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A B S T R A C T 

We investigate the possible presence of quasi-periodic oscillation (QPO) signals in 2103 blazars from the Zwicky Transient 
Facility (ZTF) time-domain survey. We detect a low-frequency QPO signal in five blazars observed over these 3.8-yr-long optical 
r -band ZTF light curves. These periods range from 144 to 196 d detected at � 4 σ significance levels in both the Lomb–Scargle 
periodogram and weighted wavelet Z-transform analyses. We find consistent results using the phase dispersion minimization 

technique. A similar peak is detected in the g -band light curves at a slightly lower significance of 3 σ . Such nearly periodic 
signals on these time-scales in optical wavebands most likely originate from a precessing jet with high Lorentz factor, closely 

aligned to the observer’s line of sight or the movement of plasma blobs along a helical structure in the jet. 

K ey words: galaxies: acti ve – galaxies: jets – quasars: general. 

1

B  

m  

a  

B  

a  

1  

b  

(  

s  

c
 

t  

l  

t  

t  

b  

p  

f  

(  

�

v

s  

e  

i  

o  

d  

o  

s  

w
<  

(  

2
 

n  

s  

v  

s  

w  

W  

S  

c  

r  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/4/5172/7303296 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 05 February 2
 I N T RO D U C T I O N  

lazars are a sub-class of active galactic nuclei (AGNs) which are
arked by their powerful parsec-scale relativistic radio jets closely

ligned along the observer’s line of sight (Urry & P ado vani 1995 ).
lazars emit copiously across the entire electromagnetic spectrum
nd their emission dominates the γ -ray sky (Hufnagel & Bregman
992 ). Blazars are further classified into two sub-categories on the
asis of their optical spectra, namely flat-spectrum radio quasars
FSRQs) characterized by the broad emission lines in the optical
pectra, and BL Lac objects, marked by essentially featureless
ontinua (Angel & Stockman 1980 ). 

The broad-band spectral energy distribution (SED) of blazars fea-
ures the characteristic double-hump configuration in the logarithmic
uminosity–frequency plane. The low-energy peak is produced by
he synchrotron emission of the relativistic particles contained in
he jet, and the second high energy hump is usually considered to
e produced by the inverse-Comptonization of lower energy seed
hotons. In this leptonic scenario, there are two basic possibilities
or the origin of the seed photons. In the synchrotron self-Compton
SSC) scenario the same population of electrons produced by the
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ibhore.negi18@gmail.com (VN) 

f  

(  

b  

p  

Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi

024
ynchrotron process are inverse-Comptonized to produce high-
nergy emission (Maraschi, Ghisellini & Celotti 1992 ), whereas
n the external Comptonization (EC) models, the seed photons
riginate from various regions external to the jets, e.g. accretion
isc (Dermer & Schlickeiser 1993 ), broad-line region (Sikora 1994 ),
r the surrounding dusty torus (Bła ̇zejowski et al. 2000 ). The
ynchrotron peak frequency is a key parameter, on the basis of
hich the BL Lac sources are subdivided into low- (LBL; log νpeak 

 14 Hz), intermediate- (IBL; 14 Hz ≤ log νpeak ≤ 15 Hz), and high-
HBL; log νpeak > 15 Hz) synchrotron peaked blazars (Abdo et al.
010 ). 
Blazars show substantial variability across the entire electromag-

etic window, ranging from radio to high energy γ -rays, which is
trongly enhanced by the relativistically beamed jet. In general, such
ariability is stochastic or aperiodic in nature, but in recent times
everal instances of quasi-periodicities in different electromagnetic
a vebands ha ve been reported (e.g. Lachowicz et al. 2009 ; Rani,
iita & Gupta 2009 ; Bhatta et al. 2016 ; Smith et al. 2018 ).

uch quasi-periodic oscillation (QPO) features in blazars have been
laimed to be observed on diverse time-scales in optical, radio, X-
ay, and γ -ray wav ebands. Sev eral early nominal detections of QPO
eatures, such as a ∼15-min periodicity in 37 GHz radio monitoring
Valtaoja et al. 1985 ), a ∼23-min periodicity observed in the optical
and (Carrasco, Dultzin-Hacyan & Cruz-Gonzalez 1985 ), and a ∼1 d
eriodicity of S5 0716 + 714 during coordinated radio and optical
© 2023 The Author(s). 
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ampaign (Quirrenbach et al. 1991 ), were ho we ver, plagued by
mproper modelling of the underlying broad-band noise (see Vaughan 
 Uttley 2006 ). The first more robust detection of a QPO feature

sed a 91 ks observation of the Narrow Line Seyfert 1 galaxy RE
1034 + 396 by XMM-Newton was performed by Gierli ́nski et al.
 2008 ), where they reported a 5.6 σ detection of a ∼1 h QPO.
ubsequently, nominally strong detections of several other QPOs in 
ifferent AGNs using X-ray monitoring data have been reported: 
7 σ detection of a 4.6 h QPO in PKS 2155 −304 (Lachowicz

t al. 2009 ), a > 3 σ detection of a 3.8 ks QPO in 1H 0707 −495
Pan et al. 2016 ), a ∼1 h QPO of > 3 σ detection in MCG −06-30-
5 (Gupta et al. 2018 ), and a 3.3 σ detection of a ∼2 h QPO in
he active galaxy MS 2254.9 −3712 (Alston et al. 2015 ). However,
ince most such detections lasted for only a few cycles, their statis-
ical significance was probably o v erestimated (Co vino, Sandrinelli 
 Treves 2018 ). 
A remarkable correlation is seen between QPO frequency and the 
ass of the central object across several orders of magnitude, ranging 

rom stellar mass black holes in binary systems to supermassive 
lack holes in AGNs (e.g. Zhou et al. 2015 ). Such a correlation
trongly suggests that the underlying accretion flow properties are 
imilar in these two classes of sources, and a 1 

M 

scaling relation is
xpected if the oscillatory features are connected to the characteristic 
ength scales of the system (Smith et al. 2018 ). Ho we ver, this would
ndicate that the low-frequency QPO ( ∼1 Hz QPO in the case of
 10 M � low mass X-ray binary) would occur at time-scales of
onths to years in AGN (Ackermann et al. 2015 ; Zhang et al. 2017c ;
hatta 2019 ). Detecting these QPOs would invariably require long 
uration, high cadence, and monitoring of the sources. With the 
dvent of Fermi -LAT, which enables the monitoring of the γ -ray 
ky as frequently as every 3 h for the brightest blazars, as well as
igh cadence optical monitoring programmes, it is possible to make 
ignificant progress in the exploration of such low-frequency, or 
ong time-scale, QPOs. Examination of γ -ray and optical/NIR light 
urves of six blazars from Rapid Eye Mounting telescope photometry 
ielded a statistically significant peak at a year-like time-scale in PKS 

155 −304 (Sandrinelli et al. 2016a ). The detection of optical QPOs,
articularly on longer time-scales, has al w ays been challenging, 
wing to the normally sparse sampling by ground-based monitoring 
nstruments and data gaps induced by poor weather and the daytime 
ransit of most AGNs. Enabled by the high precision and nearly 
ontinuous monitoring provided by the Kepler exoplanet satellite, 
mith et al. ( 2018 ) found a significant detection of a ∼44 d QPO in
IC 9650712, a narrow-line Seyfert 1 galaxy, which was confirmed 
y Phillipson et al. ( 2020 ) who employed an independent approach
o analysing those Kepler data. 

A number of physical models have been invoked to explain 
he observed AGN QPO features, including bending or twisting 
f the relativistic jets (e.g. Camenzind & Krockenberger 1992 ; 
aiteri et al. 2017 ), the precession of the jet due to interaction in
 supermassive black hole binary (SMBH) system (e.g. Graham 

t al. 2015 ), warped accretion disc structure in a binary SMBH
ystem (e.g. Ulubay-Siddiki, Gerhard & Arnaboldi 2009 ), the 
o v ement of plasma blobs along a helical structure in the jet

e.g. Sarkar et al. 2020 ), and kink instabilities in magnetized jets
e.g. Jorstad et al. 2022 ). The multiplicity of plausible explanations 
alls for both more QPO detections and a detailed investigation 
f their multiwavelength variability properties in order to put real 
onstraints on the plausible origin involving physical mechanisms 
ithin the jet and/or accretion disc, as well as their possible

oupling. 
Here, we report the probable detections of elusi ve lo wer frequency
PO signatures in a few blazars o v er the rather long time baseline
rovided by the Zwicky Transient Facility (ZTF) r -band observations 
hich span nearly 4 yr with measurements made every few days.
ptical observations o v er such time spans could reveal several cycles
f such putati ve QPO v ariability and so are very well suited to explore
he presence, strength, and evolution of the low-frequency quasi- 
eriodic variations. This paper is organized as follows. The data set
s discussed in Section 2 , followed by the results in Section 3 . We
escribe various possible scenarios to explain the QPO signatures 
n Section 4 . Finally, a summary is given in Section 5 . Throughout
his paper, we adopt a set of cosmological parameters as follows:
 0 = 70 km s −1 Mpc −1 , �m 

= 0 . 30 , �� 

= 0 . 70. 

 DATA  A N D  SAMPLE  SELECTI ON  

ur preliminary sample of blazars was taken from the Roma-BZCAT 

atalogue (Massaro et al. 2015 ), which consists of a total of 3561
lazars. We searched for the r -band light curves for all these 3561
lazars in the ZTF (Masci et al. 2019 ) time-domain surv e y, the
0th ZTF public data release, and found 2751 of these blazars to
e present in this data base. The ZTF uses the 48-inch Samuel
schin Schmidt telescope with a field of view of 48 deg 2 to map

he sky in g , r , and i optical bands with a typical exposure time
f 30 s, reaching a magnitude limit of ∼20.5 in r -band (Bellm
t al. 2019 ). The av erage cadence of the surv e y is about 3 d o v er
 period of 3–4 yr, so ZTF is extremely well suited for studying
GN variability (see Negi et al. 2022 ). Note that ZTF assigns a
nique observation ID to a source observed in a particular field,
lter, and CCD-quadrant independently. Here, to a v oid any spurious
ariability based on varying calibrations on different CCD quadrants 
see Van Roestel et al. 2021 ), we only examined the light curve
orresponding to the observation ID with the maximum number 
f data points. To only include data obtained in good observing
onditions, we further applied the quality score of catflags score 
 0, listed in ZTF documentation. For the sources having multiple

ntranight observations, we averaged all the data points observed 
n same day and used the daily averaged light curves for further
nalysis. 

Further, to a v oid large data gaps and to have a sufficiently large
umber of data points to robustly detect any periodic signature, we
ncluded only the sources with at least 100 data points during the
ntire set of observations. This leaves us with a sample of 2103
lazars observed by ZTF with light curves good enough to search for
POs. In the next section, we search for any kind of quasi-periodic
ehaviour in the r -band light curves of these 2103 sources. 

 ANALYSI S  A N D  RESULTS  

ere, we employ three different mathematical techniques in order to 
etect and quantify any statistically significant oscillation. 

.1 Weighted wavelet Z-transform 

he wavelet transform method has been widely employed in analyses 
f blazar time-series (e.g. Lachowicz et al. 2009 ; Bhatta et al.
013 ; Mohan & Mangalam 2015 ; Bhatta et al. 2016 ). This approach
etermines any periodicities by fitting to sinusoids; ho we ver, it also
ffers the ability to localize the waves in both time and frequency
pace to explore possibly transient QPOs (e.g. Bra v o et al. 2014 ). By
 xamining an y evolution of the signal’s frequency and amplitude it is
MNRAS 526, 5172–5186 (2023) 
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Table 1. Best-fitting parameter values. 

Source Best-fitting Best-fitting 
model parameters 

A = 39.21 
νb = 0.012 

J092915 + 501336 BPL α1 = −1.92 
α2 = 2.53 

c = 1.65 × 10 −5 

A = 0.51 
νb = 0.021 

J092331 + 412527 BPL α1 = −0.92 
α2 = 2.33 

c = 9.61 × 10 −5 

J101950 + 632001 PL A = 1.71 × 10 −5 

α = 1.41 
J173927 + 495503 PL A = 1.01 × 10 −5 

α = 1.73 
J223812 + 274952 PL A = 3.00 × 10 −5 

α = 1.33 
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 powerful tool for investigating whether such oscillations gradually
e velop, e volve, and dissipate over time. 
In brief, the weighted wavelet Z-transform (WWZ) method con-

olves a light curve with a time- and frequency-dependent kernel
nd decomposes the data into time and frequency domains to create
 WWZ map. We use the Morlet kernel (Grossmann & Morlet 1984 )
hich has the functional form 

 [ ω( t − τ )] = exp [ iω( t − τ ) − cω 

2 ( t − τ ) 2 ] , (1) 

orresponding to which the WWZ map is 

 [ ω, τ ; x( t)] = ω 

1 / 2 
∫ 

x( t) f ∗[ ω( t − τ )]d t , (2) 

here f ∗ is the complex conjugate of the Morlet kernel f , and ω and τ
re respectively the frequency and the time-shift. This kernel acts as
 windowed discrete Fourier transform which contains a frequency-
ependent window of size exp ( − c ω 

2 ( t − τ ) 2 ). The WWZ map
as the advantage of being able to detect statistically significant
eriodicities, as well as the time spans of their persistence. 
For the purpose of our analysis, we have considered only those

ases where a strong concentration of power within a narrow window
f frequency is detected, and the peaked components pertaining to
uch cases are successively tested for their statistical significance, as
ill be discussed in the subsequent sections. Most of the wavelets

how the most significant concentration of power towards the lower
requenc y re gion, i.e. time-scales of more than ∼100 d. We note
hat the time-series are associated with gaps of at least a few tens of
ays duration, hence we have considered only those cases where
 concentration of power is observed throughout the domain of
bservation. A total of 169 such cases were identified, and a rigorous
stimation of their significance was done as explained in the next
ection. 

.2 Lomb–Scargle periodogram and testing the peak 

ignificance 

he traditional Lomb–Scargle periodogram (LSP) method is one of
he most efficient and widely used methods for periodicity search
Lomb 1976 ; Scargle 1982 ). Though it is a variant of the standard
iscrete Fourier transform (DFT) method, the advantage of the LSP
s that it attempts to account for the data gaps and irregularities by
he least-square fitting of the sinusoidal waves of the form X ( t ) =
 cos ωt + B sin ωt of the data by χ2 statistics, which reduces the
ffect of the noise on the signal and also provides a measure of the
ignificance of detected periodicity (e.g. Zhang et al. 2017a , b ). 

Blazars typically exhibit a red-noise type variability feature in
emporal frequency space, such that the periodogram can be repre-
ented by a power spectral density (PSD) with the functional form of
 power-law (PL) as P ( ν) = A ν−α , where ν represents the temporal
requency, α > 0 is the spectral slope. Alternatively, a bending power
aw (BPL) might be a better fit, with 

 ( ν) = A 

ν−α1 

1 + ( ν/νbend ) ( α2 − α1 ) 
+ c, (3) 

here νbend is the bending frequency and α1 and α2 are the power
pectral slopes before and after the bending frequency respectively
e.g. Timmer & Koenig 1995 ; Max-Moerbeck et al. 2014 ). 

Such power-law profiles indicate that high amplitude features in
he PSD seen at longer time-scales (low-frequency domain) can

imic an actual QPO signal (Vaughan et al. 2016 ). In order to disen-
angle the effect of red noise, rigorous estimation of the periodogram
NRAS 526, 5172–5186 (2023) 
eaks must be undertaken before concluding a peaked feature as a
rue QPO. In this work, this issue has been addressed by performing

onte-Carlo simulations of the light curves, such that the simulated
ight curves exhibit the same PSD and flux distribution (PDF) as
hose of the original light curve (Emmanoulopoulos, McHardy &
apadakis 2013 ). Since the underlying red-noise PSDs of blazar light
urves are well approximated by a PL or BPL profile (Vaughan 2005 ),
he PSD of the original light curve has been approximated using
hese functional forms, and the final model has been chosen on the
asis of the lower χ2 value. The best-fitting PSD models and model
arameters are provided in Table 1 . Subsequently, a total of 1000
ight curves with the same PSD and PDF as that of the original light
urve were simulated using the DELightcurveSimulation 1 

ode (Emmanoulopoulos et al. 2013 ). 
Our wavelet analysis suggested the plausibility of the presence

f low-frequency oscillatory features in a small fraction of the
lazars observed by ZTF. We consider the peaks at frequencies
bo v e 0.005 d −1 (i.e. < 200 d) with � 4 σ significance level to be the
egitimate cases of statistically significant variability features. The
requency bound is selected on the basis of requiring that during the
ull window of observations, there should be at least 4–5 full cycles
f oscillation to identify significant oscillatory features. Variabilities
orresponding to longer time-scales will not satisfy the criteria for
hese observations. We also note that the ZTF data have multiple
aps in the light curves so that requiring at least 4–5 cycles helps to
ick the genuine QPO candidates. Further, to account for any f ak e
eriods arising from gaps in the light curve data, we computed the
pectral window power spectrum of the sources using STARLINK
ERIOD 

2 softw are. The f ak e periods were estimated by replacing
ll data points by unity and then computing the Fourier transform
f that time series data. We made sure that no periodicity due to the
 ak e gaps fell within 1 σ of our estimated periods. Only 5 sources
atisfy all these criteria, and such cases with statistically significant
SP peaks are listed in Table 2 . 
We also checked the false alarm probability (FAP) corresponding

o these peaks, which estimates the possibility of getting a peak
ith the obtained amplitude or higher arising out of the random

https://github.com/samconnolly/DELightcurveSimulation
https://starlink.eao.hawaii.edu/devdocs/sun167.htx/sun167.html
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Table 2. Probable cases of QPO in blazars from the ZTF surv e y. 

No Source RA Dec. Peak frequency † Period (LSP) Period (WWZ) Period (PDM) Global Sig. 
(#) (deg.) (deg.) (d −1 ) (d) (d) (d) (per cent) 

1 J092915 + 501336 142.31429 50.22667 0.00509 196.3 ± 6.8 192.31 196.08 ± 3.85 99.4 
2 J092331 + 412527 140.88042 41.42428 0.00509 196.1 ± 6.8 196.08 200.00 ± 4.00 99.7 
3 J101950 + 632001 154.96196 63.33378 0.00615 162.7 ± 4.6 163.93 163.93 ± 2.69 99.8 
4 J173927 + 495503 264.86408 49.91761 0.00694 144.1 ± 3.9 142.86 142.86 ± 2.04 99.3 
5 J223812 + 274952 339.55358 27.83133 0.00647 154.5 ± 4.7 153.84 156.25 ± 2.44 99.4 

† LSP based measurements. 

Figure 1. Upper panel: r -band ZTF light curve of blazar J092915 + 501336 o v er a time span of 3.8 yr. Bottom left panel: A low-frequency peak in the LSP at 
> 4 σ statistical significance is detected in the r -band light curve, suggesting the presence of a QPO at 0.0051 d −1 , and this is supported by the dip below 0.7 in 
the PDM phase at that frequency, which is ∼3 σ significance. Bottom right panel: A weighted wavelet Z-transform of this light curve showing a strong power 
concentration at the same frequency over the entire observing time window. 
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uctuations in the data instead of some inherent periodicity. In the 
bsence of any a priori information regarding the periodicity within 
 particular frequency interval, we checked the ‘global significance 
evel’ of the peaks, also known as the ‘look-elsewhere effect’ or
multiple comparison problem’ in statistics (Bell et al. 2011 ). We 
alculated the fraction of simulated light curves that show a higher
tatistical significance of peak detection at any frequency interval, 
nd that provides us the global confidence level of the peaks. In all
f our cases, we find that the global confidence level of the detected
eriodicities are > 99 per cent , and the exact confidence levels are
MNRAS 526, 5172–5186 (2023) 
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M

Figure 2. Upper panel: As in Fig. 1 for the blazar J092331 + 412527. A low-frequency peak in the LSP at > 4 σ statistical significance detected in the r -band 
light curve, suggesting the presence of a QPO at 0.0051 d −1 . At this frequency, we observe a > 4 σ significant prominent dip in the phase in our PDM analysis 
as well. This further strengthens the claim for the presence of a QPO. Bottom right panel: A weighted wavelet Z-transform of this light curve showing a strong 
power concentration at the same frequency over the entire observing time window. 

m  

p
 

c  

a  

d  

m  

s  

t  

c  

h
 

t  

l  

f  

t  

i  

a  

m  

p  

Q  

t  

w  

s  

e  

p

3

T  

i  

1  

x  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/4/5172/7303296 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 05 February 2024
entioned in Table 2 . This lends further credence to the detection of
eriodic features in these ZTF light curves. 
We also searched for the presence of any possible peaked

omponents in the high frequency (i.e. short time interval) zone
s well, but the periodograms become noisier in this frequency
omain and the power peaks turn out to be at least one order of
agnitude smaller than the low-frequency peaks. Further, given the

ampling cadence, a detection of a peaked component corresponding
o period of oscillation � 20 d could not be made with high statistical
onfidence. We therefore do not further consider the presence of any
igh frequency QPOs. 
We detect a strong signature of a QPO in a frequency range where

hese data are most useful in five blazars over their ∼3.8 yr long ZTF
ight curve data sets. A peak at relatively low frequencies, ranging
rom 0.00509 d −1 (i.e. 196 d) to 0.00604 d −1 (i.e. 144 d) is detected in
he LSP with � 4 σ significance in r -optical passband (see Figs 1 –5 )
n the case of five sources listed in Table 2 . The QPO signature is
NRAS 526, 5172–5186 (2023) 
lso independently confirmed with the weighted wavelet transform
ethod (see Figs 1 –5 ), which makes them all strong cases of elusive

ersistent low-frequency QPOs. Further, we also checked for the
PO signatures in the g -band light curves of these five blazars. All

he cases were found to show similar features in those power spectra
ith at least � 3 σ significance (see Figs A1 –A5 ). A few other blazars

howed comparably strong signals but were not further considered
ither because the peak was at too low a frequency or because the
ower was spread o v er a wide band of frequencies. 

.3 Phase dispersion minimization technique 

his is another well-known technique for periodicity detection which
s especially suitable for non-sinusoidal waveforms (Stellingwerf
978 ). For a time-series of N data points represented as ( x i , t i ), where
 i is the flux state at some particular instant t i , the flux variance is
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Figure 3. As in Fig. 1 for the blazar J101950 + 632001. A low-frequency peak in the LSP at > 4 σ statistical significance is detected in the r -band light curve, 
suggesting the presence of a QPO at 0.0062 d −1 . A > 4 σ significant sharp dip in phase going below 0.6 is also observed from our PDM analysis at this frequency. 
A strong power concentration at the same frequency is seen in the WWZ plot over the entire observing time window. 
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iven by 

2 = 

�( x i − x̄ ) 2 

N − 1 
, ( i = 1 , ..., N ) (4) 

here x̄ is the flux mean. The idea is then to subdivide the light curve
nto M number of phase bins according to a trial period ( φ) such that
ach segment contains n j number of points that are similar in phase.
f the k- th data point in the j -th bin is denoted by x kj , then the sample
ariance within each phase bin is denoted as 

 

2 
j = 

�( x kj − x̄ j ) 2 

n j − 1 
( j = 1 , ..., M) . (5) 

he o v erall variance including all the phase bins reads as 

 

2 = 

�( n j − 1) s 2 j 

� n j − M 

( j = 1 , ..., M) . (6) 

he periodogram statistic, θ = 

s 2 

σ 2 , defined as the ratio between the 
ample variance to the o v erall variance pro vides a measure of scatter
f the sample variance around the mean of the time series. For a
rue period the scatter is expected to be small, so θ will be low. On
he other hand, for a false period sample variance approaches true
ariance, and θ , therefore, approaches unity. After plotting the test 
tatistic θ with each trial period, one obtains the local minimum θmin 

ndicating a frequency corresponding to the least scatter about the 
ean. 
Ho we v er, using e xtensiv e Monte Carlo simulations to test the

etection feasibility of a true positive periodicity against the red noise
ackground (which is the case for AGN), it was concluded that the
DM technique has to be used very cautiously and QPO components
ccurring beyond one-third of the light curve duration tend to be false
ositives (Krishnan et al. 2021 ). Keeping this in mind, we have used
he PDM technique only as an auxiliary tool to verify the putative
eriodicities obtained from WWZ and LSP techniques. We reject 
ny dip occurring at a frequency corresponding to > 1/3rd of the
ight curve duration and also exclude the false positives arising out
f the data gaps by matching with the template obtained from WWZ
MNRAS 526, 5172–5186 (2023) 
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M

Figure 4. As in Fig. 1 , for the blazar J173927 + 495503. A low-frequency peak in the LSP at ∼4 σ statistical significance was detected in the r -band light curve, 
suggesting the presence of a QPO at 0.0069 d −1 , and the phase in the PDM analysis also shows a dip at this frequency ( > 3 σ significant). A power concentration 
is seen at that frequency in the WWZ plot over the entire span of observations but it weakens with time. 
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alse positive. This leaves us with only the true positive signals, and
e find the QPO frequencies from the PDM match well with those
btained from LSP and WWZ in the case of both the r - and g -band
ata. In our PDM analysis, we have utilized the publicly available
YASTRONOMY PDM software. 3 In Figs 1 –5 where we observe the
ignature of a significant peak from the LSP and WWZ methods, we
etect strong dips in PDM phase as well, which further strengthens
he claims of QPO detections. We tested the same method for g -
and data as well, and the periodicity obtained in LSP and WWZ
re also well corroborated with PDM in these g -band light curves
see Figs A1 –A5 ). Following the same method as in LSP and WWZ,
e have estimated the significance values for the PDM dips, and in
 -band data, we obtain a 3 σ detection significance in all the cases,
nd > 4 σ detection significance in the case of J092331 + 412527
nd J101950 + 63200. In the g -band data as well, the detection
NRAS 526, 5172–5186 (2023) 

 https:// pyastronomy.readthedocs.io/ en/ latest/ pyTimingDoc/ pyPDMDoc/ 
dm.html 

p  

o  

K  

M  
ignificance is > 3 σ in all cases, barring J092915 + 501336, for which
he significance is marginally below 3 σ . 

Below, we discuss possible physical scenarios for the emergence
f such a QPO feature. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

or blazars, the approaching jet is aligned close to the observer’s
ine of sight ( < 10 ◦; Urry & P ado vani 1995 ), and the entire elec-
romagnetic spectrum is usually fully dominated by the emission
rom the jet. The extreme relativistic boosting means that the jet’s
mission appears strongly amplified, often o v erwhelming all the
hermal emission contributed by the AGN’s accretion disc and the
ost galaxy. Therefore, it is quite likely that the jet emission is the
rimary driver behind the observed QPO signature instead of the
utative accretion disc or the coronal region. If the jet is precessing
r if it possesses an internal helical configuration (Camenzind &
rockenberger 1992 ; Villata & Raiteri 1999 ; Rieger 2004 ; Mohan &
angalam 2015 ), quasi-periodic flux variations could easily arise

https://pyastronomy.readthedocs.io/en/latest/pyTimingDoc/pyPDMDoc/pdm.html
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Figure 5. As in Fig. 1 , for the blazar J223812 + 274952. A low-frequency peak in the LSP at ∼4 σ statistical significance detected in the r -band light curve, 
suggesting the presence of a QPO at 0.0065 d −1 . A dip in phase at that frequency ( > 3 σ significant) also is observed in the PDM analysis. A power concentration 
is seen at that frequency in the WWZ plot over the entire span of observations but it weakens with time. The other apparently significant peak seen at a frequency 
of ∼0.0039 is found to be a false signal, matching with the fake signal due to the data gap. 
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rom the temporal variations in the Doppler boosting factor as 
erceived by the observer. In the context of the blazar PG 1553 + 113,
ckermann et al. ( 2015 ) described the possibility of a ∼2 yr QPO in

he γ -ray and other waveband emissions in this way. There could be
everal possible triggers behind the jet axis modulation, one being the 
ense–Thirring precession of the disc (e.g. Fragile & Meier 2009 ). 
It has been shown that if the AGN is part of a binary SMBH system,

hat could also induce the jet precession effect (Begelman, Blandford 
 Rees 1980 ; Valtonen et al. 2008 ), although such mechanisms are
ost likely to produce periodicities exceeding 1 yr (Rieger 2007 ). 
everal such candidates demonstrating γ -ray QPOs with periods 

onger than this ballpark have recently been reported and have found 
lausible explanations in this framework (Ackermann et al. 2015 ; 
andrinelli et al. 2016a ; Sandrinelli, Covino & Treves 2016b ; Zhang
t al. 2017a , b ). Ho we ver, for jets closely aligned along the line
f sight having large Lorentz factors, the detected periods could be 
ignificantly shorter (Rieger 2004 ). Zhou et al. ( 2018 ) has applied this
ramework in order to explain the 34.5 d QPO apparently detected
n the BL Lac PKS 2247–131. In our cases as well, if the jets are
losely aligned along the line of sight, and the Lorentz factors are
igh, such a jet precession effect could produce QPOs in the range
etween 144 and 196 d that we have obtained. 

The appearance of fast quasi-periodicity in the jet emission could 
lso be explained in the framework of magnetic reconnection events 
n nearly equi-distant magnetic islands inside the jet (Huang et al.
013 ). Such a physical configuration could periodically boost the 
mitted radiation, which would likely be manifested as a rapidly tran-
ient QPO. Shukla et al. ( 2018 ) successfully applied this paradigm to
odel the extremely fast variability ( ∼5 min) in the FSRQ CTA 102

uring its outburst in 2016. This model does appear to be capable of
roducing the 3.6-d QPO seen in γ -rays for PKS 1510 −089 as well
Roy et al. 2021 ). Current-driven instabilities near a recollimation 
hock seem to provide a good explanation for the recent detection of
 13 h QPO in both optical and γ -ray fluxes from BL Lac (Jorstad
MNRAS 526, 5172–5186 (2023) 
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t al. 2022 ). Ho we ver, the relati v ely longer optical QPOs e xceeding
00 d we have found in these blazars do not seem to fit either of these
aradigms. 
We can also consider other non-axisymmetric phenomena like the

otation of an accretion disc hotspot around the innermost stable
ircular orbit (e.g. Zhang & Bao 1990 ), such that the optical flux
odulation comes from the circular motion of the hotspot (e.g. Gupta

t al. 2019 ). Ho we ver, the ∼200 d period as observed in our QPO
nalysis is too long for this mechanism. In addition, the SMBH mass
e obtain from the rele v ant relation 

M 

M �
= 

3 . 23 × 10 4 P 

( r 3 / 2 + a)(1 + z) 
, (7) 

here P is the period in seconds, r is the distance of the hotspot in
nits of GM / c 2 , a is the spin parameter, and z is the redshift, turns
ut to be ∼10 10 M �, which is on the very high end of plausible
alues. Therefore, such a ‘rotating hotspot’ interpretation is unlikely
o explain the observed QPO in our case. 

A geometrical origin instead could also be considered to be a
lausible explanation. At radio wavelengths, very long baseline
nterferometry (VLBI) has revealed that in some blazars, the parsec-
cale cores appear to be misaligned with the large, kiloparsec-scale
tructures of jets (e.g. Sarkar et al. 2019 ). One natural explanation
f such misalignment could be intrinsic helical structures of these
nner jets. Such helical structures could be quite common in blazar
ources (e.g. Villata & Raiteri 1999 ). The origin of such helical
tructures could be connected to the hydrodynamic instability effects
n magnetized jet (e.g. Hardee & Rosen 1999 ), as well as the
nteraction of the plasma blobs with the proximate medium (Godfrey
t al. 2012 ). Propagation of a relativistic shock or plasma blob
ut along such a perturbed jet could induce significantly enhanced
mission as the shock passes through a region of enhanced electron
ensity. Owing to the extreme Doppler boosting effect, such a flux
nhancement would be quite pronounced for an observer looking
own the jet and such an effect could naturally be connected to the
enesis of a QPO feature (Camenzind & Krockenberger 1992 ). Such
n intersection of a relativistic shock with successive twists of a
on-axisymmetric jet structure scenario was invoked by Rani et al.
 2009 ) in order to reasonably explain the claimed 17 d QPO in AO
235 + 164. Depending upon the pitch angle, the Lorentz factor, and
he viewing angle, such a mechanism is also compatible with the
bserv ed sev eral-month periods of the QPOs observ ed in the present
ases. 

For the simple one-zone leptonic model where the plasma blob
ontaining ele v ated particle density and magnetic energy density is
oving along a postulated helical trajectory along the extension of

he jet, the viewing angle changes with time as 

cos θobs ( t) = sin φ sin ψ cos 2 πt/P obs + cos φ cos ψ, (8) 

here ψ is the angle of the jet relative to our line of sight and φ is the
itch angle of the blob, and P obs is the observed periodicity (Sobacchi,
ormani & Stamerra 2016 ). Since the viewing angle varies with

ime, the Doppler factor also becomes time variable as δ = 1/[ �(1 −
cos θ ( t ))], where � = 1 / 

√ 

1 − β2 is the bulk Lorentz factor. Given
his scenario, the periodicity in the rest frame of the blob is given by 

 rf = 

P obs 

1 − β cos ψ cos φ
. (9) 

or typical values of φ = 2 ◦, ψ = 2 ◦, and � = 10, the rest frame
eriodicity becomes ∼97 yr for P obs ∼ 150 d. During this period,
he blob traverses a distance D = c βP rf cos φ, which amounts to

30 parsec during one period. Since for the detection of statistically
NRAS 526, 5172–5186 (2023) 
ignificant QPO in the present case we are considering 4–5 cycles
t least, during the domain of observation the blob would travel
150 pc. In order to explain the variation of amplitude during the

omain of observation, Roy et al. ( 2021 ) considered that the angle
elative to the line of sight could be time-dependent, arising out of a
eometrically curv ed jet. Ov er a length scale of 150 pc, such a curved
et structure can form and thereby drive quasi-periodicity with the
ime-dependent amplitudes we have obtained in our samples. Such a
onclusion has been drawn by Roy et al. ( 2021 ) for the case of PKS
510 −089. 

 SUMMARY  

e report highly probable detections of low-frequency QPOs with
eriods ranging from 144 to 196 d in the ∼3.8 y long ZTF r -
and optical light curve in five blazar sources. The QPO is also
pparently present in the g -band light curve and lasts for the entire
ata set at � 3 σ . Such QPO signals are most likely to originate from
he precession of high Lorentz factor jets, closely aligned to the
bserver’s line of sight or the mo v ement of a plasma blob along a
elical jet structure. More such detections, made with surv e ys at a
igh cadence, and preferably at multiple bands, would increase our
nderstanding of the underlying physical processes triggering the
scillatory features. 
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PPENDI X  A :  RESULTS  F O R  T H E  G - BA N D  

NALYSI S  O F  T H E  FI VE  S O U R C E S  

n this section, we present information on the analysis of the g -band
ight curves of the five sources showing a prominent peak/dip in
he WWZ, LSP, and the PDM analyses. As mentioned earlier, we are
onsidering only those cases to be legitimate ones for which a peaked
ignature is observed in the WWZ map (i) abo v e a frequency of
.005 d −1 and (ii) concentrated within a narrow window of frequency
nd present throughout the observed duration. The analysis of the g -
and light curve of these five sources showed similar signatures of
eriodicity (see Figs A1 –A5 ), which further confirms the true nature
f these QPOs. 
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Figure A1. Upper panel: g -band ZTF light curve of blazar J092915 + 501336 o v er a time span of 3.8 yr. Bottom left panel: A low-frequency peak in the LSP at 
> 3 σ statistical significance is detected in the g -band light curve, similar to the > 4 σ peak in the r -band, suggesting the presence of a QPO at 0.0051 d −1 . The 
PDM phase factor also shows a dip at that frequency, which is marginally below 3 σ significance level. Bottom right panel: A weighted wavelet Z-transform for 
the g -band optical light curve showing a strong power concentration o v er the entire observing time window at that slightly too low frequency. 
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Figure A2. As in Fig. A1 , for the blazar J092331 + 412527. A broad low-frequency peak in the LSP at > 4 σ statistical significance detected in the g -band light 
curve, similar to the > 4 σ peak in the r -band, suggesting the presence of a QPO around 0.0051 d −1 . A slump in the phase factor from the PDM analysis ( > 3 σ
significant) is also seen there. A moderately strong but very broad power concentration is seen in the WWZ throughout the length of the observations. 
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Figure A3. As in Fig. A1 , for the blazar J101950 + 632001. A low-frequency peak in the LSP at > 4 σ statistical significance detected in the g -band light curve, 
similar to the > 4 σ peak in the r -band, suggesting the presence of a QPO around 0.0062 d −1 . A sharp drop in the phase factor to below 0.6 ( > 4 σ significant) is 
observed in the PDM analysis. A strong and very narrow power concentration is seen in the WWZ throughout the length of the observations. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/4/5172/7303296 by Aryabhatta R
esearch Institute of O

bservational Sciences user on 05 February 2024



Quasi-periodic oscillations in ZTF blazars 5185 

MNRAS 526, 5172–5186 (2023) 

Figure A4. As in Fig. A1 , for the blazar J173927 + 495503. A low-frequency peak in the LSP at > 4 σ statistical significance detected in the g -band light curve, 
similar to the > 4 σ peak in the r -band, suggesting the presence of a QPO around 0.0069 d −1 . A minimum in the phase factor is detected in the PDM analysis 
( > 4 σ significant) at that frequency. A strong and very narrow power concentration is seen in the WWZ throughout the length of the observations. 
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Figure A5. As in Fig. A1 , for the blazar J223812 + 274952. A low-frequency peak in the LSP at > 3 σ statistical significance detected in the g -band light curve, 
similar to the > 4 σ peak in the r -band, suggesting the presence of a QPO around 0.0065 d −1 . At this frequency, a prominent dip in the phase factor is also 
observed from our PDM analysis ( > 3 σ significant). A strong and very narrow power concentration is seen in the WWZ throughout the length of the observations. 
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