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Abstract

From the Owens Valley Radio Observatory 40 m radio telescope, we have collected the light curves of the 15 GHz
radio band for FSRQ J0153-1153, spanning from 2009 February to 2018 February. The Lomb-Scargle
Periodogram method and the Weighted Wavelet Z-transform method are employed to search for the quasi-periodic
oscillation (QPO) signal of these data, and the simulation method for the light curve is utilized to estimate the
significance level of this QPO signal; thus through these techniques, the QPO signal of 3.7+ 0.5 yr with a
significance level of 3.68¢ is revealed for the first time. It is most likely an explanation for the QPO signal that a
binary black hole system gives rise to a Newtonian-driven the precession of jet. Based on this assumption, we find
that the mass of the secondary black hole in this system may be larger than the mass of the primary black hole; and
we estimate the intrinsic QPO of jet precession and the QPO of companion star orbit.
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1. Introduction

On cosmological distance scales, active galactic nuclei
(AGNs) are extreme objects that demonstrate violent and rapid
variability in electromagnetic radiation (Hong et al. 2018).
Blazars are a subclass of AGNs and the direction of the jet of
blazars points to the observers (Urry & Padovani 1995;
Padovani et al. 2016; Xiong et al. 2020). In the center of
blazars, there are supermassive black holes (SMBHs) with
masses ranging from 10° to 10'° M. (Esposito et al. 2015;
Gupta et al. 2019). The emission of blazars is dominated by
non-thermal radiation (Angel & Stockman 1980; Urry &
Padovani 1995; Xiong et al. 2017). Based on the strength of
optical emission lines, blazars are classified into two main
subclasses: BL Lacertae objects (BL Lacs) and flat-spectrum
radio quasars (FSRQs) (Ren et al. 2021a). The equivalent width
(EW) of the emission line is above 5 angstrom for FSRQ,
whereas the EW of the emission line is below 5 angstrom or no
for BL Lacs (Urry & Padovani 1995; Xiong et al. 2017; Hong
et al. 2018). In whole bands, there is a double peak structure to
the spectral energy distribution (SED) of blazars. Usually, the
peaks ranging from X-rays to ~-rays are produced by the
inverse Compton (IC) process, whereas peaks ranging from
radio to X-rays are produced by the synchrotron radiation of
relativistic electron within the jet (Ren et al. 2021a, 2021Db).
Based on the location of the SED peak, blazars have already
been divided into three types: low synchrotron peaked (LSP)
(Vpeak < 10" Hz), intermediate synchrotron peaked (ISP)
(1014 Hz < Vpeak < 1015Hz), and high synchrotron peaked
(HSP) (Vpeax > 10" Hz) (Abdo et al. 2010; Hong et al. 2017,
Iyida et al. 2022).

In many bands, blazars show flux variability with timescales
ranging from minutes to days, from weeks to years, and even
decades. The study of light curves is important for revealing the
internal structure, the mass of the central black hole, the radius
of the radiation region, and other issues in blazars (Urry &
Padovani 1995). In particular, there are blazars with QPO
signals. These QPO signals are likely to reflect the periodic
physical processes within blazars. However, due to equipment
failures, weather conditions and some unavoidable errors, the
astronomical observation data will be uneven intervals. There-
fore, reliable QPO signals cannot be extracted from such
astronomical data by traditional period analysis methods.
Therefore, a popular topic in time domain astronomy is how
to acquire trustworthy QPO signals. In the previous studies of
AGNs, the QPO signals were found to exist in many bands.
Many physical models have been proposed to explain these
QPO signals. For example, Bhatta (2018) discovered the
existence of a 560 day QPO signal in the radio band of Blazar
J1043+2408, and based on this QPO signal they discussed the
interpretation including supermassive binary black holes,
Lense-Thirring precession and jet precession. In 2021, Zhang
& Wang (2021) found a 176 day high-confidence QPO signal
in the radio band of Radio-loud Narrow-line Seyfert 1 galaxy
JO849+5108. They believe that a secular instability in the inner
accretion disk or a helical structure in the jet gives rise to this
high-confidence QPO signal. In 2021, a 965 day QPO signal
was found in the study of Blazar AO 0235+164. The QPO
signal was attributed to the helical structure within a jet or the
orbital-induced precession of a jet (Tripathi et al. 2021); in
study of the radio band of OT 081, Li et al. (2021) found a 850
day QPO signal, which they hypothesized to originate from a
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binary supermassive black hole and estimated the intrinsic
physical parameters of this system, and they also discussed that
this QPO signal originated from the helical motion of the blob
in the jet. In particular, some physical properties within blazars
can be discussed more deeply through the study of multi-band
combination; for instance, the 2 yr QPO signal was found in the
study of the multi-band light curve of PG 15534113 by
Ackermann et al. (2015). They discuss several possible
physical models that give rise to this QPO signal, such as
instability of the pulsational accretion flow with approximating
the periodic behavior can explain the modulation of the energy
outflow efficiency, non-ballistic hydrodynamic jet precession
can explain variations with periods above 1 yr and gravita-
tionally bound supermassive binary black hole systems, the
periodic motion of Keplerian orbits may cause periodic
accretion perturbations, etc. (Ackermann et al. 2015). These
previous studies reflect that the QPO signals at different
timescales may be due to different physical processes. There-
fore, the QPO signals are important for the study of different
physical processes within AGNs. Blazar PKS J0351-1153
(redshift z=1.52, Lee et al. 2017) has been classified as an
FSRQ (Healey et al. 2007). Since 2008, this source has been
monitored in the 15 GHz. In this work, we search for the QPO
signal of this source using the LSP and WWZ methods and
estimate the significance level of the QPO signal using the
simulation method for light curve. Thus, by means of these
techniques we obtain a QPO signal of 3.7 0.5 yr with the
significance level of 3.68c and we believe that it is likely
explanation for the potential QPO signal that a system of binary
black hole give rises to Newtonian-driven the precession of jet.

In this work, we present our work on a search for the
potential QPO signal in radio light curve at 15 GHz of FSRQ
JO351-1153. This paper is organized as follows: in Section 2,
the LSP method and WWZ method are introduced; in
Section 3, we analyze the light curve of this source using
two methods, including estimation of significance level of the
QPO signal, and the presentation of the analytical results; in
Section 4, the origin of the QPO signal is discussed; and in
Section 5, some conclusions are summarized.

2. Analysis Method of Astronomical Periodic Signal
2.1. Lomb—Scargle Periodogram (LSP) Method

The periodograms of the non-uniformly time series can be
phase-corrected utilizing the LSP method (Lomb 1976;
Scargle 1982). As a result, this method is capable of finding
quasi-periodic oscillation signals hidden in noise.

Now it is assumed that there is a group of time series with
non-uniform sampling interval x(¢), j=1, 2, 3..... N
(VanderPlas 2018). The following equation gives the LSP
power spectral density of the time series. Its fundamental
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In which, f; is the frequency of the QPO being attempted, in
units of 1/day (Ren et al. 2021a, 2021b), and P(w)) is the
power spectrum ((w; = 27rfj)), X = %27:1)6]' is the average of
time series, N is the number of data points and 7 is the time-
series phase correction:
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2.2. Weighted Wavelet Z-transform (WWZ) Method

In 1996, Foster developed the WWZ method (Foster
1996a, 1996b). This method is not only applicable to the
analysis of periodic signals of astronomical data but also
reflects the variation of periodic signals with time. The time
series is projected onto three orthogonal normalized basis
vector functions using the WWZ method. These are the three
basic vector functions: ¢;(#;) = 1, ¢, (#;) = cos[wy(; — )] and
©5(t;) = sinfwo(t; — )] (i=1, 2, 3...N). A statistical weight-
ing method has been used to adjust for the effects of too dense
data in the analysis process, the expression of the statistical
weighting function is w; = exp[—cwé(t,- — 7)?]. The mother
function of WWZ is the Morlet wavelet (Foster 1996a; Xie
et al. 2002). The Z variable of WWZ is defined as follows:

7 Nett — 3V,

b 3
2(Ve = V)) ©
exp(—2cw?(t; — )T
Ny = X2 Z ) T @)
>exp(—2cwi(ti — 70)
is the number of valid data points.
oSt [ S |
) Z/\W)\ Z)\W/\ '
wiy? (1 Wiy (i ’
DTS OR PHON )
Z/\‘U/\ Z)\w)\

are the simulation functions and weighted variables, respec-
tively (Foster 1996a; VanderPlas 2018).

3. Search for a QPO Signal of Astronomical Data

OVRO observed a 15 GHz radio light curve of FSRQ JO153-
1153 from 2009 February to 2018 February, a total of 426 data
points, and as shown in Figure 1, we can see that there is a
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Figure 1. The light curve of FSRQ J0351-1153 is shown from 2009 February
to 2018 February. The blue points are the data of the original observations, and
the red line are the sine function fits.

periodic signal of this source. In order to quantify the
magnitude of light curve variability, we use fractional
variability amplitude F,, and its error og,, which are

calculated as (Edelson et al. 2002; Vaughan et al. 2003; Aleksié
et al. 2015):

E/ar = |—= 5 (6)

1 1 S?
OF = ?ar, EW (7)

Here §* is the sample variance, (02,) the mean square
uncertainty, and (f) the average of the fluxes, N indicates the
total number of data points (Li et al. 2021). Thus, together with
the observed data we obtain F,, = 0.064 +0.031, which
means that the variation of this source is violent during the
observation.

and

3.1. Estimation of Significance Level

Although LSP and WWZ methods are widely used for non-
uniformly sampled light curves to search for QPO signals,
usually the flux variability of blazars shows frequency-
dependent noise behavior, so that the periodograms is likely
to cause spurious periods, which can be mistaken for the true
periodic component, especially in the lower frequency region
(Vaughan et al. 2003; Vaughan 2005; Li et al. 2021). Random
fluctuations from stochastic processes are typically modeled by
a power spectral density (PSD) of the form P(f) ocf ¢+ C, in
which P(f) denotes PSD, fis in 1/day, « is the slope in PSD,
and C denotes positive Poisson noise (Vaughan 2005; Li et al.
2021; Raiteri et al. 2021). The power at time frequency f with a
spectral slope of « indicates that the light curves of blazars
show a power-law PSD (o < 0) with larger oscillations at
lower frequencies, resulting in spurious peaks in the period-
ograms. In particular, the underlying frequency-dependent
noise is referred to as red noise (1 < o < 2) and flicker noise
(av=1), while the flat power spectrum noise (o = 0) is referred
to as white noise. Therefore, frequency-dependent noise, or
colored noise, needs to be carefully considered (Li et al. 2021).
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Figure 2. The solid line is the best-fit line, and the slope « of the part of red
noise (<0.035 (1/day)) is 1.56 £ 0.26.

Thus, in order to estimate the significance level of the
potential QPO signal, we use Timmer & Koenig’s method to
simulate the light curve (Timmer & Koenig 1995). As shown in
Figure 2, the part of the underlying red noise can be modeled a
single power law and we estimate the slope a of PSD by fitting
a linear function to the log-periodogram using the LSP method
following Vaughan’s method (Vaughan 2005; Li et al. 2021)
and in this case, we take C =3 (the value does not affect the
result of the analysis) (Nilsson et al. 2018; Ren et al. 2021a).
With a = 1.56, we simulate 100,000 light curves with the same
variance and the same mean as the original light curve, and the
light curves are uniform intervals (Timmer & Koenig 1995).
These simulated light curves are analyzed by the LSP method
and the WWZ method, respectively (Nilsson et al. 2018; Raiteri
et al. 2021). Therefore, we can estimate the significance level of
the potential QPO through the PSD of these simulated light
curves.

3.2. Analysis Results

In Figure 3, the analysis result of the LSP method is
displayed (Zhang et al. 2021). The position indicated by the
black arrow is the position where the periodic signal appears,
ie, 7.37x107* (1/day), and the corresponding periodic
signal is 3.72 yr with the significance level of 3.680. In
Figure 4, the analysis result of the WWZ method is shown.
The position indicated by the black arrow is the position
where the periodic signal appears, i.e., 7.41 x 1074 (1/day),
and the corresponding periodic signal is 3.69 yr with the
significance level of 3.680. Here we adopt the average of
these two results to be about 3.7 yr and the QPO signal of this
source is revealed using these techniques for the first time, and
the analysis result of the WWZ also shows that the QPO
signal holds steady throughout the observation. Considering
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Figure 3. The analysis result of LSP is shown in red line, the purple curve
represents the significance level curve in 99.9%, the black curve represents the
significance level curve in 99.7%, the orange curve represents the significance
level curve in 99%, and the blue curve represents the significance level curve in
95%. The black arrow indicates the position of periodic signals, that is
737 % 107* (1 /day), a counterpart is a 3.72 yr QPO with significance level
of 3.680.

the analysis result of the LSP, the Gaussian HWHMSs at the
position of the power peaks provided an uncertainty of 0.5 yr
in the measurement observation period, thus the final QPO
signal should be 3.7+0.5 yr with a significance level
of 3.680.

4. Discussion

Based on the above analysis, 3.7+0.5 yr with the
significance level of 3.68¢ is found in the 15 GHz light curve
of FSRQ J0351-1153. This result may reveal some interesting
physical phenomena (Timmer & Koenig 1995; Ren et al.
2021a, 2021b). Through the literature previously reported,
blazars have a wide range of timescales for QPOs ranging from
a few years to a few minutes (Bhatta et al. 2016; Zola et al.
2016; Bhatta 2017). The QPOs include three scales: intra-day
variation (IDV) for variations within a day; short-term variation
(STV) for variations of several weeks or months; and long-term
variation (LTV) for variations of several years (Xiong et al.
2020). The variation on the accretion disk was found to well
explain the shorter QPOs in a previous study (Hong et al. 2018;
Gupta et al. 2019). For instance, the origin of these orbital
motion-related phenomena is explained using hot spots on the
accretion disk or non-axisymmetric events around the accretion
disk (Hong et al. 2018; Gupta et al. 2019). The long-term QPO
is better explained by the jet precession that is caused by the
supermassive binary black hole model (Raiteri et al. 2017).

Usually for blazars, the radio radiation generally originates
from the synchrotron radiation of relativistic electron in the jet
(Chen & Gu 2019). Thus, the physical mechanisms in the jet
are first considered when the light curve of radio band is
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studied. Three possible cases of QPO origin caused by the
spiral jet model are discussed in detail by Rieger et al.
(Rieger 2004): (1) the orbital-driven spiral motion in a binary
black hole leads to an observational QPO larger than 10 d; (2)
internal jet rotation leads to observed QPOs less than 10 day;
(3) Newtonian-driven jet precession caused by rigid body
precessions in the disk may lead to observations of QPOs
above 1 yr. According to the above analysis, we have found a
3.7+ 0.5 yr QPO signal in the 15 GHz radio band for FSRQ
J0351-1153. This QPOs timescale is larger than 1 yr; therefore,
we consider a Newtonian-driven jet precession to explain this
QPO. The Newtonian-drive of the accretion disk has been
extensively studied in the literature (Larwood 1998; Kaufman
Bernadé et al. 2002). As shown in Figure 5, there is a system of
binary black holes orbiting each other, in which we call the
primary black hole with accretion disk and relativistic jet, and
the relativistic jet is usually perpendicular to the accretion disk
and the accretion disk is non-coplanar with the orbiting orbit. A
companion black hole exerts a gravitational torque on the
accretion disk of the primary black hole, causing the innermost
part of the accretion disk to precess periodically; the precession
of the accretion disk will be further transmitted to the
relativistic jet. Following the diagram below, we discuss in
detail the physical origin of this QPO signal.

Romero et al. (2003) have discussed in detail the physical
process of QPO signals caused by binary supermassive black
holes and have given a relation between the precession period
of the jet and the orbital period of the companion star as
(Larwood 1998; Romero et al. 2003):

Py _ z%(&)m( M,
Pie, 4 M\ R M, + M,
where Py, is the orbital period of the companion star and P, is
the precession period of the jet, % < 1, thus % < 1. However,
considering cosmological expansion and relativistic effects the
P,ys should be corrected by the following equation (Britzen

et al. 2001):

172
) cosd, )

21ﬂzR)bs
14z~

jet = 9

In the equation I" is the Lorentz factor, z is the cosmological
redshift, and P,y is the observed QPO signal. Here using the
method of Liodakis et al. (2018) Doppler factor ¢ is equal to 2.52
and the Lorentz factor I" is equal to 2 for this source. Thus when
I'=2 and P,s = 3.7 yr we obtain the intrinsic QPO P, of this
source is equal to 11.75 yr. In this system, Romero et al. (2003)
studied the system parameters at Doppler factors of 2, 5, and 10,
respectively; they found that the mass of the secondary black hole
is smaller than that of the primary black hole when the Doppler
factor is greater than or equal to 10. Therefore, based on the above
analysis, we adopt the average value of the system parameters
from Romero et al. (2003) at the Doppler factor equal to 2 as the
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Figure 4. In the left panel, a color plot of WWZ PSD is displayed (red is the strongest, and blue is the weakest). The analysis result of WWZ is shown in the right
panel, the purple curve represents the significance level curve in 99.9%, the black curve represents the significance level curve in 99.7%, the orange curve represents
the significance level curve in 99%, and the blue curve represents the significance level curve in 95%. In the right panel, the black arrow indicates the position of
periodic signals, that is 7.41 x 10™* (1/day), a counterpart is a 3.69 yr QPO with a significance level of 3.68c.

Figure 5. The red arrows represent the relativistic jet carried by the primary
black hole, whose direction is usually perpendicular to the accretion disk, and 6
is the angular range of the jet oscillation; M is the primary black hole, M, is
the secondary black hole, R, is the radius of the accretion disk precession, and
R, is the orbital radius of the companion star (Romero et al. 2003).

system parameters of this source. The mass of the primary black
hole is 9.2 x 108M..,, the mass of the secondary black hole is
375.84 x 10°M..,, and % is 0.29, thus Py, is equal to 8.71 yr. The

O

above analysis showszthat periodic flux modulation can be
generated when the direction of the jet produces a periodic
variation with the direction of the observer’s line of sight,
therefore we choose an appropriate coordinate system to obtain
the following equation (Zhou et al. 2018):

co8(Bops) = sin(f)sin(¢p)sin(§2jec?) + cos(B)cos(g),  (10)

In which the jet oscillates is in the 6 angle range; ¢ is the
angle between z-axis and viewer; (), is the angular velocity of
the jet precession (2, = i—f) (Sobacchi et al. 2017; Zhou et al.

jet

2018). Of course, we cannot exclude that the QPO signal is
caused by other physical mechanisms; for example, in 2019,
Zhou et al. found a 34.5 day quasi-periodic signal in the y-ray
of blazars PKS 2247-131, and they found that a helical motion
of a blob along the jet is a good explanation to this QPO signal.
This geometric motion may also be one of the physical
mechanisms that cause this QPO (Zhou et al. 2018). In
particular, in 2006 the spin-induced precession of accretion
disks gave rise to the precession of jet that caused the periodic
signal employed by Reynoso et al. (2006) may be one of the
most likely alternative explanations for this QPO signal.

5. Conclusions

In this paper, we study FSRQ J0351-1153 15 GHz band light
curve and obtain the following conclusions:

1. For the first time, 3.7 + 0.5 yr with the significance level
of 3.680 is revealed in FSRQ J0351-1153 utilizing the
LSP method, WWZ method and the simulation method
for the light curve.

2. By analyzing the Doppler factor of this source it is
possible that the mass of the secondary black hole is
larger than the mass of the primary black hole, and we
also found that the orbital QPO of the secondary black
hole is 8.71 yr, while the intrinsic QPO of the precession
of the jetis 11.75 yr.

3. Based on the above analysis, we can predict that the next
burst in the 15 GHz band should reach its peak brightness
in 2024 August.
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