle swing, or in opposite
directions. Additionally, whether the two rotations are in the
same direction can vary cycle by cycle, and two neighboring
cycles can have different rotation directions as well: they all
depend on the temporal evolution of Stokes U. Therefore, the
polarization angle evolution may show a 180° swing in one
direction and then in the opposite direction for two neighboring
cycles, as shown in S. G. Jorstad et al. (2022), or make multiple
180° swings in the same direction. Consequently, it is best to
use Stokes / and Q to find in-phase or anti-phase correlated
QPOs to identify kink instabilities in blazars. Also, Stokes [
and Q are both light curves, except that Q can have negative
values, which does not affect the search for QPOs. In the
following tests, we will treat Stokes 7 and Q as light curves.

3. Testing QPOs for Kink Events

This section delves into two aspects of the search for
transient QPOs in the context of kink events. Specifically, the
first subsection presents a test to evaluate the detection of
independent QPOs, evaluating whether they can be artifacts
originating from noise. The second subsection focuses on
determining the minimum number of oscillation cycles
required to obtain a significant QPO, defined as >30.

3.1. Testing the Fake Detection of a Kink Event

This study assesses the likelihood that two independent and
random light curves exhibit statistical evidence to be associated
with a kink event. To quantify this probability, we employ
Monte Carlo simulations, creating an ensemble of 1 million
pairs of synthetic light curves using the method (J. Timmer &
M. Koenig 1995) replicating the noise characteristics (red
noise) and sampling patterns of the original observations, that
is, 3 days binned (see Section 4), and with a duration of 2 yr.

For each artificial light curve, we perform a periodicity
search and record the maximum peak value in the resulting
periodogram. This procedure is repeated for each synthetic
light curve to build a distribution of maximum peak values
expected from random noise. We then use this distribution to
derive confidence levels by identifying the peak values that
correspond to specific significance levels (e.g., 1o, 20, etc.).
The significance of a given period in the original light curve is
estimated by comparing its peak value to these thresholds,
allowing us to assign significance to the detected signal.

Testing Independent QPOs. Initially, a test evaluates the
detection of independent and compatible QPOs in a pair of light
curves. For each pair of independent synthetic light curves, we
perform a Lomb—Scargle periodogram (LSP; N. R. Lomb 1976;
J. D. Scargle 1982) analysis to identify dominant frequencies and
record instances where these frequencies coincide with a range of
10%. This range is chosen according to the typical uncertainties in
periods that are obtained in our study (see Section 6).
Additionally, we search for periods that range from a week to a
maximum period of 5 months. The upper limit of 5 months can be
estimated via the period formulae with typical blazar parameters.
The 1 week lower limit is due to the 3 day bin size of the data. By
analyzing the distribution of these coincidences across many trials,
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Figure 1. Distribution of the periods with a significance obtained by simulating
with independent synthetic light curves with a compatible period. The median
of significance and the periods (denoted by the dotted green lines) are 1.9¢0 and
125 days, respectively.

we can establish a baseline probability for random period
matching. This statistical framework allows us to determine
whether the observed QPOs in the original light curves are likely
the result of intrinsic periodic signals or mere chance.

As a result, we find that in 0.62% of the cases, a compatible
period is observed in a pair of synthetic light curves. This
indicates a low probability of random coincidence, suggesting that
such matches are relatively rare under the null hypothesis. The
distribution of these periods and their associated significance is
illustrated in Figure 1. The median of the periods is 125 days, and
the significance is 1.9, indicating that detected periods within this
range and significance level could arise from stochastic processes.

Independent QPOs with 30. For the 0.62% of light-curve
pairs with compatible periods, we further refine our selection
by focusing on pairs where at least one light curve has a period
with a significance of >3¢. This threshold, as defined in
Section 5.4, is set to identify periods that are statistically
significant. As a result of this constraint, we find that 0.04% of
the light-curve pairs include at least one period with a >30
significance. The distribution of these periods and their
corresponding significance levels is shown in Figure 2. The
median period for these significant pairs is 82 days, with a
median significance of 3.20, indicating that only a small
fraction of the periods meet our threshold for significance. This
highlights that while compatible periods are detected, only a
few are considered robust based on our criteria.

Correlation of the Independent QPOs with 30. Finally, for the
pairs of light curves where at least one period has a significance
of >30, we estimate the cross-correlation between the two light
curves. We apply the criteria that the time lag between the two
light curves should be approximately 0 days or close to half the
period for in-phase or anti-phase correlation, as described in the
previous section. As a result of this analysis, 3 x 10% of the
total pairs meet our methodology. This shows that the in-
phase/anti-phase correlated Stokes I and Q criteria for kink-
driven transient QPOs is highly unlikely due to red noise.

3.2. Number of Cycles for a Significant QPO

This study evaluates the number of cycles required for a QPO
to be considered significant. The purpose of this test is to establish
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Period (days)

Figure 2. Distribution of the periods with an associated significance >3 of the
sample, with compatible periods showing in Figure 1. The median of

significance and the periods (denoted by the dotted green lines) are 3.20 and 82
days, respectively.

2.5

criteria for selecting QPOs that have a minimum number of
cycles, ensuring they are suitable for analysis in real data.

A QPO becomes statistically meaningful when the signal-to-
noise ratio is sufficiently high, and this typically depends on the
number of observed cycles. More cycles generally lead to
higher confidence in the periodicity, as the periodic signal can
be more reliably distinguished from the noise (S. Vaughan
et al. 2016). The required number of cycles for a QPO to be
deemed significant can vary depending on the signal’s strength
and the noise’s characteristics.

To determine this number of cycles, we generate synthetic light
curves with known red noise properties and introduce QPO
signals of varying cycle numbers to determine the detection
probability. Again, these synthetic light curves are generated using
the method J. Timmer & M. Koenig (1995). Gaussian noise
(white noise) with a distribution of N(0, 7.5 x 10~°) is added to
introduce stochastic variability to the sinusoidal signal points. This
standard deviation for this noise is based on the highest standard
deviations observed in the segments of light curves analyzed in
our sample. We then estimate the significance of these QPO
signals. This process is repeated 1 million times to obtain a
distribution of the periods and their associated significance levels.
The significance is estimated by generating 1 million red-noise
light curves using the method in J. Timmer & M. Koenig (1995),
and applying the same procedure as that in Section 3.1.

Figure 3 shows the evaluation results of the number of cycles
for a signal with a period of 50 days, which approximates the
values of the periods presented in Section 6. This figure
illustrates the relationship between the number of cycles and
the significance of the QPO detection. The period remains
consistent with the original QPO across all cases, regardless of
the number of cycles. As expected, the significance of the QPO
improves with an increasing number of cycles, indicating that
more cycles lead to a higher confidence in the detection of the
periodic signal. The significance level of >30 is achieved with
at least three cycles.

However, it is important to consider some limitations of this
experiment. First, the synthetic light curves, while replicating
the statistical properties of the observed data, may not fully
capture all the complexities present in real observations.
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Figure 3. Distributions of the periods and the associated significance as a function of the number of cycles. The increase in significance is clearly associated with more
cycles in the signal. As the number of cycles increases, the periods become more consistent, reducing the standard deviation of the period distribution.

Factors such as observational gaps and nonstationary noise
components, such as flares, might affect the actual significance
of detected QPOs in practice. We also assume that the period
remains stable over time, but in real-world scenarios, QPO
periods can drift or vary due to dynamic processes in the
source, potentially complicating the detection and significance
evaluation. Furthermore, we simulate a sinusoidal signal, which
may not accurately reproduce the structure of the observed
QPOs. All these factors must be considered when drawing
conclusions from this experiment. It is clear, however, that the
significance of a QPO improves with the number of cycles.

Finally, these results are particularly relevant for interpreting
transient QPOs, where the number of cycles is limited by the
duration of the physical mechanism producing such QPOs.
Understanding how significance scales with the number of
cycles can help better evaluate the reliability of transient QPO
detections, and thus, the limitation of the potential significance
associated with such QPOs.

4. Blazar Sample

We have selected nine of the most variable blazars included
in the 4FGL-DR3 catalog compiled by Fermi-LAT (S. Abdol-
lahi et al. 2022). These blazars are chosen based on their
significant variability, making them particularly suitable
subjects for our search for QPOs in the timescale range
associated with the kink events. In the context of 4FGL-DR3, a

blazar is variable when the variability index is >24.725 (as
indicated by S. Abdollahi et al. 2022). Details regarding each of
these blazars are listed in Table 1.

4.1. N-Ray Data

The light curves utilized in our analysis are sourced from the
open-access Fermi-LAT Light Curve Repository (S. Abdollahi
et al. 2023),” which provides comprehensive data covering
approximately 15 yr of observations by the Fermi-LAT,
spanning from 2008 August to 2023 April. For the purposes
of this study, we have selected the 3 day binned light curves.
This binning interval is strategically chosen to facilitate the
search for QPOs spanning from a week to up to 5 months.

4.2. Multiwavelength Data

For the multiwavelength analysis, we employ archival data
from different databases and observatories. We collect optical
data, specifically in the V and R bands. The databases employed
are Catalina Sky Survey (A. J. Drake et al. 2009),'" All-Sky
Automated Survey for Supernovae (B. J. Shappee et al. 2014;
C. S. Kochanek et al. 2017),ll American Association of

0 https: //fermi.gsfc.nasa.gov/ssc/data/access /lat/LightCurveRepository /
about.html

10 hitp: //nesssi.cacr.caltech.edu /DataRelease /

" hitp: / /www.astronomy.ohio-state.edu /asassn /index.shtml
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Table 1
List of Blazars Studied, Including Their Fermi-LAT Name, Coordinates, AGN Type, Redshift, and Association Name

4FGL Source Name RAJ2000 DecJ2000 Type Redshift Association Name
4FGL J0222.6+4302 35.6696 43.0357 BL Lac 0.444 3C 66A

4FGL J1104.4+3812 166.1187 38.2070 BL Lac 0.03 Mkn 421

4FGL J1224.9+42122 186.2277 21.3814 FSRQ 0.434 4C +21.35

4FGL J1229.0+0202 187.2675 2.0454 FSRQ 0.158 3C 273

4FGL J1256.1-0547 194.0415 —5.7887 FSRQ 0.536 3C 279

4FGL J1653.8+3945 253.4738 39.7595 BL Lac 0.033 Mkn 501

4FGL J1833.6-2103 278.4101 —21.0574 FSRQ 2.507 PKS 1830-211
4FGL J2232.6+1143 338.1525 11.7306 FSRQ 1.037 CTA 102

4FGL J2253.9+1609 343.4963 16.1506 FSRQ 0.859 3C 4543

Note. The sample consists of six flat-spectrum radio quasars (FSRQs) and three BL Lac.

Variable Star Observers,12 Small and Moderate Aperture
Research Telescope System (E. Bonning et al. 2012),"* and
the Astronomy & Steward Observatory'* (P. S. Smith et al.
2009), with optical V- and R-band observations. For the
analysis, we combine all the data from different observatories.
Different calibrations from different observatories can intro-
duce offsets that affect the data. To evaluate and correct for the
presence of such an effect, we compare all the simultaneous
data from the different databases. If the simultaneous data
show a systematic offset, the mean difference between each
simultaneous pair of measurements is calculated. This estima-
tion is used as the mean offset to correct the data from different
observatories and ensure their compatibility.

We also use polarization data from different open-access and
private databases. Specifically, we collect the polarization
observations of our sample from archives Astronomy & Steward
Observatory (in the V band), Robotic Polarimeter (data in the R
band D. Blinov et al. 2021),'> Multi-Optical-Band Polarization
of Selected Blazars (MOBPOL; R band),l(’ the Kanata
Telescope (R and V bands) (R. Itoh et al. 2016), and the
MAPCAT program carried out at the Calar Alto Observatory
(I. Agudo et al. 2012), Spain, with the 2.2 m telescope. The
data in the R band from the latter database was reduced with the
IOP4 photopolarimetric automatic pipeline (see J. Escudero
Pedrosa et al. 2024).

5. Methodology

The search for signatures of kink events in the ~-ray light
curves presents several challenges. The transient nature of
kink-driven QPOs makes it difficult to perform a comprehen-
sive QPO analysis on the entire light curve, as short-duration
QPOs can easily be obscured by the intrinsic noise within the
data in the frequency domain. Moreover, the flux variability
driven by kink can be contaminated by that from other
nonthermal particle acceleration mechanisms and other parts of
the jet. Consequently, there is a need for a specific
methodology tailored to identify these transient QPOs.

5.1. Filtering High-flux Emissions

The initial step in our methodology involves selectively
filtering out segments of the ~-ray light curves that are

2 hitps: //www.aavso.org/data-download/

13 http: / /www.astro.yale.edu /smarts /glast/home.php
' hitp:/ /james.as.arizona.edu /~psmith /Fermi/

15 https:/ /robopol.physics.uoc.gr/

'® hitps: //www.bu.edu/blazars /mobpol /mobpol.html

characterized by high-flux emissions. High-flux flares in ~-ray
blazar emission can significantly impact the search for kink
events, making their identification and removal a crucial step in
data analysis. These flares introduce substantial noise into the
data, potentially masking underlying QPOs such as those
linked to kink instabilities, complicating their detection
(P. Peilil et al. 2025).

This is particularly necessary for the flaring states observed
in blazar CTA 102 during approximately 2013 and again
between 2016 and 2018, as well as the high-activity periods of
3C 279 in 2010-2011 and 2014-2016. Even if these very
strong flares may contain kink-driven QPOs, they are beyond
the applicability of our methodology since each flare can have
very different flux levels. These high-flux states are depicted in
Figure 4. This approach allows us to concentrate on analyzing
light-curve segments with more comparable flux levels.

5.2. Periodicity Search Methods

Following the initial filtering of high-flux segments in the
light curves, we proceed to search for transitory QPOs. Our
analysis segments the light curves into chunks of 2 yr in
duration. This time frame is chosen to optimize the detection of
QPOs, which ranges from a week to a maximum period of 5
months.

The selection of 2 yr chunks ensures that multiple cycles of a
potential QPO can be observed, even at the upper limit of the
expected period. This is critical for addressing the concerns
presented by S. Vaughan et al. (2016) regarding the detection
of spurious periodicities in light curves that contain only a few
observable cycles. By ensuring that at least three cycles can be
observed, we enhance the reliability of our periodicity analysis
and reduce the likelihood of falsely identifying noise as true
periodic signals (S. Vaughan et al. 2016).

To search for QPOs, we employ two methods: the general-
ized LSP (GLSP) and the singular spectrum analysis (SSA).
The GLSP (M. Zechmeister & M. Kiirster 2009) builds upon
the traditional LSP by incorporating the measurement uncer-
tainties of the data points into the analysis. By considering
these uncertainties, the GLSP includes the influence of data
error on the detection of periodic signals, thereby enhancing the
reliability of the period estimates.

The SSA (G. Greco et al. 2016), on the other hand, is a
technique for decomposing a time series into its constituent
components, separating the signal from the noise. SSA
reconstructs the underlying deterministic components of a time
series, effectively filtering out random fluctuations such as
noise and flares. This capability makes SSA particularly useful
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Figure 4. Examples of Fermi-LAT Light curves of the blazars analyzed. The gray vertical lines denote the filtered sections. Right: CTA 102. Left: 3C 279.

for clarifying the oscillatory behavior in the original light
curves, abstracting the impact of the inherent noise of the light
curve. Once SSA has isolated the oscillatory behavior from the
stochastic components, we apply the LSP to this refined signal.
This two-step approach allows us to accurately infer the
periodic nature of the signal and determine the uncertainty
associated with the identified period (A. Rico et al. 2025).

5.3. Preselection of QPOs

Due to the transient nature of kink events, the associated
QPOs are challenging to identify in the complete light curve.
Therefore, an initial search is necessary to detect the potential
presence of such QPOs within specific segments of the light
curve. This selection is carried out using the continuous
wavelet transform (CWT; C. Torrence & G. P. Compo 1998),
which helps pinpoint the segments where QPOs could occur
(see Figure 5).

Once the relevant chunks are identified, further refinement is
performed by focusing on the segments where QPOs are most
observable. This targeted approach allows us to concentrate on
the light-curve portions where QPOs are most pronounced,
effectively excluding segments without QPOs. Such exclusion
is crucial, as the presence of non-QPO data can weaken the
statistical significance of our analysis and potentially obscure
true periodicities. By isolating and analyzing only the relevant
segments, we enhance the reliability of our findings and
improve the likelihood of accurately identifying signifi-
cant QPOs.

However, this procedure may introduce bias due to “cherry-
picking,” which occurs when data points that align with a
preexisting hypothesis are selectively emphasized. Such bias
can lead to false conclusions about the presence of periodic
signals. Although this bias is inherent and cannot be fully
eliminated by subsequent analysis methods, we apply several
multiple tests to ensure robust results. These steps include
verifying the independence of detected QPOs, assessing their
possible origin as stochastic noise, and requiring a minimum
number of oscillation cycles for confident detection (Sections 3
and 5.4). We also perform the look-elsewhere effect in
Section 5.5.

In this analysis stage, a total of 12 chunks were selected
across all the blazars in our sample.

5.4. Finer Analysis

QPO searches in astrophysical time series data are
significantly limited by noise, which often masks or mimics
true periodic signals. This noise is associated with erratic
brightness fluctuations characterized by steep power spectra,

Period (days)

57200

57400 57600
MJD Time

57800

Figure 5. The CWT analysis of a selected light-curve chunk of 3C 279 is
shown. The color map represents the QPO information over time, with colors
indicating the signal’s power spectrum. This visualization helps identify
variability patterns and highlights potential QPO presence. The shaded region,
known as the cone of influence (COI), marks areas where potential modulations
may be less reliable due to their proximity to the sampling interval or the
signal’s total duration. The figure suggests a potential QPO occurrence around
MID 57200.

commonly referred to as red noise (F. M. Rieger 2019). This
type of noise increases in power at lower frequencies and is
notorious for leading to the detection of spurious periodicities
(S. Vaughan et al. 2016). Additionally, the observational
challenge is compounded by Poisson noise, which arises from
the random nature of photon detection. This type of noise
introduces variability into the light curves of blazars,
particularly in y-rays, adding a constant white noise component
to the power spectrum.

The selected segments of light curves undergo a detailed
analysis due to concerns that the method by J. Timmer &
M. Koenig (1995) might overestimate significance (J. Otero-S-
antos et al. 2023). To address this, we model the power spectral
density (PSD) of these chunks using a power-law function of
the form A x fﬁd + C, where A is the normalization,
represents the spectral index, f is frequency, and C is the
Poisson noise level. The parameters of this model are estimated
using maximum likelihood estimation complemented by
Markov Chain Monte Carlo analysis.'” Following the PSD
modeling, we apply the technique developed by D. Emmano-
ulopoulos et al. (2013) to generate synthetic light curves that
replicate both the PSD and the probability distribution function
of the original data. For this purpose, we generate 1 million
synthetic light curves using the procedure outlined in

17 We utilize the Python package emcee.
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S. D. Connolly (2015). In this analysis, the local significance
estimated for both methods is obtained as the fraction of
simulated light curves in which the power at any frequency
within the studied range exceeds the highest peak observed in
the original light curve.

In the final phase of analysis, we apply new selection criteria
to these segments, retaining only those where the detected
periods exhibit local significance >30 in either GLSP or SSA
analyses. This threshold ensures consistency with the tests in
Section 3, allowing only significant QPOs to be considered in
our results.

Finally, we apply the above analysis to the Stokes Q in the
same segment to check if it shows the same period. If so, we
utilize the z-transformed discrete correlation function (z-DCF,
T. Alexander 2013), which is designed to analyze time lags in
unevenly sampled data sets. This method enhances the
traditional Discrete Correlation Function by addressing biases
introduced by uneven time sampling in observations (T. Alex-
ander 2013). The z-DCF will allow us to measure time lags
between the two Stokes parameters, identifying whether they
are in-phase (lag ~ 0) or anti-phase (lag = period/2).

5.5. Look-elsewhere Effect

In our periodicity analysis, there was no prior knowledge of
the frequencies of the potential signal. In these conditions, it is
statistically more rigorous to employ a “global significance.”
This significance accounts for the look-elsewhere effect, which
is the ratio between the probability of observing the excess at
some fixed value and the probability of observing it anywhere
in the value range considered in the analysis (E. Gross &
O. Vitells 2010). The global significance is obtained by
applying a correction to the local significance of the periodicity
in a light curve at a specific value obtained for each method.
This correction is approximated by

Pglobal = 1 — (- plocal)N’ (3)

where N is the trial factor. In our study, we have to consider
two potential issues. One is that we do not know the frequency
for each source a priori, so we must search for the highest peak
in each periodogram. The second issue is that we do not know
a priori which sources exhibit periodic behavior, so we must
also select them from the periodograms. Consequently,
searching P independent periods (frequencies) in each of the
periodograms of B blazars, the number of trials is

N=P x B. 9)

We do not consider the number of methods in the trials since
we present all the results for all the methods equally in our
tables for each blazar, avoiding picking the highest significant
result according to a single method.

In our periodograms, we incorporate 150 periods to strike a
balance between computational efficiency and resolution. The
estimation of P is conducted through Monte Carlo simulations,
specifically employing the algorithm described in P. Peiiil et al.
(2022). By utilizing 10® simulated light curves using the
technique of J. Timmer & M. Koenig (1995), we obtain the
empirical relationship between local-global significance (as
depicted by the blue line in Figure 6). To determine the most
suitable P, we explore various values by applying Equation (8)
to best align with the experimental relationship of local-global
significance. The selection of P aims to correct the “local

Peiiil et al.
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Figure 6. Trial-factor correction applied to the experimental relationship
between local-global significance to estimate P in the periodicity analysis. Eq.
8 represents the results obtained by applying Equation (8) for a particular
number of independent frequencies, reporting 61. The P is chosen to adjust the
local significance of ~4.0c, thereby improving the correction of the most
significant period of Table Al.

significance” to be ~4.00, according to the most significant
periods of Table Al.

Figure 6 shows that P = 61 provides the best results with the
empirical relationship of local-global significance. Conse-
quently, this choice leads to a trials factor of 61 (9 x 61).
Subsequently, according to this correction, the global sig-
nificance of the periods presented in Table 1:

1. ~2.10 for a local significance of 4.0c.
2. ~1.20 for local significance of ~3.50.
3. <lo for a local significance <3.50.

6. Results

As aresult, we find evidence of QPOs in the 7-rays in four of
the blazars for a total of six segments, listed in Table Al:

1. For 3C 66A, we identify a segment of 57790-58025 with
a period of 52.1 days (2.20).

2. For 3C 279, we identify three segments (57200-57650,
5779058050, 58520-59060) with QPOs with 63.8 days
(3.40), 54.2 days (2.80), and 86.7 days (3.20), respec-
tively (see example in Figure 7).

3. For CTA 102, we identify a segment 57170-57350 with a
period of 45.0 days (2.70), shown in Figure 7.

4. For 3C 454.3, we identify a segment 58040-58220 with a
period of 41.6 days (3.30).

No significant QPOs are observed in 3C 273, Mkn 421, 4C
+21.35, Mkn 501, and PKS 1830-211.

From these QPOs detected in ~-rays, we evaluate the
multiwavelength emissions in order to check if similar QPOs
are observed.

6.1. Optical Analysis

In the figures provided in the Appendix, the optical light
curves present a limitation for conducting a periodicity analysis
due to limited data availability. Only in the case of CTA 102
(Figure A5) is it possible to search for QPOs. Consequently, we
determine a period of 45.5 + 7.4 days (2.70) and 46.2 £5.9
days (3.30) for GLSP and SSA, respectively. These values
align with the period derived from v-rays, which is 45 days.

6.2. Stokes Parameters

The presence of a kink event can be enhanced by analyzing
the Stokes parameters, I and Q. Specifically, the detection of a
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Figure 7. Left: QPO of 3C 379, section 57790-58050. Right: QPO of CTA 102. The gray vertical bars approximate high-flux periods suggested by the period inferred
by the methodology. The width of the gray bars indicates the uncertainty in the periodic signal.
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(J. Hair et al. 2011).

similar QPO as ~v-rays supports the hypothesis that these
periodicities might have originated from kink events within the
jet structure (H. Zhang et al. 2017).

To illustrate this, we analyze the data of Figure A2 of 3C
279, since the QPO is >3.50 in the 7-rays and this segment
presents more available data than in other segments of the same
object and the other objects. This analysis requires knowledge
of the jet angle, «, for the source 3C 279. According to
S. G. Jorstad et al. (2017), the jet angle « has been estimated
using two different methods, yielding values of 1.6 + 1.0 and
2.3 4272, respectively. We calculate the Stokes parameter Q
for both jet angles, which is shown in Figure 8. Similar
calculations are done for the R band, also shown in Figure 9.
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Figure 9. QPO of 3C 379 of section 57200-57650 with a period of 63.7 days.
Top: ~-ray light curve. The gray vertical bars approximate high-flux periods
suggested by the period inferred by the methodology. The width of the gray
bars indicates the uncertainty in the periodic signal. Center: light curve of the
Stokes Q of the R band, estimated by using the av = 1.6. Bottom: light curve of
the Stokes Q, estimated by using the o = 2.3. The gray dotted line represents
the sinusoidal reconstruction based on the period inferred from the ~-ray. R*
calculated from the data, and the sinusoidal regression denotes a “moderate” fit
(J. Hair et al. 2011).

Due to limited data, however, a thorough analysis of any
phase or anti-phase relationship between / and Q is not feasible
at this time. Once again, the data quality is compromised by
numerous gaps, which prevent a consistent and robust analysis.
These interruptions make it impossible to conduct a feasible
study to reliably detect the presence of a kink event. The lack of
continuous data severely limits our ability to identify any
patterns or features that might suggest such an occurrence.
Consequently, any conclusions drawn regarding kink events
remain speculative and warrant further investigation with more
complete data sets in the future. As illustrated in Figures A1-A6,
the shortage of data limits our ability to conduct a comprehen-
sive analysis.
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A compatible method can be used to evaluate whether the
Stokes O shows evidence of a periodic pattern, especially when
the available data does not support QPO analysis or phase/anti-
phase relationship evaluation. Specifically, we perform a
sinusoidal fitting using the period identified from the ~-ray
light curves. To assess the quality of this fit, we use the R-
squared (R?) statistic, which measures the goodness of fit for
regression models and ranges from 0 to 1. Higher R* values
indicate a better fit. This approach provides a metric to infer
whether the analyzed time series is plausibly described by a
sinusoidal model with a specific period.

For the time segment from MJD 57200 to 57650 of 3C 279
(Figure 8), the R~ value for the Stokes Q in the V band is
approximately 60%, indicating a “moderate” fit according to the
criterion of J. Hair et al. (2011). Similarly, in the R band, R? is
approximately 65%, also classified as a “moderate” fit. The
presence of extensive gaps introduces significant uncertainty,
making it difficult to draw a definitive conclusion regarding the
existence of a QPO in the Stokes Q. Nevertheless, this result is
valuable in supporting the potential kink origin of the
observed QPO.

7. Summary

This paper presents an investigation into the detection of
kink events by searching for transient QPOs in blazars. We
outlined the observational conditions required to examine
whether kink events are the physical origin of these QPOs. Our
procedure for seeking evidence of kink events leverages both
~-ray and polarized data observations. Detecting the correlated
QPOs in both flux and polarized flux is essential for confirming
kink instabilities as the physical driver for such periodic
behaviors.

In our study, we pinpointed six specific segments across four
blazars—3C 66A, 3C 279, CTA 102, and 3C 454.3—where
significant QPOs were observed in their y-ray emission. These
QPOs exhibited periodicities ranging from 45 to 85 days. We also
analyzed polarized data that corresponded to the temporal
segments where these QPOs were initially detected. Unfortu-
nately, the scarcity of comprehensive polarized data restricted our
capability to conduct an extensive analysis of these QPOs. Despite
these limitations, we identified one particular segment where the
same QPO might appear in the associated polarized data. This
observation provides tentative evidence supporting the hypothesis
that this QPO may originate from kink instabilities in the blazar
jets. To conclusively identify kink-driven transient QPOs in
blazars, it is necessary that Fermi-LAT can trigger comprehensive
optical polarization monitoring when three cycles of QPO patterns
are detected in ~-rays, an indication of significant QPOs based on
our study, and then the optical polarization monitoring can
establish >3 cycles of in-phase/anti-phase correlated Stokes Q of
the same period with the ~-ray band.
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Appendix

A.l. Light Curves

This section reports the segments of the light curves included
in Table Al shown in Figures A1-A6.

A.2. Tables

This section includes Table A1, which presents the results of
the periodicity analysis for the light-curve segments shown in
the previous section.
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Figure A1. Multiwavelength light curves of 3C 66A for the section 57800-58025. From top to bottom: Fermi-LAT, V band, polarization degree (V band), polarization
angle (V band), R band, polarization degree (R band), and polarization angle (R band) light curves.
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Figure A2. Multiwavelength light curves of 3C 279 for section 57200-57650. From top to bottom: Fermi-LAT, V band, polarization degree (V band), polarization
angle (V band), R band, polarization degree (R band), and polarization angle (R band) light curves.
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Figure A3. Multiwavelength light curves of 3C 279 for section 57800-58050. From top to bottom: Fermi-LAT, V band, polarization degree (V band), polarization
angle (V band), R band, polarization degree (R band), and polarization angle (R band) light curves.
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Figure A4. Multiwavelength light curves of 3C 279 for section 58520-59060. From top to bottom: Fermi-LAT, V band, R band, polarization degree (R band), and
polarization angle (R band) light curves.
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Figure A5. Multiwavelength light curves of CTA 102 for section 57170-57350. From top to bottom: Fermi-LAT, V band, polarization degree (V band), polarization
angle (V band), R band, polarization degree (R band), and polarization angle (R band) light curves.
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Figure A6. Multiwavelength light curves of 3C 354.3 for section 58040-58220. From top to bottom: Fermi-LAT, V band, polarization degree (V band), polarization
angle (V band), R band, polarization degree (R band), and polarization angle (R band) light curves.

17



THE ASTROPHYSICAL JOURNAL, 985:199 (19pp), 2025 June 1

Peiiil et al.

Table Al
Results of the Characterization of the QPOs Inferred

Source Name  Light-curve Section PSD Model GLSP SSA Global Significance ~ Global Significance

(MID) (GLSP) (SSA)

3C 66A 57790-58025 a=0.67 +0.03 A = 0.063 & 0.001 521538 53.7%37 ~00 ~00
C =0.002 + 0.001

3C 279 57200-57650 a=0.4740.03 A=0.09 £ 0.02 63.853°  63.7:32 lo 4o
C =0.016 + 0.008

57790-58050 a=0.99 4+ 0.07 A =0.0011 £ 0.0001 542533 53.4377 ~00 230
C =0.055 + 0.002

58520-59060 a=0.68 & 0.004 A = 0.018 =+ 0.004 86.7:118 857542 ~00 230
C=0.011 %+ 0.004

CTA 102 57170-57350 a=0.5040.01 A=0.011 4 0.002 450584 40532 ~00 40

C = 0.0015 + 0.0009
3C 354.3 58040-58220 a=0.99 £ 0.01 A =0.0028 + 0.0002 41.633° 4115373 1.0 l4c

C =0.0011 £ 0.0005

Note. The table includes the temporal range of the QPO (MJD), and the parameters of the PSD model obtained from the PSD (“A” and “C” (rms? day™")).
Furthermore, the periods and uncertainties (top) are listed, along with their associated local significance (bottom). The final columns provide the global significance

values, calculated by applying the trial correction described in Section 5.5.
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