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ABSTRACT

We present a long term optical R band light-curve analysis of the gravitationally lensed blazar AO 0235+164 in the time span
1982-2019. Several methods of analysis lead to the result that there is a periodicity of ~8.13 yr present in these data. In addition,
each of these five major flares are apparently double-peaked, with the secondary peak following the primary one by ~2 yr.
Along with the well-known system, OJ 287, our finding constitutes one of the most secure cases of long-term quasi-periodic
optical behaviour in a blazar ever found. A binary supermassive black hole system appears to provide a good explanation for

these results.
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1 INTRODUCTION

Active galactic nuclei (AGNs), presumed to be powered by accreting
supermassive black holes (SMBHs) with masses of 10°~10'" M,
have aspects that can be considered as scaled-up versions of the black
hole (BH) and neutron star binaries in the Milky Way and nearby
galaxies (Falcke & Biermann 1996). The presence of quasi-periodic
oscillations (QPOs) in the light curves (LCs) of both the BH and
neutron star binaries are fairly common (Remillard & McClintock
2006) but extremely rare in AGNs (Gupta 2018). Among the AGN,
blazars [i.e. BL Lac objects (BL Lacs) and flat-spectrum radio quasars
(FSRQs)] display the most extreme properties, including violent
flux variability across the entire electromagnetic (EM) spectrum,
high and variable polarization from radio to optical bands, compact
radio structure, the superluminal motion of radio components, and
non-thermal emission dominating the whole EM spectrum. These
noticeable characteristics of blazars are explained by assuming that
the emission comes from a relativistic plasma jet closely aligned with
the observer’s line of sight (e.g. Blandford & Rees 1978; Urry &
Padovani 1995).

AO 0235 + 164! (aa00 = 028 38™ 389301; 8a900 =
+16°36'597275) at z = 0.94 (Cohen et al. 1987) was long ago iden-
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tified as a BL Lac (Spinrad & Smith 1975). Optical photometric and
spectroscopic observations of the source have disclosed foreground
absorbing systems at z = 0.524 and z = 0.851 (Cohen et al. 1987;
Nilsson et al. 1996). The flux of the blazar will be contaminated
and partially absorbed by the foreground galaxies, the stars of
which might act as gravitational micro-lenses. Stickel, Fried &
Kuehr (1988) carried out optical R-band photometry, followed by
spectroscopic observations with the 2.2-m and 3.5-m telescopes,
respectively, at Calar Alto, Spain. They reported that AO 0235 + 164
is unusual with extraordinary properties, apparently arising from that
intervening matter. Hence, this blazar may give insights into the
interplay between blazar physics and gravitational microlensing.
Variability of blazars in the whole EM spectrum is essentially
stochastic (e.g. Kushwaha et al. 2017), but occasionally there have
been apparent detections of QPOs in the LCs of various blazars
in different EM bands on diverse time-scales (e.g. Espaillat et al.
2008; Gupta, Srivastava & Wiita 2009; Gupta 2014; Ackermann
et al. 2015; Graham et al. 2015; Bhatta et al. 2016; Sandrinelli,
Covino & Treves 2016; Zhang et al. 2017a; Gupta 2018; Zhou et al.
2018; Bhatta 2019; Gupta et al. 2019; Sarkar et al. 2020, 2021;
Tripathi et al. 2021; Roy et al. 2022, and references therein) and
several other AGNs (e.g. Gierlifiski et al. 2008; Lin et al. 2013;
Alston et al. 2014, 2015; Gupta 2014; Hu et al. 2014; Pan et al.
2016; Zhang et al. 2017b, 2018; Gupta 2018; Gupta et al. 2018, and
references therein). AO 02354164 is one of the blazars in which
QPOs have been reported in different EM bands with diverse periods
in different epochs of observations. By using optical and radio data of
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AO 0235+164 taken during 1975-2000, Raiteri et al. (2001) noted
that this blazar showed possibly correlated periodic radio and optical
outbursts with a period of 5.7 & 0.5 yr. In a further, longer term optical
data analysis of the source, Raiteri et al. (2006) estimated that the
period for the optical outbursts was ~8 yr. In a more recent paper, Fan
etal. (2017) claimed to have found QPOs with two periods of 8.26 yr
and 0.54-0.56 yr in the historical R-band optical data taken during
JD 2445300 (1982 November 26) to JD 2456247 (2012 November
15). By analysing All-Sky Monitor (ASM) X-ray data of the Rossi
X-ray Timing Explorer (RXTE), Rani, Wiita & Gupta (2009) have
reported a possible QPO in AO 0235+164 with a period of ~18 d. In
a recent study, Tripathi et al. (2021) reported the detection of a QPO
in AO 02354164 with a dominant period of ~965 d in 4.8, 8.0, and
14.5 GHz radio observations taken over 32 yr made at the University
of Michigan Radio Astronomy Observatory (UMRAO). Hence, the
QPOs reported in this source in different EM bands during different
epochs have different periods.

In 2008, we began a project to search for QPOs in blazars and
other subclasses of AGNs in different EM bands on diverse time-
scales (e.g. Gupta et al. 2009, 2018; Lachowicz et al. 2009; Rani
et al. 2009; Gupta 2014, 2018; Kushwaha et al. 2020; Sarkar et al.
2020, 2021; Tripathi et al. 2021; Roy et al. 2022, and references
therein). The detection of QPOs in blazars and other subclasses of
AGNS are both rare and rather challenging to explain within existing
AGNs models. Here we present a search for QPOs in the peculiar
blazar AO 02354164 using long term optical data taken in 1982—
2019.

The paper is structured as follows. In Section 2, we discuss the new
optical observations as well as data from published papers and public
archives of the blazar AO 02354-164. In Section 3, we provide brief
explanations of the various analysis techniques we have employed
and the obtained results. We present the discussion and conclusions
in Sections 4 and 5, respectively.

2 OBSERVATIONS AND PUBLIC ARCHIVE
DATA

The observations of AO 0235+164 newly reported here were carried
out in 2018 and 2019 with the 2.15-m telescope? of Complejo
Astrondmico El Leoncito (CASLEO, Argentina) using a Roper
Scientific Versarray 2048B CCD camera (gain: 2.2 e~ /ADU; read-
out noise: 3.1e™). Previous observations with the same telescope
(which was equipped with a Tektronicx TK-1024 CCD [gain:1.98
e~ /ADU; read-out noise: 9.8 e~ ] in 2001 and before) are also used
and were originally published in Romero, Cellone & Combi (2000),
Romero et al. (2002), and Raiteri et al. (2005, 2006). We also
include data taken at the 2.2-m telescope® of Calar Alto Astronomical
Observatory (CAHA, Spain) which were published in Cellone et al.
(2007). CAHA data were taken in 2005 with the CAFOS instrument
in imaging polarimetry mode, with a SITE#1d CCD (gain: 2.3
electrons/adu; read-out noise: 5.06 electrons). In this case, each
polarimetric point was computed from a set of four images taken with
a half-wave plate retarder at different angles (0°, 22.5°, 45.0°, 67.5°),
while photometric data were obtained by adding up the ordinary and
extraordinary fluxes from each image. Image processing was done
using the IRAF package, particularly employing APPHOT for aperture
photometry.

Zhttps://casleo.conicet.gov.ar/js/
3http://www.caha.es/CAHA/Telescopes/2.2m.html
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The largest set of observations used in this work is from The
Whole Earth Blazar Telescope4 (WEBT; Villata et al. 2002; Raiteri
et al. 2017) which is an international collaboration of optical, near-
infrared, and radio observers. WEBT was initiated in 1997 and since
then has organized tens of monitoring campaigns on selected blazars,
with the participation of many tens of observers and telescopes all
around the world. AO 0235+164 is one of the sources studied by the
WEBT and by its GLAST-AGILE Support Program (GASP; Villata
et al. 2008, 2009), which was started in 2007 in view of the launch
of the AGILE and Fermi (formerly GLAST) satellites. WEBT/GASP
data on AO 0235+164 were published in Raiteri et al. (2001, 2005,
2008) and Ackermann et al. (2012). In particular, Raiteri et al. (2005)
gave prescriptions to subtract the contribution of the southern galaxy
(called ELISA) from the optical flux densities. These authors also
estimated the amount of absorption towards the source in excess of
that from our Galaxy in X-ray, ultraviolet, optical, and near-infrared
bands.

The data collected during both the WEBT campaigns and the
GASP continuous monitoring efforts are calibrated according to
common prescriptions, i.e. with the same photometry for the same
reference stars. In the case of AO 0235+164, the adopted photometric
sequence includes stars 1, 2, and 3 from Smith et al. (1985). Minor
systematic offsets between the various data sets can none the less
still be present and are corrected for when building the light curves.
Moreover, binning and removal of clear outliers are performed to
obtain light curves as reliable as possible for a meaningful further
data analysis.

In addition, we used the public archive’ optical R-band photomet-
ric observations of the blazar AO 0235+ 164 that were carried out by
P. Smith at Steward Observatory, University of Arizona, using the
2.3-m Bok and 1.54-m Kuiper telescopes. These photometric obser-
vations were carried out between 2008 October 4 and 2018 February
12 using the SPOL CCD Imaging/Spectropolarimeter attached to
those two telescopes. Details about the instrument, observation, and
data analysis are given in detail in Smith et al. (2009). We also
incorporated the public archive® optical R-band photometric data
of the blazar AO 0235+164 from Small and Moderate Aperture
Research Telescope System (SMARTS) telescopes. The SMARTS
consortium is part of the Cerro Tololo InterAmerican Observatory
(CTIO), Chile, and has been observing Fermi-Large Area Telescope
(LAT)-monitored blazars in the optical B, V, R and NIR J and K bands.
Details about the SMARTS telescopes, detectors, observations, and
data analysis are provided in Bonning et al. (2012). Besides these two
public archives, we also included other R-band optical photometric
data (Takalo et al. 1998; Raiteri et al. 2001, 2005, 2006, 2008; Hagen-
Thorn et al. 2008). The totality of the reduced observations we have
considered produces the LC shown in Fig. 1.

Fig. 2(a) shows the full optical R-band daily-binned LC with
magnitudes converted to flux densities (mJy). We can specify five
epochs when AO 02354164 was in a high flux state: Episode-0 (JD
2445000-2446000), Episode-1 (JD 2447600-2449200), Episode-
2 (JD 2450200-2452000), Episode-3 (JD 2453900-2455000), and
Episode-4 (JD 2456800-2457900). Although sampling differs be-
tween these five high-flux epochs, a general behaviour showing two
distinct flares can be appreciated in each of them. Episode-3 has the
best data sampling, so it is possible to look for any flare substructure.
Fig. 2(b) zooms into Episode-3. The decaying part of the first flare is

“https://www.oato.inaf.it/blazars/webt
Shttp://james.as.arizona.edu/~psmith/Fermi/DATA/R photdata.htm]
Ohttp://www.astro.yale.edu/smarts/glast/home.php#
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Figure 1. Optical R-band light curve of AO 02354164 measured between JD 2445300 (1982 November 26) and JD 2458835 (2019 December 17).
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Figure 2. (a) The full optical R band 1-d binned light curve in flux density units (mJy). The five episodes of high activity are highlighted in yellow: Episode-0 (JD
2445000-2446000), Episode-1 (JD 2447600-2449200), Episode-2 (JD 2450200-2452000), Episode-3 (JD 2453900-2455000), and Episode-4 (JD 2456800—
2457900). (b) Zoomed version of Episode-3. (c) Zoomed version of the second flare of Episode-3. All the sub-flares are fitted using equation (1) (red dashed
lines). The green solid line represents the summed model. The fit parameters are given in Table 1.

not well sampled. However, the second flare is very well sampled and
shows four clear flaring substructures with monotonically decreasing
amplitudes. We considered a base flux density of 0.5 mJy from the
low flux region and fitted each sub-flare by adding to it a time-
dependent asymmetric flux profile given as

F(t) = 2Fy [eTo=0/Tk 4 g~ T0)/To] - 1

where F(¢) is the flux at time ¢, F) is the flux at time 7, while T and
Tp are, respectively, the rise and decay time-scales of the sub-flare.
The parameters of these fits are given in Table 1.

MNRAS 513, 5238-5244 (2022)

Table 1. Subflare fitting parameters of the second flare of Episode-3.

Sub-flare TO TR TD Fo
(JD) (d (@ (mJy)
1 2454735 6.2 2.0 4.5
2 2454754 3.5 4.0 4.0
3 2454772 4.0 3.0 22
4 2454792 3.0 2.5 1.1
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3 ANALYSIS METHODS AND RESULTS

Visual examination of the long-term optical R-band light curve in
Fig. 1 suggests the presence of a persistent QPO. To test for the
detection of any periodic modulation and its span in the light curve,
and to estimate the corresponding significance, we followed Roy
et al. (2022) and employed four different methods: Generalised
Lomb-Scargle periodogram (GLSP); Weighted Wavelet Z-transform
(WWZ); REDFIT; and Monte Carlo light-curve simulations. These
methods take independent approaches to detect significant periodic-
ities in an unevenly sampled time series.

3.1 Generalized Lomb-Scargle periodogram

The Lomb-Scargle periodogram (LSP) method fits an unevenly
sampled light curve with sinusoids of different frequencies iteratively
and produces a periodogram from the goodness of the fit (Lomb 1976;
Scargle 1982). The GLSP process is an improvement on the classical
LSP as the GLSP takes into account the errors associated with flux
measurements in a light curve and uses a sinusoid plus a constant
as the fitting function (Zechmeister & Kiirster 2009). We used the
GLSP code from the PYASTRONOMY python package’ (Czesla et al.
2019). This code also estimates the significances of the periodogram
peaks in terms of the False Alarm Probability (FAP), considering an
underlying white-noise periodogram.

In this work, we consider a periodogram peak to be significant
if it crosses the 1 percent FAP line. The periodogram hows the
highest power at the 2970-d periodicity (red line in the right sub-
panel of Fig. 3a). We fitted a Gaussian to the dominant peak in
the periodogram and estimated its position and the corresponding
uncertainty to be 2996ﬂ§ d. GLSP cannot effectively detect transient
periodicities in a light curve, as the aperiodic part of the light curve
reduces the goodness of the sinusoid fit; however, it is an efficient
tool to find persistent periodicities.

3.2 Weighted wavelet Z-transform

The weighted wavelet Z-transform (WWZ) method is an important
tool for studying any periodicities that may be transient. This method
can detect the power of any dominant periodic modulation and its
corresponding time span in the light curve. This method creates a
WWZ map by convolving the light curve with a time and frequency-
dependent kernel and then decomposing the data into time and
frequency domains. We convolved the light curve with the Morlet
kernel (Grossmann & Morlet 1984) given as

flo(t — )] =exp [io(t — 1) — co’(t — 7)*]. 2)

Then the WWZ map is given as

Wiw, ;x(1)] = o'/ / x(1) f*lo( — 7)]dt, A3)

where x(7) is the light curve, f* is the complex conjugate of the Morlet
kernel f, w is the frequency, and t is the time-shift parameter. Such
a kernel behaves as a windowed discrete Fourier transform, having a
frequency-dependent window size of exp [—cw?(t — 7). Fig. 3(a)
shows the WWZ map of the full R-band light curve. The bright red
patch on the map indicates a persistent ~2970-d period, and the
time-averaged normalized WWZ (black line in the right sub-panel
of Fig. 3a) is consistent with the GLSP result.

https://github.com/sczesla/Py Astronomy
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3.3 Light-curve simulation

To estimate the significance of the dominant peak at ~2970 d
we simulated 2000 light curves using a Monte Carlo method,
where they were generated from the power spectral density (PSD)
and the flux distribution (PDF) of the original R-band light curve
(Emmanoulopoulos, McHardy & Papadakis 2013). For estimating
the true underlying red-noise PSD of our unevenly sampled light
curve, we followed Goyal et al. (2017). We used a power law to
approximate the underlying red-noise PSD and fitted a lognormal
model to the PDF of the original light curve. We used the DE-
LIGHTCURVESIMULATION® code (Connolly 2016) to simulate the light
curves. The mean and standard deviation of the GLSPs at each
frequency when calculated for each simulated light curve allowed
us to estimate a significance of ~6¢ for the QPO of ~2970 d.

3.4 REDFIT

The REDFIT® software is a FORTRAN 90 program that fits a first-
order autoregressive (AR1) process, to an unevenly spaced time
series and has the advantage of avoiding any interpolation in the
time domain (Schulz & Mudelsee 2002). The fitted AR1 model is
then transformed from the time domain into the frequency domain to
estimate the underlying red-noise spectrum, which is characteristic of
the variability of most blazar emissions. Comparison of the spectrum
of the actual time series with the estimated red-noise spectrum
allows testing the hypothesis that the origin of the light curve is
an AR1 process. Critically, this code can be used to test if peaks in
the spectrum of a time series are significant against the red-noise
background from an AR1 process.

REDFIT estimates the significance of the peaks in the power
spectrum using four FAP levels: 20, 10, 5, and 1 per cent. The REDFIT
periodogram of R-band light curve (Fig. 3b) also shows a dominant
periodicity at ~2970 d that crosses the 1 per cent FAP level.

4 DISCUSSION

In this work, we applied LSP, WWZ, and REDFIT methods to the
very long term optical R-band light curve of AO 0235+164, and
detected a QPO of ~2970 d (8.13 yr) with ~60 significance. Each
of the flares is followed by a second peak, with a gap between
the double peaks ranging from 1.5 to 2 yr. In the case of BL Lac
objects, such as AO 02354164, the synchrotron radiation from the
jet dominates the emission in optical wavebands (e.g. Raiteri et al.
2006; Ackermann et al. 2012). The high energy y-ray emission
usually arises from the inverse Compton scattering of the seed photon
field by the synchrotron emitting electron population. So we expect
to detect a similar QPO in y-ray observations. Unfortunately, y-ray
data for this source are available only for the last 12 yr. But still, we
can gain a few insights about the underlying physical processes from
the optical QPO period and its persistence for at least the five cycles
these observations cover.

Somewhat similar double-peaked periodic (~12 yr) optical flares,
now spanning 10 cycles, have been detected in the blazar OJ 287
(e.g. Valtonen et al. 2008; Dey et al. 2019; Valtonen et al. 2019,
2021). The original binary SMBH model for OJ 287 (e.g. Sillanpdd
et al. 1988) could explain a single large flare per binary period, but
not two. The changing intervals between the first and second flares,
together with their flat spectra and non-polarized nature, strongly

8https://github.com/samconnolly/DELightcurveSimulation
https://www.manfredmudelsee.com/soft/redfit/index.htm
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Figure 3. QPO analysis of the AO 0235+164 optical R-band long-term 30-d binned light curve: (a) On the upper left sub-panel, the 30-d binned R-band
light curve (JD 2446994-2458124) is shown with magnitudes converted to flux densities. The lower left sub-panel displays the WWZ map, and the lower right
sub-panel contains the time-averaged WWZ power (black line) on top of the normalized GLSP (red line). The dominant peak at 2970 d in the time-averaged
WWZ plot crosses the GLSP 0.01 per cent FAP line (light blue dashed line). The green dashed line represents the 60 significance against the bending power
law red-noise spectrum obtained by simulating 2000 light curves. The red band on the WWZ map indicates a strong, ~2970-d (8.13 yr) periodicity. (b) Power
spectrum of the full R-band light curve using REDFIT. The black line represents the power spectrum, the red line is the theoretical AR1 spectrum, and the
yellow, green, and blue dashed lines represent the FAP levels of 10, 5, and 1 per cent, respectively. A strong periodicity of ~2970 d crosses the 1 per cent FAP

level.

indicate that in OJ 287 we are seeing thermal flares arising from the
two interactions of the secondary SMBH with the accretion disc of
the primary SMBH per orbit (Sundelius et al. 1997; Valtonen et al.
2019, 2021).

Although we have much less information on AO 02354164 than
on OJ 287, the Fermi-LAT y-ray light curve of AO 02354-164 shows
emission correlated with optical light curves during its 2008-2009
outburst and the moderately high state in 2014-2016 (Wang & Jiang
2020). Long-term radio light curves also showed correlated variation
with the optical R band (Raiteri et al. 2001). Such correlations suggest
that the pairs of quasi-periodic flares originate from a jet, not from
the accretion disc, while it is unlikely that thermal flares as bright as
these would be seen from such a distant source. Komossa et al. (2021)
reported correlated two-year long radio and optical light curves of
OJ 287 and described the flares as precursor flares due to temporary
accretion and jet launching from the secondary BH during the impact
with the accretion disc. A similar process involving the emergence
of a secondary jet may be responsible for the paired multiwaveband
outbursts in AO 02354164, assuming a highly eccentric elliptic orbit
of the secondary BH.

Other models that can explain QPOs in blazars involve changes in
the orientation of the emitting regions of an inhomogeneous curved
jet (Raiteri et al. 2017). This class of model has been applied to
A0 0235+164 by Ostorero, Villata & Raiteri (2004), where the quasi-
periodic radio and optical light curves were explained in terms of a
rotating helical jet. In this geometrical scenario, the double-peaked
structure of the outbursts could be due to the precession of the two
jets emerging from the vicinities of the black holes in a binary system,
as proposed to describe the centenary optical light curve of OJ 287
by Villata et al. (1998).

To explain the subflare structure in the second flare of Episode-
3 (Fig. 2b) showing a nearly periodic pattern with monotonically
decreasing amplitudes, we may combine the two models discussed
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previously (Sillanpdd et al. 1988; Raiteri et al. 2017; Dey et al.
2019). Assuming a precessing highly eccentric elliptical orbit of the
secondary BH, the double peaks in a flaring episode may occur due to
the injection of magnetized plasma into the jet, as the high amplitude
tidal disruptions, caused by the two quick impacts (~1-2 yr apart)
of the secondary BH on to the accretion disc, reach the jet base.
The resulting ejected plasma disturbance, moving helically down
the jet, emits less as it radiates, thus produces the observed subflare
structure.

Another possible explanation of the double-peaked structure in the
optical light curve flares could be the delay caused by gravitational
lensing of AO 02354164, given the presence of absorbing systems
at lower redshift along our line of sight. However, deep observations
that resolve the foreground lens galaxy at z = 0.524 also ruled out the
existence of images at angular distances greater than 0.5 arcsec from
the central source (see e.g. Abraham et al. 1993). This makes it very
unlikely that the double peaks with separations of ~2 yr in the light
curves reported in this paper could be caused by gravitational time
delays in the light travel of photons produced in the same intrinsic
event. Additionally, as can be seen from Fig. 2c, the second peak has
a quite different substructure from the first peak when observed with
higher resolution. This is not compatible with the lensed scenario,
where both peaks are different images of the same intrinsic variation.

5 CONCLUSIONS

In this work, we have presented the longest R-band optical light
curve observations of the blazar AO 0235+-164. The data are taken
from the public archives and published papers, as well as from new
observations. The data presented here were taken between 1982
November 26 and 2019 December 17, a duration of over 37 yr.
We searched for QPOs in the light curve using 30-d binned data and
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found a QPO of ~8.13 yr at a high confidence level according to
multiple techniques, despite there only being 5 cycles during this
period. This result is consistent with the period previously found by
Raiteri et al. (2006) and Fan et al. (2017). Even though some of the
data in these two papers are common with our study, our analysis,
covering a longer time span, strongly confirms the ~8.13-yr QPO.
The most striking feature newly noticed here in this extended light
curve is that the main peaks, separated by 8.13 yr, are followed by
secondary peaks after ~2 yr.

The totality of these observations seems to be understandable if
AO 02354-164 contains a binary supermassive black hole system of
period ~8 yr. More than one variation of this basic scenario could
work, as long as the observed emission arises from the jet. Passage
of the secondary through the disc of the primary can trigger a region
of enhanced emission moving out through the relativistic jet. This
region could have a helical component to its motion, and its second
passage closest to our line of sight could provide the second flares
followed by ~2 yr. Alternatively, if the orbit is highly elliptical,
with the two passages of the secondary through the disc separated
by ~2 yr, then each such impact could drive an independent jet
brightening.

We expect the next such ~2-yr long flaring episode to happen
between 2022 November and 2025 May (JD 2459900-2460800).
An intensive multiwavelength WEBT campaign will be con-
ducted during that period to test the persistence of this apparent
QPO in AO 02354164 and possibly discriminate between these
hypotheses.
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