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Abstract

A 2.1 yr periodic oscillation of the gamma-ray flux from the blazar PG 15534113 has previously been tentatively
identified in ~7 yr of data from the Fermi Large Area Telescope. After 15 yr of Fermi sky-survey observations,
doubling the total time range, we report >7 cycle gamma-ray modulation with an estimated significance of 4o
against stochastic red noise. Independent determinations of oscillation period and phase in the earlier and the new
data are in close agreement (chance probability <0.01). Pulse timing over the full light curve is also consistent with
a coherent periodicity. Multiwavelength new data from Swift X-Ray Telescope, Burst Alert Telescope, and UVOT,
and from KAIT, Catalina Sky Survey, All-Sky Automated Survey for Supernovae, and Owens Valley Radio
Observatory ground-based observatories as well as archival Rossi X-Ray Timing Explorer satellite-All Sky
Monitor data, published optical data of Tuorla, and optical historical Harvard plates data are included in our work.
Optical and radio light curves show clear correlations with the gamma-ray modulation, possibly with a nonconstant
time lag for the radio flux. We interpret the gamma-ray periodicity as possibly arising from a pulsational accretion
flow in a sub-parsec binary supermassive black hole system of elevated mass ratio, with orbital modulation of the
supplied material and energy in the jet. Other astrophysical scenarios introduced include instabilities, disk and jet
precession, rotation or nutation, and perturbations by massive stars or intermediate-mass black holes in polar orbit.

Unified Astronomy Thesaurus concepts: Active galactic nuclei (16); Blazars (164); Gamma-rays (637); Gamma-
ray sources (633); Gamma-ray telescopes (634); Gamma-ray astronomy (628); BL Lacertae objects (158); Jets
(870); High energy astrophysics (739); Relativistic jets (1390); Galaxy accretion disks (562); Supermassive black
holes (1663)

1. Introduction Early LAT observations raised suspicions of an almost
sinusoidal modulation in the light curve of PG 15534113, and
a tentative identification of a 2.1 yr periodic or possibly
quasiperiodic oscillation (QPO) was described in Ackermann
et al. (2015a, hereafter A15a).

Al5a reported results based on LAT data from 2008 August
5 to 2015 July 19, MJD 54682.65 to MJD 57222.65 (a 6.9 yr

range), with radio and optical flux modulations in association

Blazars are active galactic nuclei (AGNs), harboring
accreting supermassive black holes (SMBHs) with powerful
relativistic jets almost aligned with our line of sight (Urry &
Padovani 1995). One of the more remarkable such objects is
PG 1553+113, a high-energy-peaked BL Lac object, which is
observed over the full electromagnetic spectrum, from radio to

very high energy (VHE; >100GeV) gamma rays. PG 1553
+113 was discovered as an optical and X-ray source (1ES 1553
+113, z~0.43, Falomo & Treves 1990; Abramowski et al.
2015; Nicastro et al. 2018; Dorigo Jones et al. 2022) but has
been most systematically monitored in gamma rays by the
Large Area Telescope (LAT) on board the Fermi Gamma-ray
Space Telescope, which was launched in 2008.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

with the gamma-ray oscillation.

Several papers have followed up on the results in Al5a,
mainly corroborating the QPO discovery in gamma-ray and
optical bands with more data and more analyses (for example,
Cavaliere et al. 2017; Sobacchi et al. 2017; Sandrinelli et al.
2018; Tavani et al. 2018; Yan et al. 2018; Cavaliere et al. 2019;
Ait Benkhali et al. 2020; Covino et al. 2020; Peiiil et al. 2020;
Agarwal et al. 2021, 2022; Ren et al. 2023; Chen et al. 2024;
Peiiil et al. 2024a). Further blazars are also tentatively identified
as producing correlated GeV gamma-ray and optical QPOs
behavior (for example, Otero-Santos et al. 2020; Sarkar et al.
2021; Peiiil et al. 2024a, 2024b).
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The fact that Fermi LAT is producing long and essentially
continuous light curves makes these data ideal to use for
searches for periodic or quasiperiodic variability. This, together
with the indication of a periodic oscillation in PG 15534113,
has stimulated systematic studies of sources sampled from the
Fermi-LAT Third and Fourth Catalogs of Active Galactic
Nuclei (3LAC; Ackermann et al. 2015b and 4LAC; Ajello et al.
2020; for example, Finke & Becker 2014; Itoh et al. 2016;
Sandrinelli et al. 2016; Prokhorov & Moraghan 2017;
Sandrinelli et al. 2018; Meyer et al. 2019; Ryan et al. 2019;
Ait Benkhali et al. 2020; Peiiil et al. 2020; Tarnopolski et al.
2020; Yang et al. 2021; Peiiil et al. 2024a, 2024b).

The literature contains many studies, based on LAT and
other data, with claims of QPO detections in variable blazar
light curves. Many of these claims are controversial, primarily
because blazars and other AGN exhibit erratic red noise
variability that can easily mimic periodicity, in short time
sequences containing few oscillation cycles (Corbet et al. 2007;
Do et al. 2009; Lasky et al. 2015; Vaughan et al. 2016). A
common approach to avoid, or at least limit, this risk is to
estimate period significance relative to simulated red noise. The
present consensus is that the most sound simulation method
available is the one described in Emmanoulopoulos et al.

(2013)

A claim of binary SMBH, with characteristics similar to
PG 15534113, was recently presented by O’Neill et al. (2022),
for the BL Lac object PKS 2131-021, with a 4.8 yr radio-band
flux periodicity (2.1 yr in the rest frame). The three brightest
epochs in the LAT gamma-ray light curve’® appear to precede
the radio maxima by about a year.

In Al5a, we introduced a close (0.005—0.01 pc separation)
gravitationally bound binary system of SMBHs (total mass
~5x 108 M_) as a possible explanation for the observed
periodicity. This would place the system in a state prior to the
early inspiral, low-frequency, gravitational-wave (GW) driven
regime, in agreement with Dhiman et al. (2021). This state,
with weak GW emission, would last ¢ ~ 10°-10° yr, followed
by a rapid inspiral and merger of the two BHs (Peters 1964;
Shapiro & Teukolsky 1983).

The scenario with a sub-parsec binary has been adopted or
discussed in follow-up papers, for example, Prokhorov &
Moraghan (2017), Ciprini (2018), Ait Benkhali et al. (2020),
Covino et al. (2020), and Peiiil et al. (2020, 2024a), generally
with the gamma-ray QPO confirmed at an ~30—40¢ level.

Evaluating the different proposed models for the QPO
requires additional information, which might be provided by
other types of observations. These include polarization and
radio (parsec scale) flux structure long-term data as important
probes of any regular wobbling (Caproni et al. 2017; Lico et al.
2020), helical patterns, and polarimetric rotations in the jet, and
potential identification of double-component spectroscopic line
profiles (Graham et al. 2015a).

In multi-epoch GHz milliarcsecond resolution maps by
VLBA contained in the MOJAVE/2 cm Survey Data Archive
(Lister et al. 2009), the radio core-dominated and magnetic-
field-dominated BL Lac object PG 15534113 shows a limb-
brightened and diffuse jet structure. These features might be the
first indications of a jet with a precessing baseline, wobbling
motion by torques of the inner disk, or alternatively, an intrinsic
pulsational accretion flow (Lister et al. 2013; Caproni et al.

0 https: / /fermi.gsfc.nasa.gov/ssc/data/access/lat/LightCurveRepository /
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2017; Lico et al. 2020). Such geometric dynamics would cause
periodic changes in the relativistic Doppler boosting, magnetic
field stresses, magnetic reconnections, and jet MHD instabil-
ities (Cavaliere et al. 2017; Sobacchi et al. 2017; Tavani et al.
2018; Cavaliere et al. 2019; Rieger 2019; Lico et al. 2020).

In this paper we describe in Section 2 the Fermi-LAT
gamma-ray data, together with multiwavelength X-ray (Swift-
XRT and Rossi X-Ray Timing Explorer (RXTE) All Sky
Monitor (ASM)) data, optical (Tuorla, KAIT, Catalina Sky
Survey (CSS), Swift-UVOT, All-Sky Automated Survey for
Supernovae (ASAS-SN)) data, and 15 GHz data from the
Owens Valley Radio Observatory (OVRO) radio telescope. In
Section 3, we report multiple approaches in time-domain
variability /periodicity analysis, cross correlation, and estima-
tion of the gamma-ray QPO coherence, with the findings
suggesting a potential energy dependence. In Section 4, we
introduce some possible astrophysical interpretations, and in
Section 5, we summarize our findings. Appendix B contains
optical historical data from plates (years 1912-1988), and
RXTE ASM data (from 1996 to 2011) for reference.

2. Gamma-Ray, X-Ray, Optical, and Radio-band Light-
curve Data

2.1. Fermi-LAT Data

The Fermi-LAT is a pair conversion detector with a 2.4 sr
field of view, sensitive to gamma rays from ~20MeV to
>300 GeV (Atwood et al. 2009). The present work uses the
Pass 8 LAT database (Atwood et al. 2013). The Fermi-LAT
operating mode allows it to cover the entire sky every two
spacecraft orbits (~1.6 hr orbital period), providing a regular
and uniform view of gamma-ray sources, sampling timescales
from hours to years. This work uses observations of PG 1553
+113 covering ~15.3 yr (2008 August 4 to 2023 November
13, Modified Julian Day, MJD, 54682.65-60261.65). The LAT
data analgsis employed the standard ScienceTools
v11r01p01”" package, selecting events from 100MeV to
300 GeV with P8R3_SOURCE _V2 instrument response
functions, in a circular region of interest (ROI) of 20° radius
centered on the position of PG 1553+113 (15"55™43%0440
+11911™243365, J2000, Beasley et al. 2002). We applied a
zenith angle cut of >90° in order to reduce the contamination
from the Earth limb and the standard data quality cuts
(DATA_QUAL > 0 && LAT_CONFIG==1) for the
extraction of good time intervals. We selected only “SOURCE”
event class (LAT EVENT_CLASS =128) and event type
“FRONT+BACK” (LAT EVENT_TYPE = 3). We used files
gll_iem_v07 and iso_P8R3_SOURCE_V2_v02 to model
the Galactic and isotropic diffuse emission, respectively.

A binned maximum likelihood model fit technique was
applied to each time bin with a power-law spectral model and
photon index left free to vary for PG 1553+4113. The
background model included sources from the 4FGL catalog
(Abdollahi et al. 2020) within the ROI of 20°; the fluxes and
photon indices of background sources within a radius of 10°
from the source of interest were left free to vary.

The resulting light curves, in different time and energy bins
are shown in Figure 1.

The gamma-ray flux modulation oscillation is also found
using different time bin sizes. In particular in Appendix A we

71 http:/ /fermi.gsfc.nasa.gov/ssc/data/analysis /documentation /
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Figure 1. Fermi-LAT gamma-ray integrated flux light curves and spectral index time profile of PG 15534113 over more than 15 yr, from 2008 August to 2023
November. The light curves above 100 MeV and above 1 GeV are shown with a constant 45 day time bin (first and middle panels); in the last panel we show the
Fermi LAT spectral index (E > 100 MeV) as a function of time for the 45 day time bins, with a scaled version of the (E > 100 MeV) gamma-ray light curve

superimposed as a dashed line.

report results from the the public data from the Fermi-LAT
light curve repository at the FSSC (Fermi Large Area
Telescope Collaboration 2021; Abdollahi et al. 2023).

2.2. Neil Gehrels Swift X-Ray Telescope and Burst Alert
Telescope Data

Four hundred thirty five, 435, Swift observations of PG 1553
+113 between 2005 April 20 and 2023 May 31 (MJD
53480.2-MJD 60095.8) are analyzed. The Swift X-Ray
Telescope (XRT) unabsorbed 0.3-2keV flux light curve is
presented in Figure 2. While all the PC-mode data were used,
WT-mode data are omitted for the last 1.5 yr of this data range.

XRT data were first calibrated and cleaned (xrtpipeline,
XRTDAS v.3.7.0), and energy spectra were extracted from a
region of 20 pixel (~47") radius, with a nearby 20 pixel radius
region for background. Individual XRT spectra were well fitted
with a log-parabolic model, with neutral hydrogen equivalent
column density fixed to the Galactic value of 3.6 x 10*° cm ™2
(Kalberla et al. 2005). For completeness we have also reported
the historical public light curve from the Swift-Burst Alert
Telescope (BAT). We depict only data points that have a
relative uncertainty flux/Aflux > 0.5. The data are publicly

provided by the Swift-BAT team (Krimm et al. 2013) through a
dedicated webpage at NASA Goddard Space Flight Center.”?

2.3. RXTE ASM Data

X-ray flux densities in the 1.5-12 keV band were calculated
from the public high-level archive (Levine et al. 1996) of the
ASM on board RXTE for PG 1553+113 in the 15.7 yr long
data set from 1996 January 6 through 2011 September 23
(MJD 50088-55827), using daily binning (see Appendix A for
the complete 1 day bin count rate time series). Data after MJD
55450 (last year of the light curve) are of poor quality because
of the RXTE cathode loss.

Since ASM source X-ray counts were given as negative on
many days (fluxes below the detection threshold), timing
analysis via fast Fourier transform and Lomb-Scargle period-
ogram (LSP) power spectra, was applied to both the original
data and to data where we omitted negative counts and upper
limits, using 1day bins and other binnings as checks. The
equivalence 1 Crab unit=75 ASM counts ' and the conver-
sion 1 Crab [2-10keV]=2.4 x 10 ®ergem ?s~' are adopted

72 https: / /swift.gsfc.nasa.gov /results/transients /weak /QSOB1553p113/
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Figure 2. Multiwavelength light curves of PG 1553+113 at X-ray and soft gamma-ray, optical, and radio bands with the LAT gamma-ray light curve superimposed as
a dashed gray line (E > 100 MeV). Top panel: Swift-XRT integrated flux (0.3-2.0 keV) shown as blue-filled circles, and RXTE data points averaged into 30 day time
bins extrapolated to the 0.3-2.0 keV energy flux (Swift-XRT energy band) shown as blue empty diamonds. Swift-BAT count rate at 15-50 keV, multiplied by an
arbitrary constant to scale it to the X-ray light curves, shown in green. Central panel: optical flux density from Tuorla (R filter, black-filled circle points), CSS (V filter
rescaled, blue-filled squared points), KAIT (V filter rescaled, red-filled diamond points), Swift-UVOT (V filter rescaled, green-filled circles) and ASAS (V filter
rescaled, light-blue-filled points). Bottom panel: 15 GHz flux density from OVRO 40 m (black-filled circles) and parsec-scale 15 GHz flux density from VLBA
(MOJAVE program, yellow-filled diamonds).

(factor 2.79 x 10 % ergem 2?s™' to compare with the XRT 0.3 magnitudes were scaled with an inter-calibrated fixed offset,
—2keV fluxes in Figure 2, evaluated from Kirsch et al. 2005). (from an average of daily V-R) to the R-band values.

Figure 2 shows multifrequency light curves. The light curves

2.4. Optical, Swifi-UVOT, KAIT, Tuorla, Catalina Sky Survey, in different wavelengths indicate a coherent periodic behavior

and ASAS-SN from radio to gamma ray. This is true especially for the optical

and gamma-ray fluxes, also apparent in Figure 3.
Aperture photometry for the UVOT V-band filter was
performed. The task is included in the HEASoft package 2.5. Radio OVRO Data
(v6.23 by NASA HEASARC; 5" radius source aperture and

two 18” apertures for the background evaluation). Counts were . )
converted to fluxes using the standard zero-points (Breeveld PG 1553+113 at 15 GHz obtained by the OVRO 40m radio

et al. 2010), and dereddened using the appropriate values of telescppe,” MOJAVE program, with the observation cadence
E(B-V) (Schlafly & Finkbeiner 2011) for the effective  ©Of this blazar between 1 and 23 days since August 2008
wavelengths of the UVOT filters. Tuorla blazar monitoring (Richards et al. 2011). A cooled recerver 3.0 .GHZ ‘pandw1dth,
program (Takalo et al. 2008) data are those published in A15a, center.ed on 15.0 and 2.5 GHz reception bandW{dth) is placed at
obtained with a 35cm telescope attached to the Kungliga the prime focus of the 40 m ra(ho telescope, Wlth dual off-axis
Vetenskapsakademien (KVA) telescope on La Palma and the ;%rﬁiited hc;lrn lf(eed, prOJeStl'ng t9 G;llulsjsm?z /beams d(15'7}:
Tuorla 1 m telescope in Finland (A15; Nilsson et al. 2018), ) on the sky separated in azimuth by 12.95, and wit

. . . . flux densities measured using azimuth double switching after
th optical observat typicall formed two to th g g
:ivrlnes %I;rlcwaee?( servalions typicaly pertormed two fo three peaking up on-source (Readhead et al. 1989). The OVRO flux

Public data from the Katzman Automatic Imaging Telescope
(KAIT), CSS, and ASAS programs were also added. V-band 73 hitp:/ /www.astro.caltech.edu /ovroblazars/

Figure 2 shows flux density, long-term monitoring of
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Figure 3. Left panel: Fermi-LAT epoch-folded (E > 100 MeV) flux light curve with superimposed Fourier pulse fit, showing a slight bimodal peak. Right panel:
superposed Fermi-LAT (E > 1 GeV) and optical, rescaled, light curves for visual comparison (Tuorla, CSS, KAIT, Swift-UVOT). The periodic gamma-ray Fourier
oscillating pulse precursor/maximum (P/M) epoch zones are also highlighted. These zones are taken to be 120 days long with a start at MJD 57440 and period of

796.5 days.

density data have a minimum uncertainty of 4 mJy in 32 s of
on-source integration, and a typical rms relative error of 3%.

3. Variability Analysis

The ~2.1yr period in PG 1553+113 tentatively identified
in Al5a was based on data covering only approximately three
oscillation cycles. The light curves used in the present study are
more than twice as long, which allows us to make several
analysis improvements:

1. Use a pulsation model built on the Al5a data and
compare it with the phase and frequency of a similar
model built on the new data. Since the two data sets are
independent we can estimate the probability that two
oscillations by chance will have a particular phase and
frequency.

. Make a more strict significance estimate for the periodic
oscillation in comparison with simulated stochastic red
noise.

. Perform a wavelet time-frequency study of pulsation
evolution along time, and significance in relation to a
theoretical stochastic (random walk) first-order autore-
gressive, AR(1), model.

. Improve on earlier estimates of the correlation between

the optical, radio, and gamma-ray variations in

PG 1553+113.

Set limits on the coherence of the oscillation.

Study the energy dependence of the gamma-ray QPO.

5.
6.

Below we describe each of these topics and present the
associated results.

3.1. Testing the Periodicity Hypothesis with New Data and
Power Density Spectra Pulse Analysis

The analysis in A15a showed that the Fermi-LAT light curve
for the first 6.9 yr could be described as a periodic modulation.
By assuming a strictly periodic modulation and estimating its

parameters from the data in Al5a it is now possible to test that
hypothesis by comparison with an independent fit of period and
phase to the new data. In the present analysis, we have done so
by fitting a Fourier pulse (fundamental period plus three
overtones) to the light curve (£ > 1 GeV) of the first ~7 yr and
then extrapolating that modulation to later times. The energy
selection and fitting procedure are identical to the corresp-
onding analysis in Al5a. To avoid biasing the hypothesis test
we tried no other procedures. Before the analysis, the full light
curve was detrended by subtracting a least square fitted line.
The light curve was then normalized to mean 1 and the same
fractional variability (rms/flux) as the original light curve. The
normalized light curve is shown in the upper part of Figure 4.
The resulting Fourier fit is also shown in the figure. The dashed
vertical line at MJD 57203 indicates the separation between the
data that were used for the Fourier fit (corresponding to Al5a)
and the new data. The phase difference between the two
oscillations is estimated by a cross correlation between the
extrapolated Fourier template and the new data after MJD
57203. The estimated time lag in phase units of the template
with respect to the new data is 0.117 £ 0.033, where the error
value only takes the statistical uncertainties of the new data into
account. The total uncertainty of the phase difference is
dominated by the model extrapolation from the first observing
epoch. The uncertainty range for the extrapolated phase at the
midpoint of the new data is between +0.094 and —0.062. We
conclude that the observed phase difference between the
predicted and observed phase in the new data is marginally
consistent when phase uncertainties are taken into account.
The oscillation periods for the two data segments, before and
after MJD 57203, can be obtained from the power density
spectra (PDS). These are shown in the lower part of Figure 4.
Each PDS is oversampled by a factor of 4, which matches the
frequency uncertainty in our Fourier fit analysis. The
uncertainty range is approximately two-thirds of the width of
the frequency bins. The difference in peak frequency for the
two segments is approximately 5 x 107> day ', which is less
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Figure 4. Top panel: a Fourier fit to the linearly detrended 1 GeV light curve
up to MID 57203, the data used in Al5a. The fitted oscillation is extrapolated
and shown as a dashed line after MJD 57203 for comparison with the new data.
Lower panel: comparison of PDSs for the two independent data segments
(blue: t+ < MJD 57203, purple: t > MJD 57203).

than the widths of the frequency bin (1.01 x 10°* and
0.83 x 10 *day ', respectively). Assuming that the period in
the new data could fall in any of the 118 frequency bins
(neglecting the first four due to the linear detrending of the light
curve), the chance probability for the two oscillations to be so
close in frequency is 0.0085. The similarity in the pulsation
phase described above gives additional weight to the
confirmation of the pulsation model for the previous data. A
conservative conclusion is that the chance probability for the
pulsation period and phase of the new independent data to be
close to those of the earlier data is less than 0.01.

3.2. Estimating QPO Significance with Pure-noise Light-curve
Simulations

Periodicity studies of astronomical time series deal not only
with the estimate of the period and its uncertainty, but with
whether there is a (quasi)-regular periodicity or not. The
statistical significance for such periodicity must then be
defined. This calculation is not trivial: significance can be
estimated using the false alarm probability (FAP; VanderPlas
2018), which measures the probability that the data are
dominated by white/colored noise would lead to a signal peak
in the periodogram of higher power than the peak due to a truly
periodic signal. The FAP can be estimated through light curve
simulations and the LSP (Lomb 1976; Scargle 1982), as the
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Table 1
Summary of the Gamma-Ray QPO Significance in o for the Various LAT
Light Curves of PG 15534113 Presented or Discussed in This Work

Gamma-Ray Band E > 100 MeV E>1GeV

Light Curve Type Photon Flux Energy Flux Photon Flux

Bin size 20 days 45 days 20 days 45 days 45 days

Light curve 1.50 1.70 30 >40 3.50
original

Light curve 20 230 30 4o 40
detrended

ratio n/N: the number n of simulated time series with power
peaks higher than the original light curve peak found, over the
total number of simulations (N = 10° in our case). The FAP is
not a direct estimate of the periodicity significance, but rather
the probability of a false alarm, which is substantially different.
Simulations are randomizations of the original, true, light-curve
data. However, the brown/red/pink, colored, noise power
spectra of true light curves of highly variable blazars (and many
other astronomical source types) tend to result in over-
estimated, not reliable, periodicity significances (Emmanoulo-
poulos et al. 2013; Vaughan et al. 2016).

In order to simulate pure-noise data with the same
characteristics as the true gamma-ray light curves of PG 1553
+113, we used the Emmanoulopoulos algorithm (Emmanou-
lopoulos et al. 2013), to generate surrogate simulated light
curves with PDF and PDS similar to the true data light curve.
The resulting n/N FAP value, evaluated as the greatest LSP
power peak of each simulated light curve, is difficult to
interpret; therefore, a corresponding significance, equivalent to
the number of standard deviations o calculated from the
cumulative of a normal distribution up to 1—n/N, is
introduced. If none of the simulations has a greater peak than
the original peak (n = 0), a lower limit on the FAP must be set.
For PG 1553+113 we choose a lower limit of 1/N, and a
corresponding upper limit on the value of o is set too.

We apply this approach for the different gamma-ray light
curves for PG 15534113 presented in this work (Table 1):
photon/energy flux, fluxes for (E>1 GeV) and (E>
100 MeV), 45 and 20day time bin light curves (also 3 day
bin data reported in Appendix A). For each, we calculate 10°
simulations. The gamma-ray light curves have a hint of a
secular increase in flux, and detrended light curves (and their
proper simulations) are also evaluated for comparison. The
results are reported in Table 1. The distributions for both of the
simulated data for the true 45 day photon and energy flux light
curves, are shown as an example in Figure 5.

3.3. Wavelet Time-frequency Study of the QPO Signal’s
Evolution

In a generalized Fourier space, the continuous wavelet
transform (CWT) is able to identify both the dominant modes
of variability and how those modes vary in time. CWT can also
be quite sensitive to signals that would go undetected by other
methodologies (e.g., Mallat 2008). In Figure 6, we report the
diffuse two-dimensional, time-frequency ¢ versus f=1/T,
“scalogram” plots, with the normalized 2D modulus of the
CWT energy density function ||W,(s)|?/o2, where 1/0”
measures the power relative to white noise, corresponding to
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panel. Dashed lines are the LSP power for the two, true data, light curves. The
significance of the period here is >40 and 1.7¢ for the energy flux and photon
flux light curves, respectively.

the LAT E>1GeV and E>100MeV gamma-ray, XRT
X-ray, and optical light curves of Figures 1 and 2. The Morlet
mother waveform, a wave packet of a plane wave modulated by
a Gaussian, is used here as the best trade-off between epoch
localization in ¢ and resolution in frequency f (or equally
period/periodicity timescale 7). Lighter colors describe higher
peaks, bumps, and regions, and hence stronger values of the 2D
CWT power spectrum.

The orange-filled color scale 2D image contour plots in the
top panel of Figure 6, result from the Morlet CWT gamma-ray
power spectrum for the £ > 100 MeV and E > 1 GeV, 45 day
bin, light curves reported in Figure 1. Side plots show the
global CWT power spectrum (i.e., averaged along the light
curve MJD epochs on the x-axis) and the LSP power spectrum,
in the bias-corrected implementation given by the REDFIT
method and software (Schulz & Mudelsee 2002), which also
provides a mathematical first-order autoregressive AR(1)
model fitting, adequate for stochastic natural and astronomical
processes. The method works directly on unevenly binned/
gapped data, avoiding the introduction of bias during
interpolation. Also, we did not manipulate the light curve data,
avoiding any linear detrending prior to analysis, even if this
could have given us slightly higher significance values. With
REDFIT, we applied a Welch window overlapped segment
averaging, choosing to split the time series into two segments
that overlap by 50% to reduce noise, while avoiding too great a
reduction of the spectral resolution, and then averaging their
power spectra. We obtained the same results with rectangular
and triangle window functions. The REDFIT software also
calculates the significance levels on the LSP spectrogram based
on parametric approximation with the x? calculated with
respect to the computed AR(1)-noise spectrum (the null
hypothesis), where the degrees of freedom depend on the
number of data points. It also calculates the significance level
with 1000 Monte Carlo random realizations of the AR(1)
random walk, a.k.a. red/brown/Brownian, noise model.

In general, any peak of the one-dimensional LSP spectro-
gram power above the 99% confidence curve level, has less
than a 1% chance of being a false alarm product of stochastic
red/Brownian AR(1) process realizations. In this case, the
parametric x> smooth and Monte Carlo AR(1) irregular
confidence curve levels reported in the four side panels in
Figure 6 have similar trends and intensity.

Abdollahi et al.

Both the >100 MeV and >1 GeV panels in Figure 6 show a
coherent gamma-ray global CWT peak centered at ~2780 days
(2.1 yr) with a significance of >30, which approaches 4o for
the 1 GeV flux light curve, as shown by the prominence of both
of the bumps with respect to the 99% AR(1) noise false alarm
confidence levels. Most of the signal power during this 15.3 yr
gamma-ray light-curve epoch is manifestly placed around this
timescale, well represented by the clear/white horizontal strip
in both of the CWT 2D orange-scale image plots at the top,
with such strips sufficiently outside the, spurious, “cone of
influence” region. The CWT indicates therefore a dominant
2.1 yr QPO gamma-ray flux modulation, along the light curve
time range.

In Figure 6, the 2D Morlet CWT (blue color scale) plot of
the Swift-XRT integrated (0.3-2.0 keV) flux from MJD 55973,
shows erratic variability and no significant QPO, ie., a
behavior substantially different from the GeV gamma-ray,
optical, and radio periodic modulation.

The LSP of X-ray data indicates a <2¢ potential peak
around ~498 day timescale (~1.4 yr), not corroborated by the
wavelet. The CWT has some X-ray signal in a region between
~1.4 and ~1.8 yr, extended at least from 2013 June to 2020
October. Two high-power white ovals (~900-1000 day time-
scale) are both placed at the edges of the X-ray light curve,
denoting when relevant X-ray outbursts from 2012 and 2023
occurred. In such a cross-hatched region, spurious power by
edge effects on the CWT scalogram is important. A stronger
hint is recently reported in Aniello et al. (2024).

The 2D CWT (green color scale) plot of the 19.7 yr optical
light curve has well-defined global CWT and LSP peaks at
~790 days (~2.16 yr), quite similar to the gamma-ray QPO,
and a rather stable evolution in time along the x-axis of the 2D
scalogram image. The significance is lower (~20) as shown by
the 99% and 95% false alarm confidence levels. This supports a
multiband QPO, also because the optical-gamma-ray cross
correlation, even if such wavelet and LSP of the optical data,
when taken standalone, can still be consistent with erratic red/
brown-noise variability. We remember that, already in Al5a,
we reported an apparent 754 £ 20 day periodicity in the 9.9 yr
range (MJD 53479-57110) for the optical data.

In this work, the wavelet analysis for the 15 GHz radio light
curve is not presented since the date range is similar to that
considered in Al5a, and the results are similar.

The results of the wavelet analysis and the REDFIT
spectrogram (>3 significance gamma-ray QPO, 20 signifi-
cance optical QPO), although insufficient to claim a determi-
nistic periodicity, raise a more solid possibility of there being a
true QPO, when supported, as in this work, by the other
methods that we illustrated in the previous sections.

3.4. Gamma Ray—Optical and Radio Correlation

The relationship between the gamma-ray, optical, and radio
variability in PG 15534113 was investigated in Al5a, using
the first 6.9yr of Fermi-LAT observations. The time lag
between the optical and the Fermi-LAT (E>1 GeV) light
curves, both 20 days binned, was found to be 10 £ 51 days,
with the optical leading but still consistent with zero lag. The
relation between the gamma-ray and radio was found to be
more complex with the 15 GHz flux lagging the gamma-ray
flux by some 2-3 months.

Using the updated light curves in Figure 2, we have
calculated the discrete cross-correlation function (DCCF) for
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Figure 6. Top panels: 2D image filled (orange color scale) contour plots of the Morlet CWT gamma-ray power spectrum, the “scalogram,” respectively for the Fermi-
LAT E > 100 MeV and E > 1 GeV, 45 day bin, photon flux light curves of Figure 1. Side plots are the global CWT power spectrum averaged along the MJD epochs,
and the one-dimension LSP power spectrum in the bias-corrected REDFIT implementation. The LSP power axis is rescaled to the scale of the global CWT comparing
the relative main bumps. The 99% false alarm confidence level lines (parametric x> and Monte Carlo) against the null hypothesis of an origin by pure stochastic
AR(1)-noise process realization, are shown. Lower panels: 2D scalogram-filled color scale contour plot of the Morlet CWT (blue color scale) of the Swift-XRT
integrated (0.3-2.0 keV) flux density (omitting the few, too sparse, XRT data prior to the year 2012), and 2D scalogram-filled color scale contour plot of the Morlet
CWT (green color scale) of the optical flux density, corresponding to light curves presented in Figure 2. Cross-hatched regions in all the panels are the “cone of
influence,” where spurious edge effects caused by finite time series boundaries become important. Side plots are the corresponding global CWT and the LSP power

with their false alarm confidence levels lines, scaled to the global CWT peak.

Fermi-LAT (£ > 1 GeV) with respect to optical and OVRO (15
GHz) flux. The optical R- and V-band observations shown in
Figure 2 were normalized and merged into a single optical light
curve. The optical measurements are very irregularly distrib-
uted in time and were therefore averaged into 20day bins
before the analysis. Since early OVRO measurements had
lower signal to noise than later observations, the data up to
MIJD 57200 were sampled in 15 day bins (with typically three
original points per bin). The cross correlations are shown in
Figure 7. Time lags were estimated by fitting a Gaussian
function to the DCCF peak. Lag uncertainties were estimated
by a Monte Carlo method (bootstrap resampling and adding
white noise equal to total standard deviation (see Larsson 2012,
for details). The estimated time lags relative to the gamma ray
are 6 + 18 days for the optical and 188 £ 28 days for radio.
While the gamma-ray-optical correlation is consistent with zero
lag, the large 15 GHz time lag is not unusual for blazars
(Fuhrmann et al. 2014; Max-Moerbeck et al. 2014). It is also
clear that the radio light curve is less regular than the one in
gamma rays. This is true for the first part of the OVRO light
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Figure 7. DCCFs between Fermi-LAT (E > 1 GeV) and the rebinned optical
and radio (15 GHz) light curves. Blue (dashed) curve: gamma vs. optical.
Purple (solid) curve: gamma vs. radio. Estimated time lags relative to gamma
rays are 6 & 18 days for the optical and 188 =+ 28 days for the radio.
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15 GHz flux relative to gamma ray is on the order of 200 days there are
substantial cycle-to-cycle variations. Lag 0 in the DCCF plots is indicated by
vertical lines.

curve, segments (a) and (b) in Figure 8. By contrast, the light
curve after approximately MJD 57200 (segment (c)) shows a
much more clean, quasi-sinusoidal modulation with a visually
apparent time lag relative to the gamma-ray flux. This is
corroborated by the cross correlation for that part of the data. A
fit to the DCCF in the lower right of Figure 8 gives an
estimated lag =226 4 25 days. The division into time intervals
(a)—(c) here is only meant to illustrate what seems like a
variation in correlation behavior between the radio and gamma-
ray bands.

3.5. Coherency

The question of whether the periodicity in PG 15534113 is
quasiperiodic or strictly coherent has important implications for
the interpretation and theoretical modeling of this periodicity.
The comparison of pulse phases for the two segments made in
Section 3.1 implies an absolute phase drift of <0.12 over a few
cycles. It is also consistent with a strictly coherent periodicity.
Since the presently available gamma-ray data cover almost
seven pulse cycles it is also possible to look for any significant
phase jitters over this epoch. The times of individual pulse
peaks were estimated by cross correlating one cycle of Fermi-
LAT data centered on the peak with a Fourier pulse. Our
timings of the seven peaks were based on the Fermi-LAT
(E>1 GeV) light curve and one peak timing from the optical
observations preceding the Fermi-LAT data. Combining the
optical and gamma-ray timings is motivated by the strong
correlation with a small or negligible time lag between the two
bands as shown in Section 3.4. A linear fit to the timing of the
gamma-ray peaks results in the following ephemeris, where N
is the cycle number:

Theak = MID 54659(£31) + 771.5(£7) x N days. (1)

The value 771.5 &7 (i.e., 2.11 yr) is the modulation period.
Deviations relative to this ephemeris are shown in Figure 9.
The observed phase jitter is sli%htly larger than expected for a
strictly coherent periodicity (x~ = 11 for 6 dof, probability =
0.09). We cannot exclude that this is an effect of a slight
underestimation of the data errors.
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Figure 9. Pulse phase variation relative to a strictly coherent period. The pulse
phase for each cycle is estimated by cross correlation with a Fourier model
fitted to the full light curve. The first point is from the optical data in Figure 2.
All other points are from the E > 1 GeV light curve. The cycle number
corresponds to N in Equation (1). An observed—computed (O — C) diagram
compares the observed time of maximum flux O with the calculated time C,
assuming a known constant period 7, and is a classical method for studies of
period changes in variable stars.
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Figure 10. SED of PG 15534113 in the precursor phase shown in red (gray)
circles as highlighted in the right panel of Figure 3 and the main phase shown
in blue (dark) circles. A cutoff power-law function was used, shown by the
green dashed lines.

3.6. Energy Dependence of the Gamma-Ray QPO

The spectral energy distributions (SEDs) in different phase
ranges of the periodic variations, were extracted with the
binned maximum likelihood method with the same analysis
parameters as were adopted for light curve extraction. Each of
the spectral bins was obtained using a power-law model for the
source of interest with a spectral index fixed to 2. We selected
data in two different phase ranges, selecting the substructure in
the pulse shape with four Fourier components as shown in
Figure 3 (first panel). We estimated the SED for the precursor
phase interval of about 0.5-0.7 in Figure 3. Note that these
phases are based on a slightly different period than that given in
Equation (1). The precursor time intervals are highlighted in
Figure 3 (second panel). For comparison we also extracted the
SED in the main part of the peak with a complementary time
selection (phase interval of about 0.7-1.5). The two SEDs are
shown in Figure 10. We fitted the SEDs with a cutoff
power law with best-fit spectral index values of 1.62 +0.03
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(Xfed of 1.2 )and 1.51 £0.02 (xfed of 1.2 ) and an energy cutoff
equal to 84 +23 GeV and 140 + 30 GeV for the precursor and
main peak phases, respectively. The precursor phase shows a
softening in the spectral index with respect to the main part of
the periodic modulation with a significance of about 3c.

This behavior is corroborated by the spectral index evolution
as a function of time using the 45 day time bins of gamma-ray
light curves as reported in Figure 1. A few stochastic flaring
activities show a softening of the spectrum during the precursor
time frames. Moreover, we also performed periodicity searches
on the energy flux light curve, and using this different set of
data we found a higher significance as reported in Section 3.2,
confirming the hypothesis that the periodic modulation is more
prominent at higher energies.

4. Discussion
4.1. Candidate Astrophysical Scenarios for Periodicity

The fairly long-lived ~2.1 yr period and correlated gamma-
ray and optical cyclic modulation in PG 15534113 have been
discovered thanks to the ~15 yr continuous all-sky survey
performed by Fermi-LAT, with no degradation of its
performance.

Advection-dominated accretion regimes (magnetically domi-
nated/arrested accretion flows: MDAF and MAAF) related to
QPOs, could explain turbulent, peculiar radio kinematics
related to radiatively inefficient, high-energy, TeV, BL Lac
objects like PG 15534113 (Fragile & Meier 2009; Karouzos
et al. 2012; Piner & Edwards 2014). Contrary to this, if
PG 15534113 is assumed to be an intermediate blazar, the
stronger accretion power enabling QPOs scenarios, might be
explained by a pulsational perturbational and/or helical
structure, also precessional (i.e., geometrical) mechanisms.
Precession can naturally be produced by a binary SMBH
companion, with jet wiggling providing a QPO contribution.

On the other hand, an intrinsic internal helical structure with
a single central SMBH (e.g., Camenzind & Krockenber-
ger 1992; Villata & Raiteri 1999; Nakamura & Meier 2004;
Rieger 2004) predicts that magnetic fields play a major role in
QPOs of blazars (e.g., McKinney et al. 2012). VLBI parsec-
scale structures, showing wiggling radio knots (e.g., Piner et al.
2010; Piner & Edwards 2014; Lico et al. 2020), are believed to
originate from shocks propagating through cylindrical or
conical jets, interacting with a preexisting helical structure.
Magnetic field turbulence can lead to recurring Kelvin—
Helmholtz instabilities, capable of generating weak shocks
(e.g., Lister et al. 2013; Hughes et al. 2015), that are advected
into the jet base. The toroidal component of the jet magnetic
field is wound up by the accretion flow from the central rotating
SMBH. Lense—Thirring (rotational dragging in general relativ-
ity) precession (e.g., Wilkins 1972; Bardeen & Petterson 1975;
Ingram & Done 2009) of the inner portions of the accretion
disk, also can generate QPOs.

The contribution by bulk jet precession, via differential
Doppler boosting, is expected to be modest. Changes in
direction at the jet nozzle can occur by accretion disk Lense—
Thirring precession, or orbital Keglerian motion of the
accretion system of a close, <10'®cm separation, binary
SMBHs. Parsec-scale jet curvature, wobbling, precession,
rotation, nutation (rocking and nodding), or non-ballistic
helical motion of in-jet emission components are all able to
produce flux modulations, via cyclical magnification provided
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by recurrent Doppler beaming variations. Nozzle and jet base
precession and rotation can then produce particle-accelerating,
MHD stresses and turbulence. Works following up on Al5a
have reported some of these mechanisms for PG 1553
4113 (Caproni et al. 2017; Cavaliere et al. 2017; Sobacchi
et al. 2017; Sandrinelli et al. 2018; Tavani et al. 2018;
Cavaliere et al. 2019; Lico et al. 2020).

Among many open astrophysical interpretations, we list five
scenarios for the gamma-ray QPO of PG 1553+113:

(a) Pulsational accretion instabilities produce efficiency
modulations in the energy outflow. MDAF with subluminal,
turbulent, and peculiar radio kinematics (Fragile & Meier 2009;
Karouzos et al. 2012; Piner & Edwards 2014) could be
explained as a precessing or helical jet (Conway & Murphy
1993), and is also able, periodically, to efficiently impart
energy to particles in the jet (Tchekhovskoy et al. 2011).
Periodicity here could be too short (~10° s-MSMBH/IO8 M)
(Honma et al. 1992), but magnetically choked accretion flows
can produce longer periods for slow-spinning SMBHs
(McKinney et al. 2012).

(b) Geometrical jet precession (e.g., Romero et al. 2000;
Stirling et al. 2003; Rieger 2004; Caproni et al. 2013), rotation
and nutation (Camenzind & Krockenberger 1992; Vlahakis &
Tsinganos 1998; Hardee & Rosen 1999; Valtonen et al. 2008),
or an intrinsic helical structure where strong winds and a
magnetic field wraps the jet (e.g., Conway & Murphy 1993;
Roland et al. 1994; Villata & Raiteri 1999; Nakamura &
Meier 2004; Ostorero et al. 2004; Raiteri et al. 2015), all are
able to produce a QPO, through the cyclical change of the
viewing angle 6 and change of the bulk Doppler boosting factor
D =1/T(1 — Bcosh). Here, B=v/c, T =1/J1 - 3.
The observed flux Fﬁ,ch*(“ is proportional to D3~ for a
boosted high-energy emission blob in the jet. In PG 15534113
a variation AD() = I-1(1 — B(t)cos(1))~! (Rieger 2004)
greater than 40% with precession angle ~1° is required to
explain the ~2.8 flux modulation factor seen in the gamma-ray
light curves obtained by the LAT. On the other hand, D
asymptotically diverges for small G cos#, and AD(t) changes
substantially if the wobbling spans very small angles. In
addition, concurrent intrinsic outflow and efficiency variations
(point (a)) could help to relax this constraint.

(c) A mechanism analogous to a low-frequency QPO from
high-mass X-ray binaries is supported by the many BH
timescales that depend inversely on the mass (Fender &
Belloni 2004; King et al. 2013), where the accretion-outflow
coupling is the basis of the periodicity. The microquasar
mechanism of Lense-Thirring precession of the jet’s nozzle
(Wilkins 1972) requires that the inner accretion flow forms a
geometrically thick and viscous torus. A standard thin disk
instead warps (Bardeen—Petterson effect, Bardeen & Petter-
son 1975) rather than precesses (Ingram & Done 2009). In the
case of a binary SMBH system, the primary minidisk precesses
with nutation by the gravitational influence of the secondary,
changing jet direction, viewing angle, and Doppler boosting
factor D. It also changes the variability timescales
(At/At' = 1/D, but these usually act on much longer
timescales than the 2 yr period.

(d) Eccentric orbiting massive stars (or an intermediate-mass
black hole IMBH)) with inclined/polar revolutions around a
single SMBH. This should be very common and could provide
periodic modulations of the accretion flow as introduced in
Section 4.4.
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(e) A gravitationally bound binary SMBH system (Begelman
et al. 1980; Barnes & Hernquist 1992) with a total mass
58 x 10°M, (Dhiman et al. 2021), and a milliparsec
separation in the early inspiral GW-driven regime, as
introduced in Al5a. Most binary SMBHs will spend the
majority of their lifetime between 0.01 and 1 pc separations, in
an intermediate phase of evolution between scattering any stars
in the nuclear region and gravitational radiation dominance
(Sesana & Khan 2015). Keplerian binary orbital motion would
induce periodic accretion perturbations (Bogdanovié¢ et al.
2008; Valtonen et al. 2008; Pihajoki et al. 2013; Liu et al. 2015;
Ciprini 2018) or jet nutation due to the misalignment of the
rotating SMBH spins or the gravitational torque on the disk
exerted by the companion (Katz 1997; Romero et al. 2000;
Caproni et al. 2013; Graham et al. 2015a).

Significant acceleration of the disk evolution and accretion
onto a binary SMBH system, where there is excited eccentricity
in the inner region of the circumbinary disk, can create an
overdense lump giving rise to enhanced periodicity in the
accretion rate (Roedig et al. 2012; Nixon et al. 2013; Farris
et al. 2014; Gold et al. 2014; Dogan et al. 2015).

Binary SMBH-induced periodicities have timescales ranging
from ~1 to ~25 yr (Komossa 2006; Rieger 2007). The total
mass of the SMBH in PG 15534113 can also be estimated by
the putative link between inflow/accretion (disk luminosity)
and outflow (jet power; Ghisellini et al. 2014) with a 0.1
dMgqq/dt rate and D = 30. Comparing luminosities Lisk, Lrad,
and jet radiative power P,,q, we obtain Msypy ~ 1.6 X 10% M,
in agreement with Woo et al. (2005), but a factor of 3.5 lower
than that in Dhiman et al. (2021). The observed (2.1 £0.2) yr
period is equivalent to an intrinsic orbital time T'kep <
Tops/(1 4+ z) >~ 1.5 yr. Considering a Keplerian orbit for the
bound binary SMBH gives a binary size of 0.005 pc ~
100 Rg, with Rg=2G(M;)/c* the Schwarzschild radius and
M, the mass of the main SMBH. The probability of obser-
ving such a milliparsec system, estimated from the binary
mass ratios ~0.1-0.01 and the GW-driven re§ime lifetime
(Peters 1964) tgw = (5 c’a*) /(256 ¢ G* M) ~ 10°-10° yr (with
g = MiM>/(M; + M,)> ~ 0.1 — 0.01) might be too small. In
Section 4.2, we briefly evaluate the gravitational lifetime and
reliability of the binary SMBH hypothesis, while in
Section 4.3, we consider the consistency with a binary SMBH
population and the gravitational radiation background.

4.2. Binary SMBH Model Reliability

In principle, a binary system of two accreting and jetted
SMBHs with M; = 1.6 x 10® M, and mass ratio in the range
q=M,/M;=0.01 —0.1, can induce the coherent, high-
energy /multifrequency, short (~2.1yr) periodicity, with
T Kep =~ 1.5 yr in the source rest frame, as observed in
PG 1553+113. The lifetime of the system, which is directly
proportional to its probability of being observed, can be
evaluated as the standard GW merger timescale 7w, as defined
in the previous section, where circular orbits are here
considered, and separation a depending on the characteristic
orbital period T of each of the three hypotheses below.

(1) The periodicity of the binary SMBH causes a periodic
accretion supply of gas in the minidisk of the primary SMBH,
which is the direct source of the variability of the relativistic jet
emission through quadrupolar torque on the large circumbinary
disk (e.g., Rieger 2004; Fragile et al. 2007; Roedig et al. 2012;
Farris et al. 2014; Tang et al. 2017; Kelley et al. 2019). This
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binary Keplerian orbital period T7) dictates the observed
periodicity and a = (T? GM /(47%))'/3 yielding the lifetime
tow ~ 2% 10° yr for mass ratio g = M,/M; =0.01 (2 x 10° yr
for g =0.1), in agreement with our estimates.

(2) Considering the jet aligned with the primary BH
spin, the secondary jet precesses around the total angular
momentum of the binary spin-orbit (SO) coupling,
with the same periodicity. This SO precession has
a=(Tsoq 4 +3q) GMJGM + My)/(4r (1 + q) )3
(Apostolatos et al. 1994), yielding a too-short lifetime of
tgw ~ 0.8 yr for ¢ = 0.1 (0.2 yr for ¢ = 0.01); such a system
would certainly not persist 15 yr.

(3) If the primary jet, perpendicular to the SMBH accretion
minidisk, is misaligned with the binary orbital plane, the
minidisk precesses due to the torque induced by the secondary
SMBH with a timescale depending on its distance from the
primary SMBH. Torques that tend to align the minidisk with
the orbital plane, compete with Bardeen—Petterson torques that
tend to align the minidisk with the SMBH spin. With the jet
launched by a magnetic funnel anchored to the inner edge of
the disk, the relevant distance is the innermost stable circular
orbit (ISCO). With the precession of the primary accretion disk
induced by the secondary SMBH, similar to the second case
with SO precession periodicity observed Tso, now for the inner
ring of the accretion disk, around the ISCO and assumed as the
jet launcher, we have the disk semimajor axis: ay; =
((3T; g (6GMy/c*)*/2\|G (M, + M) cos i)/(8m 1 + ¢)'/?
(Miller & Krolik 2013), where i is the inclination of the disk at
the ISCO (for i~m/4 or smaller yields similar results
depending only weakly on i), and T, the precession period of
the inner ring of the accretion disk. Again, such a system would
certainly not live 15 yr (tgw ~ 0.6 yr for ¢=0.1 and 0.3 yr
for ¢ =10.01).

The 1.5 yr rest-frame periodicity cannot therefore be ascribed
to precession timescales induced by the binary companion,
either on the primary SMBH spin or on its accretion disk
because of the too-short binary merging timescale (<1 yr). If
we postulate a binary SMBH system in PG 15534-113, the only
reasonable mechanism is a Keplerian periodic orbital modula-
tion of the accretion rate onto the primary SMBH induced by
the companion, which dominates the hydrodynamic periodic
variability with a recurrent fueling of the primary SMBH
accretion disk and the activity of its relativistic jet. A tentative
graphical toy model illustration of accretion geometries for
such a binary SMBH system is shown in Figure 11.

A periodic perturbation of the primary (#1, M, ~ 10° M..)
SMBH’s minidisk and accretion power, feeding the primary
relativistic jet responsible for gamma-ray emission, is provided
through an intrinsically oscillating, gravitational quadrupolar
torque of the large and very dense circumbinary disk that
couples with the two SMBHs' dynamics. The cavity gap of the
circumbinary disk has a radius roughly twice the binary
separation. Periodic accretion streams (M, M,), extending
from the circumbinary disk, orbiting at longer periods than the
circum-single minidisks, feed the two BHs. The relatively high
mass ratio (e.g., ¢ = M,/M; > 0.01 or g =0.1) also allows the
secondary, #2 MBH (#2, M, ~ 10° M., or 10’ M., ) to reach
the vicinity of the circumbinary annulus, with a consequent
larger accretion flow and greater gas received (M, > M,),
causing an additional periodic perturbation in accretion power
and disk tearing of #1, during orbit of #2 around the center of
mass (the + cross in the drawing center). The gravitational
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Figure 11. Cartoon of the hydrodynamical accretion geometries of a binary
SMBH theoretical scenario for PG 1553+4-113. Around each SMBH a “mini
circum-single” disk is fed by variable accretion streams (M;, M) extending
from a large and dense circumbinary disk, having a gap radius of about twice
the binary separation. The relatively high mass ratio (e.g., ¢ = M>/M, ~ 0.01
or ¢=0.1) also allows the secondary, #2 SMBH (#2, M, ~ 10° M, or
10° M., ) to reach the vicinity of the circumbinary annulus, tending to receive a
disproportionate share of the accretion rate WM, > My), causing an additional
periodic perturbation. The circumbinary disk also has intrinsic oscillations by
gravitational quadrupolar torque and orbits at longer periods than the two
minidisks feed, producing further cyclic variations in the accretion rate, jet
matter, and energy feeding.

lifetime for GW radiation losses of such a binary system
geometry would be fgw ~ 2 x 10° yr for ¢ = 0.01, and 2 x 10°
yr for g =0.1.

4.3. Pulsar Timing Array Constraints on Close Binary SMBHs

It is interesting to frame our findings for PG 15534113
within the recent results presented by the pulsar timing array
(PTA) experiments ongoing around the world. In fact, evidence
for a common red signal, with properties consistent with a GW
origin has been found in the latest data releases of the European
PTA (Antoniadis et al. 2023), NANOGrav (Agazie et al. 2023),
the Parkes PTA (Reardon et al. 2023) and the Chinese PTA
(Xu et al. 2023). The significance of the detection is between
20 and 40 depending on the data set, and the amplitudes of the
signals are consistent with a stochastic gravitational-wave
background (GWB) produced by a cosmic population of
SMBH binary (SMBHB) systems, although an early-Universe
origin cannot be excluded (Afzal et al. 2023; Antoniadis et al.
2024). Assuming an SMBHB origin of the signal, Holgado
et al. (2018) constructed a theoretical framework to translate its
amplitude into the fraction of expected periodic sources
observed by Fermi-LAT. The details of the model can be
found in their paper, but the main result is shown in their
Figure 4. This figure shows that, under the assumption of a
GWB signal amplitude of A; ;, = 1.45 x 10~" (the published
limit at the time), the expected fraction of Fermi-LAT BL Lacs
showing flux oscillations with a period less than 5 yr is about
3 x 10~*. The signal now observed in the PTA data has an
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amplitude of about A;,, =2.5 X 1071, Since the amplitude
scales with the square root of the number of SMBHBs
contributing to the signal, this implies an expected fraction of
periodic BL Lacs of about 10>

This is consistent with finding one confirmed periodic source
(e.g., PG 1553+113) out of thousands of sources in the Fermi-
LAT catalog. It should be noted, however, that PG 1553+113
is among the brightest sources in the Fermi-LAT sample.
Moreover, periodicity (albeit at a lower significance) has been
suggested for PKS 2155—304 and BL Lac (Sandrinelli et al.
2018) and for a few other systems (Prokhorov & Mora-
ghan 2017; Peiiil et al. 2020, 2024a, 2024b), all of which are in
the bright flux tail of the Fermi-LAT source distribution (see
Figure 4 in Sandrinelli et al. 2018). So it might be that the
detection of periodicity in Fermi-LAT data is flux limited, and
the identification of PG 1553+113 (plus perhaps a few other
systems) as the only periodic Fermi-LAT sources, is due to
selection effects. Therefore, no firm indication either in favor or
against PG 15534113 being a binary SMBH system can be
drawn from the GW signal observed in the PTA data.

4.4. Perturbation by Inclined Orbit Star-like Objects

Eccentric orbiting star-like objects, or IMBH around a single
SMBH should be common. With an orbital binding energy
—3GM2/ (5R) ~some MeV per nucleon (stellar interiors
kinetic energies of nuclei have a Maxwellian internal energy
distribution with ~ keV averaged value), the Roche density of
the star pR:?a.SM/r3 required to resist tidal heating and
disruption is very small for the intrinsic gamma-ray 1.5yr
periodicity of PG 1553+113 in the case of nonpolar orbits.
Highly inclined stellar orbits of ~10'® cm radius can be
perturbed more easily than an MBH/SMBH orbit, with a
gravitational energy loss and orbit coalignment with the disk
timescale of >10" yr (103>< the stellar interaction time; for
example, Dai & Blandford 2013; Linial & Metzger 2023).
Local fire bubbles (~10° K thermal bremsstrahlung) or
magnetic reconnection flare avalanches in the disk and corona
are expected from disk piercing, twice, by the star (or white
dwarf, neutron star, or star-sized BH) with energy release
AE = %(Zazvf); where ¥ is the disk surface density, o° the
disk-star cross section, and v, the hypersonic relative velocity
of the star to the disk matter. The disk serves not only as the
source of the outflow material, but it also illuminates it and
reflects the outflow radiation back. Accretion flow perturba-
tions propagating to the inner disk are the result of double disk-
star impact fireballs, modulating the accretion rate, nozzle, and
wind-confining relativistic jet of a blazar like PG 15534113
(Ivanov et al. 1998). General relativity MHD simulations, with
an orbiting IMBH (10°-10° M) companion, indicate mildly
relativistic particle acceleration in the stable poloidal magnetic
field of the jet funnel, and ADAF ejecting outflow clumps
(Kejriwal et al. 2024; Pasham et al. 2024). High eccentricity of
the IMBH’s orbit around the SMBH, can also explain
variations from a strict periodicity.

5. Conclusions

The primary aim of this paper is to follow up on the tentative
identification of a 2.1 = 0.2 yr periodic oscillation in the blazar
PG 15534113. The additional data used in this study provide
further and independent support for the existence of the
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periodic flux modulation, which was described in the initial
study in Al5a.

The Fermi-LAT gamma-ray data show a persistent 2.1 yr
oscillation throughout the 15 yr of observations. Compared to
the Al5a analysis, the QPO significance has increased to 40
with respect to simulations using two different types of red
noise models.

An essential benefit of the longer time series is that it allows
us to compare oscillation properties in two independent parts of
the data. Both sections of the light curve are found to contain
an oscillation with a well-determined period and phase. The
chance probability for the two oscillations to be so close in
period and phase is less than 0.01.

A multiwavelength analysis is used to study correlations
between the gamma-ray flux and the X-ray, optical, and radio
measurements. No significant gamma-ray flux correlation is
found with X-rays, while both optical and OVRO 15 GHz radio
show strong correlations with time lags of 6 & 18 and 188 £ 28
days, respectively, relative to the Fermi-LAT (E>1 GeV)
gamma rays. Pulse timing over eight gamma-ray periodic
cycles shows arrival time variations that are consistent with a
strictly coherent period. Additional years of long-term and
regular flux monitoring of PG 15534113 are needed, especially
at X-ray and VHE gamma-ray (E > 100 GeV) energy bands,
possibly with a regular radio/optical polarization monitor.

A spectral gamma-ray analysis reveals an energy depend-
ence of the QPO such that its amplitude is greater above 1 GeV
than at lower energies. We also find hints for softening during a
precursor feature in the rising part of the oscillation pulse.

The binary SMBH interpretation, with 1.6 x 10* M., total
mass, ~100R, separation and lifetime (residence time
~l|a/(da/df)| ~10°, 10° yr, where a is the semimajor axis of
the binary) has been discussed in Section 4, although at least
four additional astrophysical scenarios, including precessing,
nutation, or helical and wiggling jet structures, MHD
instabilities, and perturbations by inclined massive stellar
objects or IMBHSs, are possible. The ~1.5 yr rest-frame QPO of
PG 15534113 cannot be ascribed to precession timescales
(binary SO coupling or spin/accretion disk precession of the
primary SMBH induced by the lower-mass companion),
because of the too-short (<1 yr) merging scale with these
mechanisms. The optical gamma-ray QPO can be caused by
Keplerian periodic orbital modulation of the supplied gas and
matter in the main jet by the primary minidisk of the SMBH,
with the contribution also of a substantial quadrupolar torque of
the large and dense circumbinary disk. The QPO might be a
hydrodynamic periodic variability of the fueling of the primary
SMBH accretion power, where the toroidal component of the
jet magnetic field is wound up by the accretion flow, and
magnetorotational stresses are induced in the jet, energizing
electron populations and producing an underlying periodic
modulation in gamma-ray flux enhancements. This would
survive for the rather long gravitational losses lifetime, prior to
the disruptive coalescence of fgw ~ 2 x 10° yr for ¢ =0.01,
and 2 x 10° yr for g=0.1. The case of PG 15534113 (chirp
mass Mg < 1), representing the strongest case of significant
QPO out of a sample of ~1000 Fermi-LAT bright gamma-ray
BL Lac objects, could suggest a possible contribution to the
GW stochastic background probed by international PTAs, from
the entire object class of BL Lacs and their misaligned AGN
parent population. Instabilities and perturbations are easier in
the radiatively inefficient regimes of BL Lac objects, and their
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supposed longer lifetimes tgw in close orbits, with respect to
those of heavier and more distant quasars and FSRQs. This also
supports a GW stochastic contribution, which could be
determined in the future by the Square Kilometre Array. There
is already a candidate detection of 4-5 nHz continuous GW
emission generated by binary SMBHs in the local Universe
(Antoniadis et al. 2024).

Minor mergers, i.e., M, SM;/4, are more likely to be
observed electromagnetically because the time to merge is
IGR X M, lez/ 3 and therefore these should be more frequent
events. In this view, perturbations by a highly eccentric and
inclined polar-orbiting massive star or an IMBH are interesting
to consider for the case of PG 1553+4113.

QPO and related astrophysical models for PG 15534113
could be evaluated in the future by observations of helical or
wiggling and wobbling patterns in the parsec-scale radio jet, by
the identification of regular radio components and polarization
patterns and by double-peaked spectroscopic emission lines.
The recent X-ray observations of PG 1553+113 by IXPE and
simultaneous multifrequency data in a range of ~8 days in
2023 February (Middei et al. 2023) point out turbulence as a
contributor to the jet magnetic field that, eventually, may
produce instabilities generating weak shocks advected into the
jet base. TESS optical observations over a range of 24 days in
2022 April-May could add more information about jet
turbulence.

The unique Fermi-LAT all-sky and time-domain survey will
continue, providing essential data for PG 15534113 and
triggering the scientific interest in this potential multimessenger
science case, while also promoting efforts in multifrequency
follow-up observations.
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Appendix A
The 3 Day and Weekly Bin Public LAT Light Curves

The evidence of a potential ~2.1 yr periodic gamma-ray flux
modulation is independent of the bin value adopted to calculate
the Fermi-LAT light curve of PG 15534113 as an example
here of the analysis of the public Fermi-LAT light-curve data of
PG 1553+113 from 2008 August to 2023 November, with a
fine, 3day binning and publicly available at the Fermi-
LAT light-curve repository (LCR) of the FSSC”* (Fermi Large
Area Telescope Collaboration 2021; Abdollahi et al. 2023) is
shown in Figure 12. In addition, other techniques are able to
highlight such a signal of periodic oscillation, including the
phase dispersion minimization, the discrete autocorrelation
function (DACF), and the structure function (Abdo et al. 2010).
The LSP spectrogram and DACEF are included in the right panel
of Figure 12. The LSP power spectrum shows a break and
flattening at about 10 x the light-curve bin size (34 days), and a
signal power-law index a=0.8 (1/f* spectrum, f=1/1) for
longer timescales. The power peak at 2.13 £ 0.22 yr is also
evident. T in the main plot and inset (DACF) represents the
~2.1 yr timescale. The distribution of the LSP signal peaks for
10° simulated light curves corresponding to properties of the 3
day bin light curve of Figure 12, is calculated and reported in
Figure 13.
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Figure 12. Left panel: 1 week bin and 3 day bin, science-ready and public Fermi-LAT light curve of PG 15534113 from 2008 August 8 to 2023 November 16,
i.e., from 15 yr of Fermi mission survey operations, extracted from the LAT light curves repository (LCR) at the Fermi Science Support Center (GSFC-NASA).
Right panel: corresponding periodogram power density spectrum (main panel) from the 3 day bin light curve, and DACF in the inset, with the periodic component
T = 2.13 yr highlighted. This period is consistent with the findings reported in the main text of this paper.
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Figure 13. Distribution of the LSP signal peaks for 10 simulated light curves,
respectively for the public 3 day bin LCR light curve shown in Figure 12 in the
main panel, and for the detrended version of it in the inset panel. Dashed lines
are the LSP power for the two, true data, light curves. Significance of the period
here is 40 and >40 for the 3 day bin LCR light curve and the detrended version
of it, respectively.

Appendix B
1996-2011 RXTE ASM Light Curve and 1912-1988
Historical Optical Light Curve

A 1 day bin averaged count rate X-ray (1.5-12 keV) light
curve was calculated from the ASM archive”® (Levine et al.

by 3 | 3614
18

50.8d

0|} [\ My ..un'p,.J.l.'.Jm.JJmM ]

107
Frequency [1/Period]

Rossi XTE ASM [1.5-12 keV] count
rate [cts/s]
-
[=]

1996 1997 1998

Abdollahi et al.

1996) of RXTE, from 1996 January 6 to 2011 September 23
(Figure 14). Only spurious signal power peaks (~1 yr,
~1/2 yr, and ~50 days) are found (Figure 14).

PG 15534113 is an optically bright blazar (range 15 SR
< 13 mag), with non-negligible chances for detection in optical
observatory plates, despite the fact that it is not very close to
relevant, historically intensively observed, M/NGC/IC catalog
objects in the field. In Figure 14, we present a first version of
the PG 15534113 secular optical light curve (1912-1988)
extracted from the “Digital Access to a Sky Century at
Harvard” (DASCH) project for plate scanning and digitization,
and based on 450000 plates (years from 1890 to 1990) of the
Harvard College Observatory (Grindlay et al. 2012). R-band
flux densities (1912-1988) from DASH DRS and magnitudes
calibrated with APASS AAVSO Photometry All-Sky Survey
Rel. 8 (B-band mag) and ATLAS All-Sky Stellar Reference
Catalog v2 (G~ V band mag), are extrapolated using fixed
color indexes B—R=0.55 and B— V=0.25. The various
periodicity analysis methods are not successful. Future searches
for plates and scanning projects around the world would likely
help to improve this large-gapped and sparse historical time
series.
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Figure 14. Top panel: the Rossi XTE ASM 1.5-12 keV X-ray count rate light curve with 1 day bin averaged data points from 1996 to 2011 (a range of 15.7 yr) with
negative rates and upper limits removed. In the inset panel the corresponding LSP showing only spurious 1 yr periodicity owing to data gaps due to the Sun vicinity
with PG 15534113, its 1/2 yr harmonic and the 50 day scale of the typical Sun gap duration and the spacecraft precession. Bottom panel: secular historical optical
flux light curve of PG 15534113 with data points from 1912 to 2020 obtained using DASCH DRS5 with all data scaled with constant color indexes to approximately
the R-band flux densities. A strict 2.1 yr sinusoidal line is added as background. In the inset panel the LSP for the 1910-1990 historical and highly gapped portion of
the light curve is shown, highlighting only low-frequency noise and the usual 1 yr timescale (mild peaks at 371 and 310 days), common in ground-based optical light

curves. The data after 2005 were already presented in Sections 2.4 and 2.3.
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